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The Val Malenco lower crust - upper mantle complex and
its field relations (Italian Alps)

by Othmar Muntener' and Jörg Hermann'

Abstract

The western Val Malenco region (northern Italy) provides an opportunity to study directly the transition from
subcontinental upper mantle into the lower continental crust in an Alpine nappe. Recent field work resulted in the
discovery of fresh spinel peridotites, replacive dunites and garnet clinopyroxenites in the Malenco ultramafic body and
ofkyanite garnet gneisses with associated pegmatites in the overlying lowercrustBoth upper mantle and lower crustal
rocks were intruded by the Upper Permian Fedoz gabbro demonstrating that the subcontinental mantle was welded
to the lower continental crust, at least since that time.The gabbroic rocks reveal a tholeiitic magmatic evolution from
more primitive gabbronorites to highly differentiated quartz diorites and pyroxene hornblende gabbros. Crosscutting
relationships between the different members of the intrusion demonstrate that the Fedoz gabbro cannot be regarded
as a layered intrusion. Underplating of the Fedoz gabbro and concomitant heat supply has caused granulite facies
metamorphism which is well developed in the lower crustal rocks but has left scarce imprints in the peridotites. In the
granuhtic pelites, anatectic melts have been generated which intruded the already solidified gabbroic rocks as dikes
thus demonstrating the close relationships between deep gabbro intrusions and granulite facies metamorphism.

The well preserved field relations between lower crustal rocks, subcontinental mantie and gabbroic rocks allow
to reconstruct a Permian lower crust-upper mantle interface and correlate the Late Permian - Early Mesozoic
evolution of the subcontinental upper mantle to that of the lower crust

Keywords: ultramafic rock, gabbro, crust-mantle transition, underplating, granulite facies, Permian,Val Malenco,
Central Alps (R Italy).

1. Introduction

There is a growing body of evidence that subcontinental

upper mantle has been exposed at the
bottom of the sea floor of the Tethyan ocean.
Evidences include field observations, petrologie and
isotope geochemical as well as structural and
tectonic investigations (e.g. Lemoine et al., 1987;
Piccardo et al., 1990; Hoogerduun Strating
et al., 1993; Rampone et al., 1995). Many of these
studies, however, focused on the mantle evolution

alone and did not provide direct evidence for
a subcontinental origin of the mantle rocks as no
overlying crust was found attached to these
peridotites. On the other hand, a lower crust-mantle
association has been described from the Ivrea
zone in the Southern Alps where isolated mantle
rocks are associated with lower crustal mafic and

pehtic rocks (e.g. Mehnert, 1975;Voshage et al.,
1990). In contrast to the ultramafic rocks in the
Western and Ligurian Alps, the Ivrea zone has

never been exhumed at the Tethyan ocean
floor.

Recently Trommsdorff et al. (1993) have
shown that the Malenco ultramafic rocks formed
the substratum of the former Adriatic lower
continental crust. This crust-mantle transition has
been welded together by a gabbroic intrusion.The
age of the latter has been determined by Hansmann

et al. (1995) as Upper Permian. The whole
crust-mantle section underwent exhumation in
pre-Alpine time leading to retrograde metamorphism

and final denudation on the Tethyan ocean
floor. Therefore, the Val Malenco region in northern

Italy is an excellent area to study a crust-mantle
section and to investigate the common ex¬
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humation history of both the lower continental
crust and the lithospheric mantle.

In this work we will present new results of
detailed mapping and a complete description of the
rock types characterizing the lower crust-mantle
complex in Val Malenco. Our data demonstrate
that the Malenco peridotite has a complex, old
history predating the intrusion of the Fedoz gabbro
and predating the Upper Permian to Jurassic

history of the lower crust-mantle complex. Contact
relationships of the Fedoz gabbro allow to recon-
struct the crust-mantle transition.The reconstruetion

provides evidence for a complicated Situation
at the transition from lower crustal to mantle rocks.
We will follow the question under what conditions

the lower crust and Upper mantle were welded
together and why the effects ofheat supply provided
by the intruding magma had contrasting effects in
the lower crust compared to the mantle rocks.
Finally, we will compare the Val Malenco geotectonic

setting to similar rock sequences in the Ivrea
zone and to the Ligurian Alps in order to empha-
size similarities but also major differences.

2. General geological constraints

The lower crust-mantle complex is exposed at the
Penninic to Austroalpine boundary zone in Val
Malenco (northern Italy, Fig. 1) and has been in-
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Fig. 1 Tectonic map of the Penninic-Austroalpine boundary zone in the Malenco region. Inset i|l|ie upper right
corner shows location of the area at the border between southeastern Switzerland and Northern Italy. The
Malenco-Forno unit consists of pre-Permian ultramafic and lower crustal rocks, a Permian gabbro intrusion, and the Jurassic

Forno ophiolite suite. The rectangle around M. Braccia indicates the region mapped in detail (Plate 1). Abbreviations

are D, Monte Disgrazia; B, Monte Braccia; C, Chiesa; Ch, Chiareggio; E.L. Engadine Line.
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tegrated in the Alpine nappe pile during the Late
Cretaceous. This Alpine nappe pile consists from
top to bottom of (1) the lower Austroalpine
Bernina, Sella and Margjgfjjnappes, (2) the south
Penninic Malenco and Forno iSts, and (3) the middle
Penninic Suretta nappe (Spillmann, 1993).
Towards the west the nappe^pile is crosscut by the
Ohgocene Bergell intrusif (Trommsdorff and
Evans, 1972).

The lower crustal basement and gabbroic
rocks of the Monte Braccia - Lago Pirola area

(Hg. 2) were mentioned by Cornelius as early as
1925 and have been considered as part of the
Margna nappe (Staub, 1946). In the late seventies
this region has been mapped by several workers
(Schumacher 1975; Honegger, 1977; Bangerter,

1978; Gautschi, 1980). They recognized rehcs
of a pre-Alpine upper amphibolite to granulite
facies metamorphism and attributed these rocks to
the Fedoz Series of the lower Austroalpine
Margna nappe where similar rocks have been
described (Staub, 1917; 1946; Guntli and Liniger,
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Fig. 2 Simplified geological map of western Val Malenco showing the distribution of primary contacts (gabbro
dikes and xenohths) between Fedoz gabbro, granuhtes and ultramafic rocks. A-A' and B-B' indicate traces of profiles

displayed in figure 8, C-C' and D-D' indicate traces of profiles displayed in figure 9.
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1989; Spillmann, 1993). Recently, intrusive
contacts between Fedoz gabbro and both lower
crustal and ultramafic rocks have been found (Fig.
2). In addition, structural investigations in the
area of Monte Braccia - Lago Pirola indicate that
the thrust contact between the Alpine Malenco-
and Margna nappes does not follow the lithological

contact of ultramafic to pehtic and mafic granuhtic

rocks (Hermann and Muntener, 1996).
Therefore the pehtic granuhtes and the gabbros of
the Monte Braccia - Lago Pirola area are part of
the Alpine Malenco unit (Hermann and
Muntener, 1996).

In contrast to these well known pre-Alpine
high-grade metamorphic relics in the basement
and gabbroic rocks, the Malenco ultramafic body
has been considered as a completely serpentinized
complex composed largely of Alpine metamorphic,

foliated antigorite-ohvine-diopside-chlorite-
magnetite ± titanian-clinohumite rocks (Trommsdorff

and Evans, 1972, 1974; Bucher and
Pfeifer, 1973; Peretti, 1988) and minor ophicarbonates

(Trommsdorff and Evans, 1977;
Pozzorini, 1996). Only a few places have been
described where a magmatic layering and cumulus
fabrics have been preserved (Honegger, 1977;
Trommsdorff et al, 1993). Recent field work has

now shown that the Malenco ultramafic rocks do
not only contain serpentinites but also fresh spinel
and amphibole-chlorite peridotites. It must be em-
phasized, however, that many of the rocks investigated

in the Monte Braccia - Lago Pirola area are
strongly overprinted by regional Alpine metamorphism

of upper greenschist to lower amphibolite
facies conditions.The preservation of higher grade
rocks in a few lenses (Fig. 2) motivates their
description which is one objective of the present
paper.

3. Rocks characterizing the lower crust - upper
mantle complex

This part focuses on the rock types which formed
the lower crust-mantle complex before they
underwent retrograde metamorphism and exhumation

on the sea-floor. A summary of the petrography
is given in the Appendix (Tab. AI, A2:

ultramafic rocks,Tab. A3: gabbroic rocks,Tab. A4: granulite

rocks). Representative bulk rock analyses of
the rock types of the crust-mantle transition are
given for documentation purposes only (Appendix

Tab. A5). The following petrographie description

concentrates on those rocks that are hardly or
not overprinted by Alpine metamorphic assemblages

and is intended to emphasize important
observations.

3.1. PERTDOTnES AND RELATED ROCKS

Spinel peridotites and amphibole peridotites: The
Monte Braccia - Lago Pirola area (Fig. 2) exposes

a large number of relatively coherent bodies of
spinel and amphibole peridotites with only minor
or even absent Alpine metamorphic minerals.
Spinel peridotites are preserved in about 100 m
wide to 300 m long lenses. They form blocky
redbrown outcrops with rough weathering surfaces.
Some of the spinel peridotites are weakly
deformed preserving massive textures, but most of
them exhibit a well developed linear fabric
consisting of elongated spinel and pyroxene grains. In
the field, the transition from fresh spinel
peridotites to amphibole peridotites can be recognized

along spinel and pyroxene crystal boundaries:

spinel is surrounded by red-brown rims of
chlorite whereas pyroxenes show incipient to
complete recrystallization to greenish-white
amphibole. The best preserved spinel peridotites are
always found in weakly deformed rocks. The
spinel and amphibole peridotites are mainly
lherzolites with 5 to 16% clinopyroxene and 20 to
30% orthopyroxene. A few samples are harzburgites

with less than 5% clinopyroxene. Peridotites
completely overprinted by Alpine metamorphic
assemblages are characterized by white diopside
embedded in a dark green antigorite-ohvine-chlo-
rite-magnetite matrix.

The most interesting microstructure is a
clustering of holly leaf spinel, clino- and orthopyroxene

(Fig. 3). This Cluster texture indicates breakdown

products of former garnet owing to the
reaction olivine + garnet —» clinopyroxene + or-

sas 3S ~#Zi'&£*
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Fig. 3 Photomicrograph of a typical elongated spinel-
pyroxene Cluster texture. Crossed polarizers. Long
dimension of the photo is 3.5 mm. The interior ofthe düster

is essentially made of pyroxene and spinel, olivine is
absent. Note that spinel is bordered by chlorite which

grew during retrograde amphibohte-facies metamorphism.

Abbreviations are Ol, olivine; Opx, orthopyroxene;

Cpx, clinopyroxene; Spi, spinel; Chi, chlorite.
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F/g. 4 Crosscutting relationships between spinel web-
sterites in weakly deformed peridotite. Note the discordance

of the weakly developed fohation to both spinel
websterite dikes (Swiss coordinates 782'300 /127'500).

thopyroxene + spinel. This mineral assocMpon is
often interpreted to be the product of subsolidus
reequilibration, based on mass balance of either
major (Smith, 1977) or trace element compositions

(Vanucci et al., 1993). In fact, mass balance
calculations based on image analysis and electron
microprobe data (major elements) lead to a
calculated pyrope content for the inferred garnet of
60 to 65%, in agreement with pyrope contents
from garnet peridotites in the Alps (e.g. Evans
and Trommsdorff, 1978). Thus, the clinopyrox-
ene-orthopyroxene-spinel Clusters probably
record a decompression evolution from garnet
lherzolite to spinel lherzolite conditions,similar to
that shown by mantle peridotites in the Ulten
zone of the Eastern Alps (Godard et al., 1996).

Spinel websterites: The peridotites contain
numerous spinel websterites which in most cases are
parallaSo each other. Only in a few weakly
deformed peridotite bodies tensile bridges and/or
crosscÄting relationships among spinel
websterites may be preserved (Fig. 4). In places, the
spinel websterites volumetrically almost equal the
lherzolites giving rise to the typical banded
sequence which is widespread in the whole Malenco

ultramafic body. The spinel websterites vary
strongly in thickness from dikes of up to 50 cm to
dikelets less than 5 cm across. In deformed parts
of the peridotites, the spinel websterites are
tectonically disrupted and redueed to aggregates of
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Fig. 5 Field aspect of several parallel spinel websterite
layers within lherzolite and harzburgite. Diameter of
lens cover 5 cm. The margins of thick dikes are essentially

clinopyroxene free, giving rise to an apparent
layered association of spinel websterites and harzburgites.
In the upper right (indicated by arrow), thin spinel
websterite layers are tectonically disrupted forming aligned
boudins (Swiss coordinates 781 "450 /130170).

clinopyroxene and spinel aligned in the fohation.
Spinel is always rimmed by chlorite, and orthopyroxene

has been replaced pseudomorphically by
greenish-white amphibole. Whether or not olivine
was a primary phase is difficult to establish. In
thick layers there is no olivine present, in thin and
tectonically stretched layers olivine is always present

but may be incorporated into the pyroxenites
from the surrounding peridotite matrix. Web-

i|||lttes completely overprinted by Alpine
metamorphic assemblages are characterized by abundant

white diopside (pseudomorphic after primary
clinopyroxene) in a chlorite ± Serpentine

matrix.

Towards the contact to the spinel websterites,
the peridotites grade into an clinopyroxene-free
spinel-poor harzburgite or even dunite (Fig. 5).
Between narrowly spaced spinel websterites only
harzburgites occur giving rise to an apparent
"layered" sequence of spinel websterite and harzbur-
gite/dunite. Between wider spaced spinel
websterites lherzolites have been preserved. Therefore,

the occurrence of lherzolites between spinel
websterites is clearly a function of the spacing of
the dikes indicating that the association harzbur-
gite-websterite is not a layering in the sense of
crystal settling in a magma Chamber but rather a
reaction process between spinel websterites and
surrounding lherzolites.

Corundum-bearing garnet clinopyroxenites:
These dark pyroxenites are widespread in the
Monte Braccia - Lago Pirola region. They can be
followed over several hundred meters in the field
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and occur as dikes ranging in thickness from
50 cm to more than 2 m. Usually, they are parallel
to the spinel websterites indicating that they
followed previous anisotropies given by the older
spinel websterite dikes. However, in a few
outcrops they branch and, locally, are discordant to
the spinel websterite banding at very small angles.
Even in regions where the surrounding
peridotites are deformed and spinel websterites are
boudinaged, the garnet pyroxenites are mostly
continuous. They are distinct from spinel
websterites by their much coarser grain size, the
(macroscopic) lack of spinel and particularly their
bulk rock chemistry. Strongly altered dikes are
made up almost exclusively of amphibole exhibiting

pseudomorphic textures after clinopyroxene
(and are therefore mapped as amphibolites, see

plate 1). Some of the dikes show late stage veins
composed of rodingitic assemblages.

The microstructure of the garnet pyroxenites
consists of porphyroclastic clinopyroxene and
rare garnet. In one dike, corundum has been
found surrounded by garnet. Cr-Al spinel smaller
than 5 um has been found as inclusions in corundum

and its alteration products. The clinopyroxene

porphyroclasts are deformed and exhibit
small orthopyroxene exsolution lamellae and
occasionally blebs of garnet.They are surrounded by
neoblasts of exsolution-free clinopyroxene, Ti-
rich pargasite, and rare garnet. Fine-grained pargasite

± chlorite 1 zoisite forms the matrix. The
association of corundum and garnet is partly altered
to zoisite and rare preiswerkite.

Harzburgites and dunite (1): These rocks are
easy to recognize in the field because of a distinct
red-brown weathering color and much finer grain
size on weathered surfaces than peridotites.
Recent mapping revealed that these dunites can be
foUowed over a distance of approximately
6 km (plate 1). Many of these harzburgites and
dunites (1) are subparallel to the spinel websterite
layers (Reber, 1995). On a large scale however
(near Monte Braccia, plate 1), dunites form
anastomozing zones enclosing 100 to 300 m long and

up to 100 m wide bodies of peridotite and spinel
websterite. South of Lago Pirola, the dunites show
nearly vertical contacts to the subhorizontal
spinel websterite dikes and are clearly discordant
to the latter (see profile b in Fig. 9). In some
outcrops field evidence for replacement of peridotite
and spinel websterite by dunite can be found.
These features include trains of Cr-spinel in
dumttiPhich are in continuation with spinel
websterites in the surrounding peridotites (Fig. 6). As
soon as the websterite grades into dunite, the
amount and the grain size of spinel increases and

clinopyroxene almost completely disappears. In
some rare cases, the spinel websterite banding
seems almost continuous on both sides of the
dunite indicating no displacement during formation

of the dunites.
It is striking that almost all of the freshest

rocks preserved are spinel-bearing dunites, and
despite careful searches no fresh harzburgite
(with orthopyroxene preserved) was found. This
might be due to the fact that harzburgites have a

bulk composition much closer to Serpentine
minerals than dunites and consequently, have been
more affected by serpentinization.

Dunite (2) and associated clinopyroxenites:
These rocks are treated as a single group because
this dunite (2) is markedly different from the
dunite (1) and is always associated with
clinopyroxenites. The dunites are massive red-brown-
weathering rocks and occur only in the north-east-
ern part ofthe mapped area between Alpe Braccia
andAlpe Girosso inferiore as well as north ofAlpe
Lagazzuolo (plate l).The south-western contact is

bordered by the Fedoz gabbro and contains several
dikes of the latter (see also Fig. 4 of Trommsdorff

et al., 1993).The north-eastern contact is
difficult to locate because of poor and steep exposure
and a gradual transition to clinopyroxene-bearing
serpentinites. It could therefore not be evaluated
whether the contact to the serpentinites was originally

concordant or discordant. Aligned spineis in
both dunite (2) and serpentinized lherzolites are

irm
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Fig. 6 Held sketch of spinel websterites and
peridotites. Small dunite is replacing spinel websterites.
Aligned spinel trains in dunite formed as a consequence
of dissolution of Cr-clinopyroxene are in continuation
with the surrounding spinel websterite indicating
replacement of lherzolite/harzburgite by dunite. Note that
the depleted zones between the spinel websterites are
unrelated to the formation of dunite. Long dimension of
the sketch is approximately 50 cm. Abbreviations are L,
lherzolite; H, harzburgite;W, spinel websterite, D, dunite
(Swiss coorduMtes: 781'650 /130'160).
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roughly parallel to each other'indicating that they
shared a common history.

Most of the dunites (2) are composed of more
than 90% olivine and usually less than 5% Cr-rich
spinel. Locally, spinel is more abundant (up to 10
vol. %) and forms elongated pods or nodules in an
olivine matrix. The dunites always contain significant

amounts of interstitial pentlandite and
pyrrhotite. Even the freshest samples display
small chlorite coronae around spinel. Near the
contact to the Fedoz gabbro, the dunites form a
banded sequence with clinopyroxenites which
ränge considerably in thickness (< 5 cm to > 2 m).
In general, the abundance of clinopyroxenite
dikes decreases with increasing distance from the
contact to the Fedoz gabbro.The clinopyroxenites
are usually discordant to the banding in the
dunites which is defined by aligned spinel trains
The clinopyroxenites are composed of more than
80% clinopyroxenes.They may contain significant
amounts of spinel although the thickest dikes are
almost devoid of any phase other than clinopyroxene.

Olivine occurs only as a minor phase in
small clinopyroxenites, but was not observed in
the thick dikes. Pentlandite is always present.

Phlogopite hornblendite: Small dikes of
phlogopite hornblendite are scattered throughout the
ultramafic rocks of the mapped area. Their thickness

ranges from a few mm to 20 cm. They crosscut

folded associations of layered spinel
peridotites and garnet pyroxenites. In many places the
hornblendites branch and thus show both concor-
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dant and discordant contacts to the spinel
websterite layering (Fig. 7). In other localities they
follow older garnet clinopyroxenite dikes. The contact

to the peridotites is always marked by a several

cm thick rim of amphibole or chlorite blackwall.

The phlogopite hornblendites are composed
ofvarious amounts of black Ti-rich pargasite, dark
brown phlogopite and occasionally allanite. Many
of the small dikelets are completely altered to
chlorite and/or tremolitic amphibole which make
reconnaissance of the small dikelets in the field
somewhat difficult. In fact, many of the samples
are retrogressed into an assemblage of pargasite,
diopside, chlorite and ilmenite.

An important feature has been preserved in
small dikelets within fresh spinel peridotites. Ti-
rich pargasite and phlogopite are clearly over-
growing and/or replacing granoblastic clinopyroxene

and orthopyroxene thus indicating that the
formation of these rocks post-dates granulite
facies metamorphism in the peridotites.

3.2. GABBROS AND RELATED ROCKS

In the north-eastern part of the Monte Braccia
area, the peridotites and the granuhtic rocks are
welded together by a gabbro intrusion1. Magmatic

fabrics are only locally preserved, and most of
the gabbroic rocks are characterized by
granoblastic textures, resulting from post-intrusive
deformation under granulite facies conditions
Gautschi, 1980). Because of the intense
recrystallization, the gabbroic rocks in fact are mafic
granuhtes. Nevertheless, in the following description

we use igneous rock names to emphasize
their plutonic origin.

Coarse-grained gabbronorite (Mg gabbro):
This most widespread gabbro type appears as a
dark grey granulär rock consisting of black pyroxenes

and dark grey plagioclase. Clusters of pyroxene

form its characteristic flaser texture. Different
types of flasers have been recognized:

Fig. 7 Field aspect of phlogopite hornblendite showing

a clear discordance to the highly elongated and
boudinaged spinel websterites. Diameter of coin 2 cm
(Swiss coordinates: 781 '550 /129'360).

The gabbro of the Monte Braccia - Lago Pirola
area was described as Fedoz gabbro by Staub
(1946) and Gautschi (1980). Recent structural
investigations, however, have shown that the
gabbroic rocks described in this work belong tectonically

to the Alpine Malenco nappe (Hermann and
Muntener, 1996). Therefore it may be convenient
to apply a new name (Braccia gabbro) to the gabbro

mass which belongs to the Malenco unit. To
prevent confusion among the different articles ap-
pearing in this volume ofSMPM, the original name
Fedoz gabbro is applied to the gabbros occurring
in the Malenco nappe.
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Plate 1 Parts of the map have been compiled from Schuhmacher (1975), Honegger (1977), Bangerter (1979),
RmuN (1978), Montrasio and Trommsdorff (1983), Borsien (1995), Reber (1995), Ulrich (1995), and
Pozzorini (1996).
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Plate 1 Geological map of the M. Braccia - Lago Pirola area (1:25 '000).
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(i) The most common and widespread flasers
are of tectonic origin and are related to the
subsolidus deformation under granulite facies conditions

(Hermann and Muntener, 1996). Some of
these stretched flasers can reach 1 m in length and

may represent disrupted pyroxenitic cumulates.
In most cases, the flaser-textured pyroxenes are
evenly distributed throughout the Mg-gabbro,
however, some parts of the Mg-gabbro are strongly

enriched in plagioclase giving rise to
anorthositic layers.

(ü) A few boudins have been recognized
exhibiting weakly oriented large pyroxenes of irregulär

shape which are oblique to the granuhtic fohation.

The preferred orientation of these pyroxenes
most probably represent magmatic flow textures.
Rarely, almost undeformed Mg-gabbros preserved
magmatic textures indicating that clinopyroxene
was the hquidus phase. Rare (mantle?) xenohths
consisting of rounded brown-weathering olivine
bordered by orthopyroxene have been found.

The transition from fresh gabbronorite to
subsequent amphibolites may be seen on pyroxenes
overgrown by black amphiboles. Alpine overprint
of Mg-gabbros is documented by white-green
rocks in which plagioclase and pyroxenes have
been replaced by clinozoisite + albite and chlorite
+ hornblende, respectively. This type of metagabbro

is common and occurs also in the Margna
nappe where it has been described originally by
Staub (1917) as Fedoz gabbro. We apply this
name also for the not overprinted gabbros in the
Monte Braccia area.

Coarse- to fine-grained (olivine) amphibole
ilmenite gabbronorite (Fe-gabbro):This type Covers
about 30% of the mapped area. In some places,
the Fe-gabbro cuts across the Mg-gabbro indicating

that it post-dates the emplacement of the latter

(see also Ulrich and Borseen, 1996). It is usually

darker and finer-grained than the Mg-gabbros
and contains significant amounts of ilmenite and
apatite. This type is therefore mineralogically
more differentiated than the Mg-gabbro. Clusters
of pyroxenes form the characteristic flaser
texture. Although most of the Fe-gabbro is
overprinted by granulite facies metamorphism,
porphyroclasts of clinopyroxenes are widespread.
Sometimes clinopyroxene-rich cumulates have
been found. The textures reflect crystallization of
clinopyroxene before plagioclase and orthopyroxene

as phenocrysts followed by olivine,
ilmenite, green spinel and Ti-rich pargasite as
interstitial phases. Overprinted Fe-gabbros appear as
black amphibolites containing albite, clinozoisite,
chlorite, hornblende, rutile, titanite and garnet
replacing the primary assemblage.

Fine-grained quartz diorite:The quartz diorites
occur as rare dikes crosscutting the Fe-gabbro
(see Fig. 6 in Ulrich and Borsien, 1996). They
are characterized by elongated grey plagioclase,
black orthopyroxene and blue quartz. The blue
color most probably originates from fine inclusions

of rutile needles. Compared to the previous
hthotypes, the quartz diorite is extremely rare.
Overprinted quartz diorites are characterized by
chlorite pseudomorphs after orthopyroxene and
clinozoisite-albite aggregates replacing primary
plagioclase.

Medium-grained ilmenite pyroxene amphibole
gabbro: This rock type is restricted to a few dikes
preferentially occurring in the pehtic granulite
rocks. It is made up of black poikilitic hornblende,
grey plagioclase and variable amounts of dark
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Fig. 8 Outcrop relationships of the Fedoz gabbro. (a)
Small scale Variation ofdifferent members ofthe gabbro
ranging from pyroxenites to coarse- and fine-grained
gabbronorite and to plagioclase-rich gabbros. Hammer
is 20 cm long, (b) Intrusive relationships between different

members of the gabbro. On the right side of the
photograph (indicated by arrow 1), a coarse-grained
magmatic fohation has been cut by branching, fine-grained
gabbroic dikes. On the left, fine-grained gabbronorite
has been cut irregularly by pegmatitic gabbroic segregations

(arrow 2) (Swiss coordinates: 783'980 /128'870).
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green clinopyroxene. Ilmenite and apatite are
distinctly more abundant than in the Fe-gabbro iiÄjgj
cating an even higher grade of differelpation
(Ulrich and Borsien, 1996). In one dike, significant

amounts of zircon have been found. These
zircons have been dated by Hansmann et al.

(1995). Overprinted pyroxene amphibole gabbros
appear as black amphibolites and are difficult to
distinguish from overprinted Fe-gabbros.

Mg-gabbro and Fe-gabbro form more than
99% of the gabbro complex. Detailed mapping
(plate 1) does not reveal a systematic distribution
of the two rock types over the entire area. Field
relations demonstrate a magmatic evolution from
Mg- to Fe-gabbro to highly differentiated quartz
diorite and ilmenite pyroxene hornblende gabbro.
Bulk chemical analyses point to a typical tholeiitic
differentiation trend for the transition from Mg-
to Fe-gabbro (Gautschi, 1980).The highly
differentiated rocks display a Separation into an Si02-
rich and an FeO-,Ti02-, P205-rich part, and can be
interpreted as immiseibility of the residual melt
(e.g. Ulrich and Borsien, 1996). Due to macroscopic

similarities of the different rocks and a

granuhtic overprint obliterating much (but not
everything) of the magmatic history, the transition
from one rock type to the other is not always easy
to establish. However, there are a few outcrops
still preserving primary magmatic relationships.
This is particularly well documented by an
outcrop south-east of Alpe Girosso inferiore (see
plate 1 for locality): Here, field relations demonstrate

that coarse- and fine-grained dikes form a

sequence of different rocks ranging from pyroxenitic

layers to almost pyroxene-free anorthositic
gabbros (Fig. 8a). In the same outcrop, crosscutting

relationships between layers indicate that
they probably originated as dikes. Magmatic flow
or synmagmatic deformation was important during

intrusion of the Fedoz gabbro. This is demonstrated

by Figure 8b, where a probably magmatic
coarse-grained flow fabric has been cut by an
undeformed pegmatitic gabbro segregation and later

by a fine-grained massive variety. This
finegrained gabbro has been cut into schollen and
lenses by a late pegmatitic gabbro. All these
phenomena emphasize that the Fedoz gabbro represents

a complex magmatic body with multiple
intrusion of dikes rather than resulting from
crystallization in a large magma Chamber as a layered
intrusion.

3.3. GRANULITIC ROCKS

The granuhtic rocks are mainJjaexposed around
Monte Senevedo, in two smaller lenses south of
Alpe Girosso and along the Mallero river south of

San Giuseppe (Fig. 2).These rocks consist in large
parts of banded pehtic garnet gneisses/felses with
intercalations of calcsilicate rocks and olivine-
and spinel-bearing marbles. The widespread
granoblastic fabric is the product of (almost
complete) recrystallization under granulite facies
conditions.

Kyanite garnet gneiss: This rock type is a

coarse-grained massive to gneissic rock consisting
of garnet porphyroblasts surrounded by a matrix
of plagioclase, kyanite, biotite, ilmenite and blue
quartz, but no kahfeldspar. The blue color most
probably originates from fine inclusions of rutile
needles. The modal compositions ränge from gar-
net-dominated gneisses to leucocratic quartz-pla-
gioclase-rich rocks. In many places the gneisses
occur as banded migmatites with alternating felsic
and garnet-rich parts. The felsic parts are often
pooled along small shearzones which are discordant

to the fohation. There is a continuous transition

from small leucocratic pods to thicker
leueosomes or pegmatites (see below). Many of these

kyanite garnet gneisses are strongly overprinted
by pre-Alpine retrograde amphibolite facies
parageneses. Staurolite and chloritoid developed at
the expense of kyanite and garnet. Chloritoid,
chlorite, clinozoisite and paragonite replaced garnet,

kyanite and plagioclase. Kyanite garnet
gneisses overprinted by the Alpine metamorphism

are schists consisting of white mica, albite,
garnet and quartz and form a major constituent of
the Fedoz Series of the Margna nappe (Spillmann,

1993).

Pegmatites and aplites: Leucocratic pegmatites
and aplites are common throughout the mapped
area. They vary significantly in thickness from a

few cm to more than 10 m, reaching mappable size

in the vicinity of large gabbroic dikes (plate 1, Fig.
10b). There, they are more abundant and form a
network of dikes. In places they intrude already
solidified gabbroic dikes (see below). Pegmatites
and aplites are made up of albite-rich plagioclase
(up to 50%) and subordinate perthitic
alkalifeldspar (0-40%) in a fine-grained quartz
matrix. Occasionally, poikilitic garnet and small
biotite fiakes occur. These pegmatites and aplites
most probably represent partial melting products
of an initially homogeneous kyanite garnet gneiss

(Ulrich, 1995).

Calcsilicates: Calcsilicate rocks are very
coarse-grained greenish rocks occurring usually
as boudins aligned in the banded gneisses. They
consist mainly of diopside, clinozoisite, calcite and

quartz with minor amounts of garnet, plagioclase
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and alkalifeldspar. In some calcsilicates wollastonite

occurs together with garnet, quartz, calcite
and diopside (Schumacher, 1975). Alteration of
the primary assemblages produced green tremo-
lite-albite rocks that are hardly distinguishable
from fine-grained Mg-gabbros overprinted by
Alpine metamorphism.

Olivine-clinopyroxene-phlogopite marbles: Several

different varieties of calcite marbles have
been summarized as ohvine-clinopyroxene-phlo-
gopite marbles. They are usually coarse-grained
and mainly cropping out south-west of Alpe
Girosso inferiore (plate 1). Some marbles are
entirely made up of olivine, spinel, humite group
minerals and calcite (Wenk, 1963), whereas others

contain clinopyroxene, phlogopite and minor
amounts of calcite. Olivine partly occurs as up to
2 cm thick knobs embedded in a brecciated phlo-
gopite-calcite-clinopyroxene matrix. In places
either Ti-rich clinopyroxene or phlogopite predom-
inates and forms almost monomineralic layers
and boudins with minor amounts of calcite.

4. Structural history of the Malenco
lower crust-mantle complex

4.1. PRE-GABBROIC HISTORY OF THE
PERIDOTITES AND THE LOWER CRUST

The intrusion of the Fedoz gabbro allows to
distinguish the petrogenetic and structural events in
the Malenco lower crust-mantle complex in terms
of a pre-, syn- and post-gabbroic history (Tab. 1).
The post-intrusive evolution is characterized by
the development of several deformation stages
which are parallel in all three rock types (Hermann

and Muntener, 1996). With the exception
of migmatitic phenomena and rare rehcs of isoclinal

folds, the structural and metamorphic history
of the pehtic rocks prior to the penetrative
deformation under granulite facies conditions is largely

unknown. Therefore, it was impossible to get
any constraints about the lower crust-mantle
interface prior to the intrusion of the Fedoz gabbro.

In contrast, the ultramafic rocks show several
events predating the intrusion of the Fedoz gab-

Ultramafic rocks Fedoz gätjfbro Lower crustal rocks

Layered mantle

> Garnet-peridotite facies

—
(Clusters of cpx, opx, spinel)

not preserved
Garnet clinopyroxenite

Q.
Spinel peridotite facies

tu Dunite

Gabbro dikes Intrusion Gabbro dikes
£3

(270 my) Melting (formation of
pegmatites/aplites)

>
Deformation and recrystallization under granulite facies conditions

C/3

CJ

PMogopite-lqgirnblendite dikes

C/3

O Deformation and retrograde metamorphism (Amphibolite-greenschist facies)

Exhumation of lower crust - upper mantle complex on the Tethyan ocean floor

Tab. 1 Tentative scheme of successive stages in the Val Malenco lower crust - upper mantle complex. Further
explanations of the relative sequence of events are given in the text.
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bro. A tentative succession of these events is
presented in Table 1 and field relations have been
summarized in two profiles (Fig. 9).The main mass
of the peridotite is made up of fertile (i.e. clinopy-
roxene-rich) and depleted (clinopyroxene-poor)
lherzolite containing numerous spinel websterite
layers giving rise to the widespread banded
appearance of the Malenco ultramafic body. This
layered mantle rocks have been overprinted by a

penetrative deformation leading to boudinage of
the spinel websterites and the formation of a
tectonite fabric (Fig. 9b). A few lenses were less
deformed and are completely embedded in the
tectonites (Cima del Duca, Fig. 9a). The whole complex

has possibly equilibrated under garnet
peridotite facies conditions as indicated by Cluster
textures of orthopyroxene, clinopyroxene and spinel
after garnet in the peridotite (Hg. 3). It must be
emphasized that the relationships between the
garnet clinopyroxenites and the equilibration in

the garnet peridotite stability field is ambiguous:
(i) Mafic melts intruded the peridotite before garnet

peridotite facies conditions occurred and were
then transformed to corundum bearing garnet
clinopyroxenites. (ii) Mafic melts post-date garnet
peridotite facies conditions and intruded as true
garnet pyroxenites with garnet and clinopyroxene
as primary phases. However, intrusion of these
mafic melts seems to post-date the penetrative
deformation as they are almost undeformed and not
boudinaged in the vidnity of highly deformed
spinel websterites. It is somewhat puzzling that
the widespread spinel websterites did not
preserve any rehcs of garnet. Field observations,
however, have shown that the spinel websterite
dikes are less wide than the corundum-bearing
garnet clinopyroxenites and therefore most probably

have been completely overprinted by the
following equilibration under spinel peridotite
facies.
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Andesitic Basaltic dyke

Fig. 9 Two cross sections through the Malenco ultramafic body (locations shown in Fig. 2). (a) Weakly deformed
lenses of granulär peridotite are embedded in a tectonite fohation. Spinel websterites and amphibolitized garnet
clinopyroxenites are parallelized in this fohation. Towards the left of the profile the peridotite tectonites are strongly

serpentinized. (b) Field relationships between the layered peridotites and dunites south of Lago Pirola. The
layered peridotites' exhibit weak open folding indicated by spinel websterites. On the south side of the antiform the
dunites are subparallel to the banding defined by spinel websterites. On the north side, however, the dunites are clearly

discordant to spinel websterites. These features demonstrate that the formation of replacive dunites postdates the
weak open folding of the layered peridotites.
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In the region between Mte Braccia and Lago
Pirola, the peridotites have been partly replaced
by km-scale dunite and harzburgite. South of
Lago Pirola (Hg. 9b) the dunites show nearly
vertical contacts to the folded spinel websterite banding

and thus are clearly discordant to the latter.
The formation of spinel trains in dunites has been
explained by several workers as the product of
dissolution of pyroxenes and concomitant preeip¬

itation of olivine and spinel in a magma moving
through peridotites (e.g. Boudier and Nicolas,
1977; Quiciiäl981; RemaIdi, 1993; Kelemen and
Dick, 1995).This interpretation is entirely consistent

with the observations in Malenco dunites.
The conditions of dunite formation are not well
constrained, but the abundant evidence of spinel
trains in dunite points to a formation in the spinel
lherzolite stabiliiv licld. The intrusion of the Fe-
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Fig. 10 Two cross sections demonstrating the various intrusive relationships between gabbroic rocks, peridotites
and granuhtes. (a) Cross section east of M. Braccia (locations shown on Fig. 2): The completely serpentinized
peridotites show a continuous transition to massive dunites which are crosscut by numerous pyroxenitic and gabbroic
dikes.The gabbroic rocks along this profile contain only small inclusions of granuhtes. (b) Cross section through the
northeastern part of Mte Senevedo (locations shown on Fig. 2): A complex interfingering between pehtic granuhtes,
anatectic melts and Fedoz gabbro can be recognized at the SW end of the profile. The transition to the ultramafic
rocks is again characterized by dunites which are cut by several gabbroic dikes. The presence of gabbroic dikes in
both mantle rocks and granuhtic basement as well as the numerous anatectic melts strongly indicates that the
gabbroic rocks intruded at the crust-mantle transition.
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doz gabbro marks the onset of a common structural

and metamorphic history of the lower
crustal and Upper mantle rocks (Hermann and
Muntener, 1996).

4.2. CONTACT RELATIONSHIPS BETWEEN
PERIDOTITE, GRANULITIC ROCKS AND

GABBROS

Although the contacts between the lower crustal,
mantle and gabbroic rocks have been later affected

by hydration and partly by deformation, many
of the primary intrusive relationships have been
preserved (Fig. 2). The intrusive nature of these
contacts is indicated by: (i) abundant gabbroic
dikes crosscutting the peridotites and pehtic
granuhtes, (ii) gabbroic dikes that are discordant at
their north-eastern contact to the banding of the
peridotites (see also Trommsdorff et al., 1993),
(iii) inclusions of peridotite and pehtic granuhtes
as xenohths within the gabbro, and (iv) complex
interfingering between the gabbro and the granuhtic

rocks (plate 1). Indication for a close association

of ultramafic and gabbroic rocks during
retrograde hydration is further given by the formation

of blackwalls at the contact between gabbro
and peridotite, and rodingitization of mafic dikes
during serpentinization of the ultramafic rocks.

Contacts between peridotite and gabbro: Clearly

crosscutting relationships between gabbro
dikes and peridotite have been preserved along
the north-eastern contact between Alpe Braccia
and Alpe Lagazzuolo (Figs 10 and IIa). Even if
many of the gabbroic dikes are completely
rodingitized (see distribution on Fig. 2), the thickest
dikes escaped a complete rodingitization, and still
preserve a flaser texture similar to that of the main
gabbro mass. Gabbro dikes may be found up to
200 m away from the contact between the main
gabbro body and peridotites. They truncate the
peridotite banding and tectonite fabrics marked
by aligned chromian spinel (Trommsdorff et al.,
1993).

A large portion of the NW-contact between
gabbro and peridotite has been altered to
amphibolites. Two stages of alteration can be
distinguished.

The early high temperature alteration
transformed the gabbros to pargasite-clinozoisite
blackwalls.The ultramafic part of the contact consists

ofmonomineralic chlorite rocks.A few blackwalls

contain Na-rich diopside and clinozoisite.
The second episode of alteration led to the
formation of rodingites frequently occurring
between older blackwalls and ultramafic rocks or
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Fig. 11 Field aspects of gabbroic dikes intruding their
country rocks. (a) a 2 meter thick gabbroic dike intruding

massive dunites (Val Furaz, Swiss coordinates:
784'300 / 128*430). (b) Dark, amphibolitized gabbroic
dike intruding garnet gneisses (Mte Senevedo, Swiss
coordinates: 781*350 /130*600).
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crosscutting foliated blackwalls. Their mineral
assemblage consists of Ca-rich garnet, Na-free diopside,

epidote and chlorite and minor amounts of
vesuvianite, titanite and calcite. Field relationships

demonstrate that the rodingite (II) assemblage

replaces the older chlorite-amphibole
blackwall. The neighbouring ultramafic rocks are
completely serpentinized.

Contacts between gabbro and granulitic rocks:
Intrusive relationships between granuhtic rocks
and gabbros are particularly evident south and
south-east of Monte Senevedo. Numerous dikes
reaching 10 m in thickness crosscut the banded
kyanite garnet gneiss (Fig. 10b).The gabbros often
contain pehtic xenohths which may have been
molten. The resulting leueosomes crosscut flaser
textures of the gabbroic dikes. In the vicinity of
larger dikes, the contact between granuhtic rocks
and gabbros is often made of deeimetre to meter
thick leueosomes. Such leueosomes, generated in
the pelites close to the gabbro contacts, intruded
the gabbro as smaU dikes (Fig. 12). These dikes
thus must have been formed while the gabbro was
already solidified. Bulk rock analyses of leueosomes

indicate compositions ranging from close

to the granite minimum melt to more albite
enriched compositions in a quartz-alkalifeldspar-
plagioclase ternary diagram (Ulrich, 1995). Cor-
respondingly, the inferred melting temperature
varies from about 650 to 850 °C The dikes in the
gabbro and the formation of pegmatitic and

aphtic leueosomes clearly indicate that the incipient

melting of metapelite is closely associated to
the gabbroic intrusion. Preliminary U/Pb dating
of zircons of a small pegmatite leucosome (Hansmann,

pers. comm.) points to a similar age as
obtained for the main gabbro mass (Hansmann et
al., 1995).

4.3. COMMON HISTORY AFTER THE
INTRUSION OF THE GABBRO

Subsequent to the gabbroic intrusion at the crust-
mantle boundary, all partieipating rock types
underwent high-temperature deformation forming a
pronounced mineral lineation. Detailed structural

analysis of the lower crust-mantle complex has
revealed that mineral stretching lineations and
fohations are roughly parallel (Hermann and
Muntener, 1996). Granulite facies conditions outlast-
ing the deformation led to annealing and polygo-
nization of stretched minerals. This annealing
affected most of the metapelitic and mafic rocks and
formed granoblastic textures in the underlying
ultramafic rocks. Temperatures provided by two-py-
roxene thermometry in mafic and ultramafic

rocks ränge from 800 to 850 °C for the granuhtic
equilibration. Minimum temperatures in the basement

rocks may be obtained by the paragenesis
olivine + spinel + calcite + clinopyroxene in silica-
undersaturated marbles and coexisting garnet +
ilmenite + kyanite + biotite + plagioclase in kyanite

garnet gneisses (T > 760 °C, Hermann, in
prep.). Pressure estimates on kyanite garnet
gneisses resulted in about 10 kbar at 800 °C and
are in agreement with spinel as the stable
Alphase in peridotites (Jenkyns, 1983). In a first
phase, the subsequent retrograde evolution was
largely isobaric within the kyanite stability field
(Muntener et al., 1995) and therefore, the
Malenco lower crust-mantle complex represents
isobarically cooled (IBC) granuhtic rocks in the
sense of Harley (1989). Phlogopite hornblendite
dikelets intruded the peridotites, crosscut the
high-temperature structures and partly replaced
the granoblastic granulite facies mineral assemblage.

The later retrograde evolution is characterized

by considerable hydration leading to amphibolite

and greenschist facies assemblages in
ultramafic, mafic and lower crustal rocks. The exhumation

of the lower crust-mantle complex on the
Tethyan sea floor occurred during the Jurassic

(Trommsdorff et al., 1993).
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Fig. 12 Synmagmatically foliated gabbroic dike intruding

the granulitic basement. The gabbroic dike has been
crosscut marginally by dikes generated by partial melting

of the surrounding kyanite garnet gneisses. Diameter

of lens cover is 5 cm (Swiss coordinates: 782*130 /
130*750).
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5. The crust-mantle transition

5.1. TENTATIVE RECONSTRUCTION

Many gabbroic dikes in both the ultramafic and
the lower crustal rocks demonstrate the welding
of the lower crust to the lithospheric mantle. Further

indications for a close association of lower
crust and mantle are given by the common retrograde

structural and metamorphic history after
the gabbroic intrusion. Therefore the Malenco
lower crust-mantle complex is believed to represent

a Permian crust-mantle transition that sur-
vived pre-Alpine extensional and Alpine
compressional tectonics without significant disintegration.

Alpine deformation caused the present
steepened exposure of the crust-mantle transition,

but left the pre-Alpine structures largely
coherent (see Fig. 3 in Hermann and Muntener,
1996). Retrodeformation of Alpine structures
allows to reconstruct a scheme of the crust-mantle
transition in Permian times (Fig. 13).

The crust-mantle transition is underlain by a
large, heterogeneous lithospheric mantle with a
preserved thickness of about 2 km, which in many
places is represented by layered peridotites with
intercalations of spinel websterites, garnet

clinopyroxenites, harzburgites and dunites. Feeder

dikes of the Fedoz gabbro have not been found,
but towards the east, the lithospheric mantle is
continuous and completely encloses the sill-like
gabbroic rocks (Fig. 13).

The actual crust-mantle transition is a complex
zone of gabbroic, ultramafic and lower crustal
rocks of about 1 km thickness. The ultramafic
lenticular bodies in the upper part of the gabbroic
rocks most probably were separated from the
main ultramafic mass during the intrusion of the
gabbro. Towards the contact to the gabbro, these
rocks consist of spinel-rich dunites with spinel
pods and clinopyroxenites. Large masses of the
granulitic rocks are interleaved with gabbroic
rocks and partly isolated from the continuous
lower crust. As outlined by Hermann (in prep.)
the melting of lower crustal rocks significantly
increased the density of the kyanite garnet gneisses
to values similar to or even higher than densities
of upper mantle rocks. This gives a feasible
explanation why crustal rocks were able to sink into the
gabbro and explains the heterogeneous distribution

of gabbroic and lower crustal rocks. A similar
explanation for crustal shvers interlayered with
mafic rocks has recently been proposed for the
Ivrea zone by Sinigoi et al. (1995).

m SSSt'S??W
3*3*^
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1 km

<..<-! Peridotite Dunite (Olivine)-Ilmenite gabbronorite laV.". I Pegmatite/Aplite

l'jn'ffl Garnet-pyroxenite I + + I Gabbronorite V&Z-\ (Kyanite)-garnetgneiss tefrSH Marble/Calcsilicate

Fig. 13 Schematic reconstruetion of the Permian crust-mantle transition summarizing the complex geometry
between lower crustal carbonaeeous and pehtic, ultramafic and mtiuding gabbroic rocks. The crust-mantle transition in
Val Malenco has been transposed and steepened during Alpine orogeny, therefore the reconstruetion represents
roughly a profile through the mapped area (compare Plate l).The geometry ofthe gabbroic rocks indicates that the
Fedoz gabbro does not represent a large layered intrusion, but is made of differentiated mafic rocks exhibiting mutual

intrusive relationships. Large bodies of ultramafic rocks have been isolated from the continuous lithospheric
mantle. On the other hand several lenses of lower crustal rocks have been separated from the continuous lower crust
and stuck now as xenohths in the gabbroic rocks. The presence of such features suggests that the crust-mantle
transition in Val Malenco may not appear as a sharp boundary, but as a large transition zone of approximately 1 km thickness.
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5.2. AMBIENT CONDITIONS DURING
INTRUSION OFTHE FEDOZ GABBRO

The metamorphic conditions during welding of
the subcontinental mantle to the lower crust, i.e.
the ambient temperatures of crust and mantle
during intrusion as well as the temperature of the
intruding tholeiitic liquid, are not well
established. In contrast, temperature and pressure
conditions of the subsequent granulite facies
metamorphism are known (T > 760 °C, 10 kbar, see
above). Minimum pressure estimates of 10 kbar
are probably also appropriate for the intrusion of
the Fedoz gabbro, as clinopyroxene rather than
olivine seems to form as hquidus phase. Experimental

woiikon olivine tholeiite and MOR basalts
(Thompson, 1975; Fuxn and Kushiro, 1977) indicate

that clinopyroxene becomes a hquidus phase
at pressures higher than about 8 to 10 kbar. These
conditions are in agreement with the pressure
estimates of 9 to 10 kbar for the immiseibility of
highly differenlOTed liquids in the Fedoz gabbro
given by Ulrich and Borsien (1996). The pressure

estimates correspond to 30 to 35 km depth
for the Permian crust-mantle transition.

5.3. CONTRASTING BEHAVIOUR OF CRUST
AND MANTLE DURING GABBRO

UNDERPLATING

Assuming an undisturbed crust-mantle transition
at an average depth of 35 km and using different
temperature-depth profiles of Fountain (1989),
the ambient temperature at the intrusion level prior

to the gabbroic intrusion would ränge between
650 to 750 °C.This is in any case considerably lower

than the temperature of the intruding magma
and indicates a significant temperature contrast
between the intruding magma and the surrounding

rocks, probably around 400 to 500 °C. It is
therefore likely that the surrounding rocks have
been heated during the gabbro intrusion and that
the high temperature metamorphism of the
surrounding rocks is a contact metamorphism caused
by underplating of the Fedoz gabbro. The peak
conditions are hitherto not known, but they are
most probably higher than the recorded temperatures

of the final granuhtic equilibration at 800 to
850 °C. In fact, the latter equilibration overprints
and polygonizes the flaser structure in the gabbros
which in turn is post-dating the intrusion.

The metapehtes show abundant evidence of
contact metamorphism induced by gabbro
underplating. All phenomena from incipient melting of
the garnet gneisses to the formation of discordant
aphtic and pegmatitic dikes crosscutting the band¬

ing and the formation of dikes intruding the gabbro

have been found. Furthermore the garnets
display no inherited zonation (Ulrich, 1995) and
thus probably equilibrated completely during
granulite facies metamorphism.The U/Pb ages
obtained from separated zircons of one of thMeuco-
cratic dikes cutting the gabbro are broadly similar
to the ages of the main gabbro mass (Hansmann,
pers. comm.) and therefore give additional
evidence for granulite facies metamorphism driven
by gabbroic intrusions.

Although we infer contact metamorphism to
have affected the whole lower crust-mantle transition,

the question still arises why contact
metamorphism induced by gablMic underplating is not
visible in the mantle rocks, but is weh recorded by
the lower eStal rocks. In our opinion, the following

arguments may clarify this apparent discrepancy:

(i) Under subsohdus conditions as inferred for
the Malenco peridotite, four-phase spinel lherzolites

are relatively insensitive to an increase in
temperature in terms of mineralogical reactions
unless major fluid and/or melt introduction
occurred. This is the case in the Ronda peridotite,
where four-phase spinel lherzolite has been
affected by pervasive porous melt flow inducing
essentially grain growth but not causing an apparent
Variation in the mineralogy (Van der Wal and
Vissers, 1996).

(ü) Conversely, carbonates and especially
pehtes are sensitive to changes in temperature.
Metapehtes contain much more hydrated phases
which easily dehydrate during heat supply, hence
the liberating fluid is likely to enhance melting of
the surrounding rocks.

(iii) The frequent association of quartz-
feldspar assemblages allows (minimum) melting
ofthe "leucocratic" part of pehtic gneisses leaving
bebind a restitic assemblage of kyanite, garnet and
plagioclase.

Although the mantle rocks show no obvious
signs of a Permian contact metamorphism, the
peridotites lying above the gabbroic rocks (Fig.
13) exhibit several features probably linked to the
gabbro intrusion. The crystallization of sulfides in
the dunite-clinopyroxenite rock association as
well as the formation of chromite pods and
clinopyroxenites may be related to fluid/melt
infiltration into the surrounding ultramafic rocks.
Recently, several workers described similar associations

of chromite pods and sulfides in dunites
(Gervilla and RemaIdi, 1993; Gervilla et al.,
1995; Zhou et al., 1996). These workers interpreted

the genesis of this association as a result of
interaction between mantle hthosphere and intruding

melts. However, a cogenetic origin of sulfides
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in both gabbroic and dunitic/clinopyroxenitc
rocks remains to be verified by a more detailed
study of the sulfides.

6. Discussion

Taking into aecount the evidence for underplating
of the Fedoz gabbro in Permian times, we propose
that a fossil crust-mantle transition has been
preserved in the Val Malenco region. This Situation
allows a comparison to other regions in the Alps
where either subcontinental mantle without
remnants of continental lower crust has been
preserved (Erro Tobbio, Voltri massif; External
Ligurides. Northern Apennines) or where the
continental lower crust is predominant (Ivrea zone). It
must be emphasized, however, that neither the
Ligurian and Northern Apennine peridotites nor
the Ivrea zone have preserved a complete crust-
mantle transition (e.g. Quick et al., 1995).

6.1. COMPARISON TO THE IVREA ZONE

The close association of mantle rocks with lower
crustal mafic and pehtic rocks in the Malenco area
bears many similarities, but also major differences
to the Permian Situation in the Ivrea zone (Southern

Alps). Both areas show evidence of granulite
facies metamorphism driven by gabbroic
underplating although it must be emphasized that some
associations of mafic and pehtic rocks in the Ivrea
zone probably belong to an independent
(Variscan or older?) event (for overview, see

Schmid, 1993).
Underplating of mafic rocks has been claimed

to be an important process in the formation of
stronalites in the Ivrea zone (Schmid and Wood,
1976; Fountain, 1989; Dal Piaz, 1993). Quick et
al. (1994) have shown that partial melting and

migmatite formation in the Kinzingite formation
of the Ivrea zone increases towards the contact
with the mafic complex. These observations
demonstrate that the underplating of mafic rocks

may trigger granulite facies metamorphism and

partial melting in the overlying lower crust as

suggested by Fountain (1989) and Rudnick and
Fountain (1995). Voshage et al. (1990) suggested

that the intrusion of the mafic complex most
probably occurred between 290 and 250 Ma based

on monazite and lower intereept zircon age data
from the Kinzingite formation (Koppel, 1974;
Koppel and Grünenfelder, 1979; Voshage et
al., 1987) and zircon ages from diorites of the mafic

complex (Pin, 1986). Recent SHRIMP dating of
zircons confirmed a major episode of granulite fa¬

cies metamorphism between approximately 296
and 260 Ma (Vavra et al., 1996). These data

broadly overlap with the intrusion age obtained
for the Fedoz gabbro (270 + 6/-4 Ma, Hansmann
et al., 1995).

Apart from these remarkable similarities,
there exist also important differences:

(i) The mafic complex exposed in the Ivrea
zone has a minimum thickness of 7 km (Quick et
al., 1994) whereas in the Malenco lower crust-
mantle complex approximately 500 m of mafic
rocks have been preserved.

(ii) The metamorphic conditions of the Ivrea
lower crust point to an equilibration within the
sillimanite stability field (Schmid and Wood, 1976;

Sills, 1984) whereas the granuhtic rocks from Val
Malenco equilibrated in the kyanite stability field.
Therefore the pressures obtained from lower
crustal granuhtic rocks are somewhat lower in the
Ivrea zone (max. 8 kbar, Sills, 1984) than in Val
Malenco (10 kbar). Overall lower pressure in the
Ivrea zone might be explained by a greater
amount of Permian extension and associated
exhumation. Such a hypothesis is also in agreement
with the much larger amount of underplated
gabbros in the Ivrea zone compared to the Val
Malenco.

(iii) The ultramafic bodies in the Ivrea zone are
partly enclosed in the mafic rocks and occasionally

interfingered with paragneisses (Quick et al.,
1995). Therefore, Quick and co-workers stated
that the distance to the underlying continuous
mantle is unknown. This contrasts with the findings

in Val Malenco where approximately 2 km of
ultramafic rocks are attached to the lower crust.
The crust-mantle transition is approximately 1 km
thick and does not represent a sharp boundary
from mantle to lower crustal rocks. Indeed, the
fossil crust-mantle transition in Val Malenco is

represented by a rather complicated geometry of
lower crustal, gabbroic and upper mantle rocks
(Fig. 13).

Finally we note that the Late Permian to Early

Mesozoic evolution of the two areas also shows

some similarities and differences. Both terrains
have been affected by south-east-dipping km-
scale extensional shear zones: the Pogallo fault in
the Ivrea zone (Hodges and Fountain, 1984;
Handy, 1987) and the Margna normal fault in Val
Malenco (Hermann and Muntener, 1996) which
are most probably associated with extensional
tectonics in the Mesozoic. The uplift of lower
crustal rocks to shallower levels is documented by
retrograde amphibolite to greenschist facies
parageneses in both regions. However, the final stage
of the Late Permian - Early Mesozoic evolution
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of the two regions is different in that the Malenco
rocks have been exhumed on the sea floor of the
Tethyan ocean (as evidenced by abundant
serpentinization) and partly covered by MOR
basalts (Forno unit), as pointed out by Trommsdorff

et al. (1993), whereas the Ivrea zone was
exposed owing to a regional tilting of the
Southalpine basement during Alpine collision
(Schmid et al., 1987).

6.2. COMPARISON WITH THE LIGURIAN AND
NORTHERN APENNINE PERIDOTITES

Many of the Ligurian and Northern Apennine
peridotites presently associated with ophiolite
sequences have been regarded as slices of subcontinental

lithospheric mantle because of their chemical

and isotopic signature (e.g. Bodinier et al.,
1991; Rampone et al., 1995) and/or their non-
adiabatic subsolidus evolution during rifting
(Hoogerduijn Strating et al., 1993; Rampone
et al., 1993). However, none of the mentioned
peridotite bodies contain slices of continental
lower crust as a direct evidence for their subcontinental

origin. In contrast, the Malenco peridotite
bears the advantage that its subcontinental origin
can still be observed in the field.

The presence of spinel websterites, dunites and
the (few) rehcs of garnet clinopyroxenite demonstrate

that the Malenco peridotites had a long and
complex history prior to their attachment to the
lower crust. Such a complex history has not been
reported from the Ligurian and Northern Apennine

peridotites. Anyhow, the exhumation-related
structural evolution of the Ligurian and Northern
Apennine peridotites, with formation of
tectonites and mylonites and the final emplacement
at the Ligurian-Piemontese ocean floor (Decandia

and Elter, 1969; Piccardo, 1977; Vissers et
al., 1991; Hoogerduijn Strating et al., 1993) is

broadly similar to the retrograde structural evolution

recognized in the Malenco peridotites (Muntener

et al., 1995). All these ultramafic bodies are
characterized by extensive serpentinization atffip
sea floor and only a limited number of fresh
peridotites have been preserved. Thus we believe that
the rifting-related exhumation history of the
Malenco lower crust-mantle complex bears many
similarities to the Western and Ligurian Alps
peridotites, but that the Situation during intrusion of
the Permian Fedoz gabbro corresponds much
more to the Situation of the Ivrea zone.

7. Conclusions

Detailed mapping in the western Val Malenco
confirmed that the Malenco ultramafic rocks
represent a piece of subcontinental mantle. The
internal structure of the peridotites is much more
heterogeneous and mineralogically more diverse
than previously realized. The preservation of
spinel peridotites and garnet pyroxenite dikes
indicates that the Malenco ultramafic rocks had a

complex history recording an evolution that is
older and unrelated to the Permian Fedoz gabbro.
Numerous intrusive contacts of this gabbro with
the mantle and lower crustal rocks as well as the
occurrence of lower crustal and mantle xenohths
demonstrate that the Fedoz gabbro intruded at
the crust-mantle boundary. Magmatic crosscutting

relationships indicate that the Fedoz gabbro
cannot be regarded as a layered intrusion. Granulite

facies metamorphism in the lower crustal
rocks, induced by gabbroic underplating, is
characterized by (i) formation of kyanite garnet gneiss
(restites), and (ii) partial melting and formation of
pegmatites and aphtes crosscutting the banding of
the lower crustal rocks and partly intruding the
already solidified gabbroic rocks.The description of
these characteristics in the Ivrea zone and other
lower crustal environments underline the significance

of gabbro underplating as an important
process for the formation of granuhtic rocks.

In analogy to the Situation in Val Malenco,
many of the peridotites along the Alpine are may
represent former lithospheric, subcontinental
mantle. The exhumation history of the Malenco
region is comparable to the one of Ligurian and
Northern Apennine peridotites all reaching the
Tethyan sea floor during the Late Jurassic, with
the important difference that in Val Malenco lower

crustal rocks have been integrated. Therefore,
the Val Malenco can be considered as a key area
in the Alps where a Permian lower crust -
subcontinental mantle transition has been preserved,
which was already exhumed during the Jurassic.
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Appendix

Tab. AI Petrography, mineralogy and modes of peridotites and dunites in the Malenco ultramafic body.

Rock type Microstructure

Spinel peridotite Spinel peridotites are dominated by coarse-
grained olivine surroundedif& smaller oUtjEhb

(L-UM 216) neoblastsBfliormation induced undulatory ex-
tnicfipl and deformation bands subparallel or
parallel to (100) are common. Coarse-grained
opx contains cpx exsolution lamellae yäfjch are
not present at the outermost 100 |xm towards
the rim. Opx is partly recrystallized to neoblasts.
Clinopyroxene crystals are smaller (2-3 mm)
and often occur as Clusters of 2 or 3 grains, often
exhibiting exsolution lamellae of ilmenite and
rarely opx. Cpx neoblasts are smaller and occur
between larger porphyroclasts. Porphyro-clastic
brown spinel is holly-leaf textured and
occasionally forms Clusters with opx and cpx. Spinel
neoblasts are subidiomorphic or rounded and
often located between triple junctions of olivine
neoblasts. Ti-amphibole occurs as interstitial
grains and sometimes as embayment filling of
opx together with olivine. Retrograde recrystallization

of chlorite-chromite symplectites,
amphibole and olivine can be virtually absent or
complete, leading to progressive formation of
amphibole-chlorite peridotite.

Dunite 1 and Olivine forms a granoblastic to mylonitic fabric.
harzburgite Large grains are elongated and often

oblique to the main foliation. Aspect ratios can
(P-UM 103) reach up to 5:1. Kinking or deformation lamel¬

lae are rare. They often show complex in-
terlocking textures. Mylonitic recrystallized
olivine is much smaller and equigranular and

mostugorms a continuous neirwoj^surrounding
j^^Byine porphyroclasts. Porphyroclastic spineis

exclusively occurs in domains with coarse-
grained olivine and often shows discontinuous
zoning towards the rim. Small grains of Cr-magnetite

is associated within mylonitic olivine.

Dunite 2 Porphyroclastic olivine may be isometric but is

more often elongated with aspect ratios up to
IlltpSl 106) 3:1. Olivine exhibits undulatory extinction and

deformation bands subparallel to (100). Olivine
neoblasts form triple junctions and do not
exhibit any deformation bands. Many olivine
neoblasts show equilibrium textures with Fe-rich
pentlandite and pyrrhotite. Spinel forms equant
grains interstitial to olivine and is always
bordered by Cr-rich chlorite. In places, spinel forms
clumps of grains aligned parahel to the
elongated porphyroclastic olivine.

Minerals Grainsize Mode
(mm) (Vol.%)

Porphyroclasts
Ohvine 3-17 58-72
Orthopyroxene 2-10 19-30
Clinopyroxene 1-3 4-16
Spinel 1-5 1-1

Neoblasts
Ohvine 0.2-0.5
Orthopyroxene 0.1-0.3
Clinopyroxene 0.05-0.2
Spinel 0.1-0.5
Ti-Pargasite 0.1-0.3

Porphyroclasts
Ohvine 2-15 80-96
Cr-Spinel 2-10 1-4
Orthopyroxene1 3-20
Clinopyroxene1 0-1

Neoblasts
Ohvine 0.05-0.2
Cr-Magnetite 0.05-0.1

'orphyroclasts
Ohvine 2-3 80-97
Cr-Spinel 0.2-0.5 1-9
Orthopyroxene1 0-15
Clinopyroxene1 0-2
¦leoblasts
Ölivme j 0.1-0.2
Pyrrhotite 0.1-0.5
Pentlandite

Orthopyroxene and Clinopyroxene are completely altered in these rocks.Their modal amount has been calculated
from bulk rock analyses.
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Tab. A2 Petrography, mineralogy and modes of pyroxenite dikes and hornblendite in the Malenco ultramafic body.

Rock type Microstructure

Spinel websterite Large elongate pale-green porphyroclastic cli¬

nopyroxene forms a network with mostly in-
(Or-UM 222) terlocking contacts. They are often deformed

and/or kinked and contain numerous exsolution
lamellae of orthopyroxene (now altered to chlorite),

ilmenite and/or blebs of Cr-spinel.
Finegrained, oriented kelyphite in clinopyroxene has
been altered to tremolite and chlorite and may
interpreted as replacement products of former
garnet. Orthopyroxene has been completely
transformed-to tremolitic amphibole and chlorite.

Spinel forms rounded grains intej^Htial to
pyroxenes. Interstices between clinopyroxene
porphyroclasts are tüled with exsolution-free
clinopyroxene granoblasts and rare Ti-pargasite
and ohvine.

Corundum
bearing garnet
clinopyroxenite

(L-UM 218)

Clinopyroxenite

(B-UM204)

Phlogopite
hornblendite

(Or-UM 227)

Large porphyroclastic Al-rich clinopyroxene
and Mg-Sb. garnet is partly surrounded by
granoblastic clinopyroxene and rare garnet.
Porphyroclastic clinopyroxene is deformed and
exhibits small opx exsolution lamellae and
occasionally blebs of garnet. Towards the rims to
the stirrounding peridotites secondary Ti-
amphibole and rare phlogopite may form as major

constituent. Very fine grained Fe-rich pargasite

forms the matrix. Contacts between corundum

and garnet are surrounded by zoisite and
rare preiswerkite.

This type of pyroxenite is associated with dunite
(2). Equigranular elongated aggregates of green
or brown clinopyroxene encloses rare
porphyroclastic clinopyroxene. Small rounded spinel
and anhedral ohvine fill interstices between
granoblastic clinopyroxene. Sulfides can be present

in significant amounts. A few samples are
very coarse-grained clinopyroxenites without
any spinel and ohvine. Many of the granoblastic
and porphyroclastic clinopyroxenes contain
ilmenite exsolutions.

Large and intensely deformed kaersutite and
phlogopite form a network with straight or
curved grain boundaries. Rare apatite and
sulfides are interstitial to amphibole. Both kaersutite

and phlogopite contain abundant exsolutions

of rutile and ilmenite, in most cases aligned
parallel to (110) and (010) in amphibole and in
typical sagemte fabrics in phlogopite. Many
samples are intensely retrogressed. Fe-par-
gasite, diopside, ilmenite, and chlorite grew
along cleavages and grain boundaries substituting

the primary magmatic assemblage.

Minerals Grain size Mode
(mm) (Vol.%

Porphyroclasts
Clinopyroxene 5-30 60-75
Orthopyroxene 15-22
Cr-Spinel 2-10 3-10
Ohvine 2-5 2-10 '

Neoblasts
Clinopyroxene 1-2
Ohvine 0.3-0.6
Ti-Pargasite 0.1-0.2
Cr-Spinel 0.2-0.5

Porphyroclasts
Clinopyroxene 10-50 80-95
Garnet 2-8 5-20
± Corundum 0.1-0.3 <0.5
± Cr-Spinel <0.05 <0.1

Granoblasts
Clinopyroxene 0.3-1.0
Ti-Pargasite 0.1-1
± garnet <0.05
± Phlogopite

'orphyroclasts 10-40 80-95
Clinopyroxene 0.5-3 0-9
Spinel 1-3 5-20
Ohvine
Neoblasts 0.2-1.0
Clinopyroxene 0.1-0.2
Olivine 0.1-0.2
Spinel 0.1-0.5
± Pentlandite

Porphyroclasts 0.5-2 5-70
Phlogopite 3-30 30-95
Kaersutite 0.1-0.3 <0.1
± Apatite 0.2-1.0 <0.1
± Pyrite
± Pyrrhotite
± Allanite

Calculated from bulk rock analyses.
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Tab. A3 Petrography, mineralogy and modes of the Fedoz gabbro.

Rock type Microstructure

Gabbronorite Rare clinopyroxene and orthopyroxene por¬
phyroclasts with abundant exsolution lamellae

(B-F 217) are embedded in a polygonal granoblastic ma¬
trix of clinopyroxene, orthopyroxene and
plagioclase. All granoblasts occur as sligthly to
highly elongated Clusters of several recrystallized

grains. These Clusters are responsible for
the flaser texture. Ilmenite and Ti-pargasite is
rare and interstitial to pyroxenes and plagioclase.

Plagioclase shows sometimes dynamic
recrystallization with the formation of lobate
grain boundaries.

(Ohvine) Rare clinopyroxene and orthopyroxene por-
ilmenite phyroclasts with abundant exsolution lamellae
amphibole are embedded in a granoblastic matrix of clino-
gabbronorite pyroxene, orthopyroxene and plagioclase. These

granoblasts show a polygonal texture and 120°
(B-F 11) angles between them. Interstices are filled with

ilmenite, magnetite, green Al-spinel, apatite,
frequently Ti-rich pargasite and occasionally ohvine.

At the interface between ohvine and plagioclase

a complex three shell corona developed,
locally leading to two pyroxene-spinel
assemblages, which are successively overgrown by a
two pyroxene-garnet assemblage. Hydration of
these water-free Coronas lead to garnet-amphi-
bole intergrowth.

Pyroxene Equigranular texture of brown Ti-rich pargasite,
hornblende clinopyroxene and plagioclase. Amphiboles are
gabbro often irregularly zoned with a dark brown core.

Smaller amphibole may be included in clinopy-
(T 24) roxene and plagioclase. Apatite is abundant in

these rocks either occurring as euhedral inclusions

in amphibole, clinopyroxene and plagioclase

or filling interstices between them. Ilmenite
is always present as interstitial grains.

Clinopyroxene is mostly altered to amphibole.

Quartz diorite Large and highly stretched (length/width ratio
up to 8:1) plagioclase, quarz and orthopyroxene

(Fed 34) porphyroclasts are surrounded by granoblastic
plagioclase, orthopyroxene, quartz and rare
clinopyroxene. Orthopyroxene is exsolution free
with the exception of large porphyroclasts.
Ilmenite fills interstices between orthopyroxene
and plagioclase. Most of the grain boundaries
among granoblastic plagioclase are curved
indicating dynamic recrystallization. In most samples

quartz is intensely recrystallized.

Minerals Grain size Mode
(mm) (Vol.%)

Primary phases
Clinopyroxene 3-15 15-30
Plagioclase 5-20 55-75
Orthopyroxene 3-15 15-30
± Ilmenite 0.3-0.5 0-1
± Ti-Pargasite 0.5-1 0-1

Neoblasts
Clinopyroxene 0.5-2
Orthopyroxene 0.5-2
Plagioclase 0.5-2
Ti-Pargasite 0.2-0.5

Primary phases
Clinopyroxene 2-10 15-20
Plagioclase 2-5 50-55
Orthopyroxene 2-10 10-20
Ilmenite 0.5-2 1-5
Ti-Pargasite 0.5-2 0-2
± Apatite 0.5-1.5 0-1
± Al-Spinel 0.2-1 0-0.5
± Ohvine 0.5-1.5 0-5

Neoblasts
Clinopyroxene 0.3-2
Orthopyroxene 0.3-2
Plagioclase 0.5-2
Ti-Pargasite 0.2-0.5
± Al-Spinel
± Garnet
± Corundum

Primary phases
Hornblende 0.5-4 30-50
Clinopyroxene 0.5-1.5 15-20
Plagioclase 1-1.5 30-50
Ilmenite 0.1-1 3-7
± Biotite 0.5-2 0-1
+ Apatite 0.1-0.5 0-1
± Zircon

Neoblasts
Hornblende <0.1
Plagioclase 0.2-1

Primary phases
Orthopyroxene
Plagioclase 1-2 5-10
Quartz 2-5 65-70
Ilmenite 2-10 20-25

Neoblasts 0.2-0.5 0-1
Orthopyroxene
Clinopyroxene 0.2-1
Plagioclase 0.2-0.5
Quartz 0.5-2

0.1-1
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Tab. A4 Petrography, mineralogy and modes of the^mnuhtic rocks.

Rock type

Kyanite gamet
gneiss

(T64)

Pegmatites
and aplites

(Ch-FS 205)

Calcsilicates

Marbles

Microstructure

Idiomorphic garnets have inQJsiaon-rich cores
and inclusion-poor rims. The riKusions consist
of rounded quartz, plagioclase and biotite. The
garnets are embedded in a granoblastic matrix
of kyanite, plagioclase, quartz and rare biotite.
Plagioclase often displays a polygonal
equilibration texture. Quartz forms elongated grains
with abundant deformation lamellae and
contains tiny inclusions of rutile. Biotite with
exsolution of rutile occur as big fiakes or as inclusion
in garnet. Xenomorphic ilmenite is often
rimmed by rutile.

Weakly deformed phenocrysts of perthitic or
antiperthitic kahfeldspar and albitic plagioclase
are embedded in a matrix of fine grained
polygonal quartz. Rarely, idiomorphic garnet occurs.
Towards the contact to their country rocks, the
pegmatites and aplites contain sometimes xenolithic

garnet and biotite fragments.

Calcsilicates exhibit a granoblastic texture
containing various amounts of garnet, epidote,
clinopyroxene, quartz, plagioclase, kahfeldspar
and calcite. Rare nematoblastic wollastonite is
embedded in a fine-grained quartz-calcite-gros-
sularite matrix. Granoblastic diopside is partly
rimmed by a light-green Na-rich diopside.

Umenite-phlogopite-clinopyroxene and olivine-
phlogopite knobs are embedded in a calcitic
matrix. (sjmopyroxenes oSir as large porphyroblasts

as well as mclutasms in phlogopite. In
monomineralic layers Ü^^^fflfflLay an equi-
granularäilblygonal texture. The olivine-phlogo-
pite knobs can reach up to 10 cm in length.
Porphyroblasts of ohvine and phlogopite are
surrounded by small neoblasts. Phlogopite often
displays oriented rutile exsolutions.

Minerals Grain size Mode
(granuhtic (mm) (Vol.%)
parageneses)

Garnet 10-20 10-40
Plagioclase 1-4 10-70
Quartz 1-15 5-50
Biotite 0.5-4 0-10
Kyanite 1-15 0-10
Ilmenite 0.5-1 0-1
± Zircon
1 Rutile

Perthite 2-20 0-40
Albit 1-10 20-50
Quartz 0.1-0.2 30-55
± Garnet
± Zircon

Calcite 0.1-3 5-80
Quartz 0.05-3 5-20
Clinopyroxene 0.05-4 0-50
Clinozoisite / 0.1-2 0-70
Epidote
Grossularite 0.1-2 0-30
Kahfeldspar 0.2-1.5 0-10
Plagioclase 0.1-0.5 0-10
Wollastonite 0.5-7 0-15
Titanite 0.1-2 0-5
Pyrite

Calcite 0.1-0.5 10-100
Dolomite 0.1-1 0-20
Clinopyroxene 0.5-20 0-90
Phlogopite 0.2-20 0-30
Ohvine 0.2-20 0-20
Pyrite 0.1-1 0-2
Pyrrhotite 0.1-0.3
± Spinel 0.1-1
± Titanite
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