
The emplacement of the Rieserferner Pluton (Eastern Alps, Tyrol):
constraints from ®eld observations, magnetic fabrics and microstructures

A. Steenken*, S. Siegesmund, T. Heinrichs

Institut fuÈr Geologie und Dynamik der LithosphaÈreÐUniversity of GoÈttingen, Goldschmidstr.3, D-37077 GoÈttingen, Germany

Received 17 November 1999; accepted 24 May 2000

Abstract

Within the alpine chain several Tertiary intrusions (e.g. Bergell, Adamello) intruded along the Periadriatic Lineament. This study attempts

to show how the Rieserferner Pluton (Vedrette di Ries) is related to the Defereggen-Antholz-Vals (DAV)-Line. For a survey of the fabric

pattern over the pluton the anisotropy of the magnetic susceptibility (AMS) was determined on nearly 170 samples. Low bulk susceptibilities

of Kvol , 450 £ 10±6 SI and a total degree of anisotropy P 0 , 1.2 point to a paramagnetic control of the magnetic properties. The coincidence

between the magnetic fabric and the macroscopic fabric was proven via texture measurements and the HFA technique. Within the western

Rieserferner Pluton microstructures gave no evidence for a solid-state deformation of the plutonic rocks while the central domain presents a

continuum from magmatic structures in the south to a penetrative solid-state deformation along the northern margin. Structural observations

indicate that the magma was locally emplaced along an active strike-slip fault. The magnetic foliation of the pluton forms three inter-

connected asymmetric dome structures corresponding to the Western, Central and Eastern Rieserferner. Generally, E±W-trending lineations

are sigmoidally de¯ected along the northern and southern contact of the Central Rieserferner. Weakly de®ned fabrics in the Western

Rieserferner suggest magma accommodation in some kind of pull apart structure related to the left lateral shear on the DAV-Line. In the

Central Rieserferner preferred orientation of contact metamorphic sillimanite as well as syn-intrusive isoclinal folds indicate the thinning of

the partly preserved roof envelope of the pluton, implying some ballooning of the topmost intrusion during the ®nal stage of emplacement.

q 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The evolution of a silicic magma begins with the segre-

gation of melt caused by thermal anomalies in the upper

mantle or deeper crust. The ascent of these melts leads to

the emplacement of large magmatic bodies within higher

crustal levels. During cooling, minerals start to crystallise

and strain conditions can be recorded by deformation

features. A continuous change of the proportion between

melt and crystals, as well as the speci®c response of the

various crystallised phases to deformation could re¯ect the

whole range from true magmatic fabrics to low-temperature

solid-state fabrics. The intensity of fabrics in magmatic

rocks is often less than in other common rock types. Never-

theless the signi®cance of orientation and shape of crystals

due to ¯attening or constrictional strain is the same. A care-

ful description and measurement of these fabrics in a

magmatic rock therefore might be able to provide important

information on the emplacement mechanism, which is

closely related to the `space-problem' of granite tectonics.

However the reconstruction of the time/temperature/defor-

mation history of the magma is handicapped since we can

not determine the time when fabrics start to develop. In the

early stages of crystallisation only a few crystal grains are

freely rotating in a melt and the capture of these fabrics is

hardly possible. Therefore the development of magmatic

fabrics is restricted to a late stage of solidi®cation (Paterson

et al., 1998). Whether fabrics of a pluton could re¯ect strain

conditions during emplacement in that way is largely depen-

dent on the speed of emplacement and cooling of the melt.

As for the relationship between the pluton and the

surrounding country rocks, a large number of different

emplacement styles are to be considered. They range from

passive emplacement models, like stoping (Daly, 1933;

Pitcher, 1970), to forceful mechanisms of magmatic

wedging (Pitcher and Read, 1959), and expansion models

(Ramsey, 1989) including ballooning (Holder, 1979).

Contrary to the former view of Buddington (1959), that

different emplacement styles are dependant on the rheolo-

gical behaviour of the crust, Pitcher and Berger (1972) and
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Hutton (1982) reported a series of active and passive

emplacement styles for the Main Donegal Granite (Ireland)

at actually the same crustal level.

Recent investigations on granite tectonics put emphasis

on the regional setting of plutons with respect to fault zones,

which were active during magma emplacement (Hutton and

Reavy, 1992), as well as on the orientation and the shape of

plutons (Brun et al., 1990, Gleizes et al., 1998). So-called

syn-tectonic plutons might re¯ect different kinds of fabrics

responding in part to the internal forces and partly to the

regional kinematics during cooling and solidi®cation of

magma (Hutton, 1988). As it turns out such differentiation

seems to be insigni®cant, because resulting fabrics in

plutons are due to the interaction of the buoyancy of the

ascending magma and the regional strain ®eld (Saint

Blanquat and Tikoff, 1997).

In this paper we will document the regional orientation

and distribution of fabrics within the Tertiary Rieserferner

Pluton (Vedrette di Ries) and its country rocks and the rela-

tion to the kinematics along the Oligocene Defereggen-

Antholz-Vals (DAV)-Line. The pronounced elongate

shape coupled with the preservation of large parts of the

psammopelitic roof give the Rieserferner Pluton a unique

position among the `Periadriatic Intrusions' in the Alps. On

the basis of its two-dimensional appearance in map-view,

the main body comprises a western and central part

(Western and Central Rieserferner, respectively). The

elongate, generally only some 100 m wide, tail exposed

along the Defereggen Valley is referred to as the Eastern

Rieserferner.

For the determination of fabric orientation within the

intrusive rocks of the Rieserferner Pluton the anisotropy

of magnetic susceptibility (AMS) was measured. Texture

measurement of the biotite fabric as well as the determina-

tion of macroscopic structure and of enclave-ratios in the

®eld was used to constrain the signi®cance of the magnetic

data. Furthermore a detailed microstructural description of

the intrusive rocks provides information whether fabrics are

related to magmatic, submagmatic or solid-state deforma-

tion. Since AMS-fabric and macroscopic fabrics show a

tight correspondence, magnetic axes are taken to represent

the directional fabric within the Rieserferner Pluton.

2. Geological background

The Oligocene Rieserferner Pluton is an elongate intru-

sion about 40 km long and 7 km wide, within the Austroal-

pine basement of the eastern Alps. It belongs to the series of

the Tertiary so-called `Periadriatic Intrusions', like the

plutons of Adamello and Bergell, emplaced along the

boundary between the southern and central Alps (Rosenberg

et al., 1995; John and Blundy, 1993) (Fig. 1). The

remarkably elongate shape of the Rieserferner Pluton differs

from the typical circular outlines of many `Periadriatic

Intrusions'.

The origin of the melts of these intrusions has been

controversial for a long time. The andesitic calc-alkaline

character of the magmas was generally assumed to denote

late-stage subduction-related magmatism during the Upper

Eocene (Sassi et al., 1980). Geochemical ®ndings (Bellieni

et al., 1981) or more recently Kagami et al. (1991) support

this interpretation. Other models in this debate are exten-

sion-related melting (Laubscher, 1983) or the melting of the

crustal mountain root following convective thinning of the

alpine lithospheric root (Dewey, 1988). Von Blanckenburg

and Davis (1995, 1996) introduced the slab break-off

hypothesis as a consequence of the isotopic composition

and the regional distribution of the plutons along the

Periadriatic fault system. Nearly all of them intruded to

the north of the Periadriatic Line (PL) or a related simul-

taneously active fault system, such as the DAV-Line.

Kleinschrodt (1978) reported a sinistral character of the

DAV-Line based on quartz fabrics of the mylonites. It

divides the Austroalpine basement between the Tauern

Window and the Puster-Valley-Line into parts of different

cooling histories. For the kinematics of the sinistral DAV-

Line, and the opposing dextral Puster-Valley-Line, a lateral

escape of the block in the middle was suggested by Schmid

et al. (1989). More recently the `lateral escapement model'

was forwarded by Ratschbacher et al. (1991). The eastern

part of the Rieserferner Pluton is directly bordered to the

south by the DAV-Line (Fig. 5). To the west the fault bends

to the WSW, where the small, elongate Zinsnock Pluton

crops out in between the DAV-Line and the Rieserferner

Pluton. The southern border of the Zinsnock Pluton is close

the DAV-Line. A synclinal fold within the Austroalpine

basement separates both intrusives. The relationship

between these two intrusives is still uncertain. Mager

(1985) concluded from the slight dip of the contact aureole
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Fig. 1. Schematic map of the segments of the Periadriatic Line and related

Alpine faults. (from W to E: TOÐTonale, GIÐGiudicarie, PEÐPejo,

BRÐBrenner, PUÐPuster Valley, DAVÐDefereggen-Antholz-Vals,

GAÐGail Valley, MOÐMoÈll Valley). B, A and R refer to the major

`Periadriatic Intrusions' Bergell, Adamello and Rieserferner, respectively

(modi®ed after Schmid et al., 1989).



that both plutons are connected to some extent below the

surface. Bellieni (1980) drew attention to the geochemical

differences between the magmas and deduced that the

Austroalpine basement to the north of the DAV-Line was

invaded by numerous individual granitoid melts which rose

up along fault zones, and were concentrated respectively in

the Zinsnock and Rieserferner Pluton. Besides, these melts

may be liable for a number of smaller intrusions to the north

of the DAV-Line, like the Rensenspitze and Altenberg

(Monte Alto) (Bellieni et al., 1984).

Vertical movements across the DAV-Line are restricted

to the Oligocene (35 Ma) basing interpretation solely on

K/Ar±, as well as Rb/Sr±mica cooling ages (Borsi et al.,

1973, 1978; StoÈckhert, 1984). Zircon ®ssion track ages

(StoÈckhert et al., 1999) indicate that this activity continued

until 22 Ma. A vertical displacement of at least 200 m indi-

cated by apatit ®ssion track ages was determined by Coyle

(1994), while Grundmann and Morteani (1985) found no

further vertical displacement until 10 Ma. Elevation of the

crustal block to the north of the DAV-Line exposes a partial

alpine greenschist facies metamorphic overprint of variscan

amphibolite facies mineral associations and structures. They

are juxtaposed to the variscan structures and metamorphic

associations retained to the south of the line (StoÈckhert,

1982; SchoÈnhofer, 1999). Borsi et al. (1979) determined

a Rb/Sr whole rock isochron of 30 ^ 3 Ma, which is

the best available approximation for the intrusion age of

the Rieserferner Pluton.

The lithological composition of the Rieserferner Pluton

ranges from dioritic to granitic, with predominance of

tonalitic to granodioritic rocks (Bellieni, 1976). The primary

modal composition consists mainly of plagioclase

(40±50%), quartz (10±25%), K-feldspar (5±10%), biotite

(10±20%) and hornblende (0±10%). Also in some areas of

the western part of the pluton magmatic garnets occur. At

least four subparallel fractionation trends of Rb and Sr

within these variably differentiated magmas were inter-

preted to re¯ect different crustal sources of anatexis

and/or different degrees in crustal contamination (Bellieni,

1978). Furthermore high 87Sr/86Sr-initial ratios of the

Rieserferner Pluton indicate a crustal contamination (Borsi

et al., 1979). With the exception of the garnet-bearing tona-

lites in the western part, none of the magma variations were

traced in the ®eld. On the base of differently fractionated

REE's Bellieni et al. (1981) set up a model of two-stage

fractional crystallisation explaining the geochemical

variability of the pluton. They concluded that strongly frac-

tionated H-REE-patterns ((Tb/Yb)N .1) were created

during a ®rst high pressure fractionation with the separation

of garnet and amphibole, while during the second stage

precipitation of amphibole and plagioclase produced low

(Tb/Yb)N-ratios ((Tb/Yb)N ,1).

The intrusion depth of the pluton was inferred from

contact metamorphism by Cesare (1992) observing a

prograde metamorphic sequence. The peak of this sequence

is characterised by the second sillimanite isograd pointing to

at least 2.9 kbar, corresponding to a depth of 9 km and to

600±6208C on the contact. A linear interpolation between

the temperature and time of the intrusion and the Rb/Sr

biotite ages in the country rocks outside the contact aureole

implies a basement temperature of 400±4508C during the

intrusion.

Structures within the Rieserferner Pluton are directly

related to the cooling of the magma and a simultaneous

syn-tectonic overprint due to the movements along the

DAV-Line (Steenken et al., 1999). Mann and Scheuvens

(1998) found evidence for a submagmatic deformation

followed by a solid-state deformation under greenschist

facies conditions. Henry (1975) detected, via AMS

measurements, a well-de®ned lineation in the Rieserferner

Pluton. In accordance with structural aspects this lineation

should be related to a late alpine E-W-directed compression

of the pluton.

3. Field observations

3.1. Petrologic subunits of the pluton, late-stage intrusions,

enclaves and their relation to macroscopic fabric

The Rieserferner Pluton is an E-W-trending pre-

dominantly tonalitic to granodioritic intrusive complex

surrounded by greenschist facies metapelitic to psammope-

litic rocks of the Austroalpine basement. Outcrop conditions

in the main body of the pluton are excellent, except for some

block ®elds and recent glaciers. Along the Defereggen-

Valley quaternary, sediments cover large parts of the pluton

and outcrops are restricted to some cliffs and small creeks.

The exposed vertical relief of the main body is up to 2000 m,

permitting a near-perfect 3-D reconstruction of the fabrics

and providing a fair amount of information on the original

shape of the pluton. The transition between the Western and

Central Rieserferner is almost totally hidden below metape-

litic to psammopelitic country rock that represents a portion

of nearly completely preserved roof envelope. The roof

reveals a vaulted shape of the Central Rieserferner implying

a structural limit between the two parts of the pluton. Also

some of the most elevated regions of the pluton are still

topped by isolated remnants of the metasedimentary roof.

A striking feature of the magmatic rocks of the pluton is

the variability in grain size (Fig. 2a). Along the western and

north-western periphery coarse-grained granitoids with

plagioclases and biotite-piles up to 0.8 cm in diameter

occur, wedging out along the northern border of the Central

Rieserferner (Fig. 5). In contrast, the main constituents of

the whole body are medium- to ®ne-grained and of pre-

dominantly granodioritic to granitic compositions with an

average grain size of 0.3 cm. A common characteristic of

the coarse-grained granitoids is the appearance of magmatic

garnets (Bellieni et al., 1979). They are up to 4 cm in

diameter and generally exhibit a ma®c decomposition rim.

The frequency of these garnets increases towards the more
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tonalitic compositions of the magma. The amphibole

content within these rocks is up to 10%. The amphiboles

are stubby shaped with long axes up to 1.5 cm. Some exhibit

a macroscopically visible biotite core. Up to 3-mm black

shiny needles of allanite can be noticed almost everywhere

in the pluton.

Within the large body of medium- to ®ne-grained grano-

diorites two different magma types can be distinguished by
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Fig. 2. (a) Tall enclave of coarse-grained tonalite within the ®ne-grained granodiorite at the western margin of the Central Rieserferner (for scale: black camera

lid is 5 cm in diameter). (b) Characteristic `schlieren' layering observed in some parts of the `ma®c' ®ne-grained granodiorites. Light bands are rich in quartz,

plagioclase and biotite, whereas in the ma®c layers amphibole becomes important also. The weakly developed magmatic foliation parallels the leucocratic

aplitic dike (from the lower left to the upper right) crosscutting the layering (for scale see above). (c) Subparallel aplitic dikes in the Central Rieserferner can be

traced for some hundred meters. Weakly oblique dykes belong to the same generation indicated by magmatic contacts between the different dykes. (d)

Microgranular enclaves in a rock face almost vertical to the macroscopic y±z-plane. The 3D reconstruction will reveal the oblate shape of the enclave. (e)

Boudinaged melt injection within the mylonites along the northern contact of the Central Rieserferner (for scale see above). (f) Textured growth of contact

metamorphic sillimanite within the metapelitic country rock of the western border of the Central Rieserferner (width of view 1.2 mm, CPL).



petrological data. (i) A relatively `ma®c', mainly biotite-

bearing granodioritic-to-granitic batch, which frequently

exhibits a characteristic schlieren layering (Fig. 2b). Acces-

sory amphiboles may reach a size of up to 1 cm in diameter.

They are unevenly distributed within the granodiorites and

probably represent an early-crystallised phase that was

transported within the ascending magma. (ii) A leucocratic

predominantly granodioritic magma. In some places up to 3

cm long K-feldspar megacrysts were observed, which take

on a shape-preferred orientation, parallel to the biotite

foliation. These megacrysts show numerous macroscopi-

cally visible inclusions of biotite and plagioclase. Amphi-

bole is hardly noticed in this subunit. A few outcrops exhibit

a sharp boundary between these two sub units. The differ-

ence between these two magma types is due to different

fractionation trends as inferred from geochemical data

(Bellieni et al., 1981). Furthermore, the geochemical data

indicate that different melts constitute the `ma®c' grano-

diorites, in particular the occurrence of tonalitic melts at

the transition towards the coarse-grained granitoids of the

western periphery (Bellieni, 1978).

The transition between the coarse-grained tonalitic to

granitic varieties of the western periphery and the inward

following medium- to ®ne-grained granitoids is a few

hundred meters wide. It is characterised by an alternation

of coarse- and medium-grained rocks with intermediate

compositions in between. Sharp boundaries are hardly

observed, except for some large enclaves of coarse-grained

tonalites along the western border of the Central Rieserfer-

ner (Fig. 2a). This transition may point to a fast intrusion

sequence with an intensive mixing of the two melts, while

enclaves of coarse-grained tonalites probably sank inside

the crystal mush of the ®ner-grained granodiorite. Minor

occurrences of quartz dioritic magmas are restricted to

some marginal areas along the Eastern Rieserferner. These

are characterised by high modal contents of biotite and

amphibole. Also garnets with up to 0.5 cm in diameter

can be noticed.

The intrusive rocks of the Rieserferner Pluton exhibit a

well-de®ned macroscopic planar and/or linear fabric by the

arrangement of tabular-shaped crystals (biotite and plagio-

clase), except for some locations on the western periphery

where fabrics are hard to recognise. Fabrics cut internal

contacts between the main intrusive units, and moreover

the foliation within the aplitic veins parallels the foliation

in the host. Therefore, the foliation postdates the intrusive

juxtaposition of the compositional types.

Late-stage intrusive rocks are aplitic and pegmatitic veins

as well as lamprophyre dykes. Aplites and pegmatites

generally strike ENE±WSW with an inclination towards

the central axis of the pluton. They are from 1 cm up to 2

m wide and exhibit a magmatic contact towards the host. On

glacier-polished surfaces these veins and smaller dykes

could be traced for some hundred meters (Fig. 2c). They

are subparallel to each other and vary only slightly in

thickness. However, some aplites crosscut the generally

subparallel swarms at a low angle, but the crosscutting rela-

tionships nevertheless indicate that these dykes intruded

simultaneously. Differences in grain size were not observed,

even in the thickest dykes. In some places an offset of a few

centimetres across the veins, indicated by disconnected

microgranular enclaves, is obvious. Within the country

rock aplitic to pegmatitic melts related to the Rieserferner

Pluton are rarely noticed.

Lamprophyre dykes are less frequent than the aplites and

pegmatites. They are vertical, have a wide variability in

strike around NW±SE and commonly continue into the

country rocks. Their thickness ranges from a few centi-

metres up to several meters. Sharp contact relationships to

the host and intersected aplites and pegmatites indicate them

as the latest successors in the intrusion history. A biotite

K±Ar age determination of these lamprophyre dykes yields

an age of 26.3 ( 1 0.7 Ma), clearly post-intrusive and there-

fore setting an upper limit for syn-intrusive deformation.

The wider dykes developed a chilled margin. Foliated

sharp-edged fragments of granodiorite within the lampro-

phyre melt are frequently observed. In some places the

piercing of tiny discontinuous lamprophyric apophyses

along small fractures within the granodiorite can be

observed. A conspicuous feature of the wide lamprophyre

dykes is the fracturing of an already solidi®ed melt by the

injection of a second slightly more leucocratic melt. Micro-

structures of these dykes within the pluton and in the

country rock exhibit pure magmatic structures, except

some retrograde replacement of biotite by chlorite.

Using the strike of dykes as a proxy to the regional

compression direction, Schulz (1994) concluded a rotation

of s 1 of the stress-®eld from NE±SW to NW±SE with the

intrusion proceeding. This correlates with a change from

sinistral transpressive movements along the DAV-Line to

a dextral strike slip offset along the Puster-Valley-Line

(Heinisch and Sprenger, 1988, Schulz, 1989). In this context

the occurrence of several N±S to NE±SW striking brittle

faults with a sinistral displacement could be explained in

terms of antithetic riedel-shears related to the Puster-Valley-

Line (see also SchoÈnhofer, 1999).

At least two groups of xenolithic inclusions within the

Rieserferner Pluton can be distinguished. (i) Xenoliths of

metapelitic and metapsammopelitic nature of the contact

aureole are seldom observed, except at the northern margin

of the Central Rieserferner. Here xenoliths are elongate

shaped, with their longest axes parallel to the lineation of

the magmatic rocks. Tall xenoliths are a few meters long.

Beside their pelitic to psammopelitic composition some of

them have a highly deformed mylonitic appearance. Else-

where in the pluton the xenoliths are restricted to sizes

below 20 cm in diameter and are dominated by metapsam-

mopelitic compositions. The magmatic foliation de®ned by

biotite is only slightly de¯ected around them. (ii) Micro-

granular enclaves ranging from ma®c tonalites to diorites

in composition are frequent all over the pluton. In some

areas of the Central Rieserferner even swarms of enclaves
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were detected with NNW±SSE oriented strikes. The

magmatic foliation generally crosscuts the microgranular

enclaves, pointing to the low-density contrast of the two

melts. Recent investigations on the axial ratios of micro-

granular enclaves in the Adamello Massive (John and

Blundy, 1993; John and StuÈnitz, 1997) render them good

quantitative strain markers. Within the whole pluton oblate

shaped enclaves (Fig. 2d) dominate all over, while prolate

shapes occur only along the northern margin and may be

related to the solid-state overprint.

3.2. Deformation in the country rocks and relationship of

syn-intrusive mylonites

The Rieserferner Pluton is surrounded by metapelitic to

psammopelitic greenschist facies rocks, with minor occur-

rences of amphibolites and marbles. Recently the time of

fabric development within these rocks has become a matter

for discussion. According to the model of StoÈckhert (1982,

1985) the penetrative foliation is due to an intense eoalpine

isoclinal folding under greenschist facies conditions, while

SchoÈnhofer (1999) on the basis of microstructural controlled

thermobarometry found evidence for an alpine foliation

subparallel to a well preserved variscan foliation. In any

case this penetrative foliation predates the late alpine intru-

sion of the Rieserferner Pluton. The foliation wraps around

the pluton with intermediate to steep dips along the southern

border and steep to vertical foliations parallel to the contact

in the north, that rotate to shallow dips at higher elevations.

Isoclinal folds in the roof area are characterised by ¯at lying

axial planes as well. Furthermore observed granitoid

apophyses along the eastern margin of the roof show tight

to isoclinal folds manifesting the intrusion-related deforma-

tion of the country rock.

Along the western border of the pluton, foliations are

30±408 inclined and dip concentrically towards the pluton

implying a position of the exposed contact below the

plutons equator. This ®nding is further con®rmed by the

magmatic and magnetic foliations measured in this area

(see below). Within a few tens of meters from the border

the country rock foliation strike is rotated parallel to the

contact simultaneously with the pre-intrusive fold structures

resulting in strongly inclined fold axes.

The northern contact is bordered in large parts by highly

deformed mylonitic rocks, for whose continuation to the

north of the Eastern Rieserferner no evidence could be

found. Clasts within these mylonites denote a sinistral

sense of shear. To the north of the central part of the Rieser-

ferner Pluton a range of contact relationships between the

intrusive rocks and the mylonites are observed. Numerous

granodiorite injections are predominantly found within the

mylonites. The injections are boudinaged and strongly

lineated parallel to the horizontal or slightly W-plunging

mylonitic lineation. The deformation of these granodioritic

boudins is less intense than that of the mylonitic host

(Fig. 2e). However some of the granodiorites exhibit a

gneissic appearance in the ®eld. Less common are fairly

undeformed granodioritic apophyses discordantly cross-

cutting the mylonitic foliation. Hence the mylonitisation is

constrained towards the beginning of intrusion, but it ceased

before the ®nal emplacement of the pluton. Microstructures

indicate an oriented growth of contact metamorphic biotite

and sillimanite, con®rming the syn-intrusive character of the

mylonites. Furthermore, deformation of the mylonites

during the ®nal emplacement is suggested by the correspon-

dence of the mylonitic foliation with the variably inclined

contact.

Frequently noticed WNW±ESE trending lineations are

usually related to the pre-intrusive alpine (?) deformation.

However, along the outer contact of the central part of the

Rieserferner Pluton the sporadic occurrence of dip linea-

tions within the gneissic non-mylonitic rocks is detected.

Contact metamorphic biotite and sillimanite rotated towards

the foliation plane (Fig. 2f) point here also to their syn-

intrusive growth. This suggests the thinning of the meta-

sedimentary roof of the Rieserferner Pluton. Chessboard

patterns in quartz support a high temperature deformation

at the contact. On the other hand equilibrated quartz grain

boundaries imply a static recrystallisation when temperature

was lowered.

4. Microstructures

The accurate genetic interpretation of magnetic fabrics

requires detailed study of the microstructures in order to

evaluate if rock fabrics are related to magmatic or solid-

state deformation. For this purpose thin sections normal to

the magnetic fabric axis from about 25% of the sampling

sites were cut (see below).

Microstructures within the Rieserferner Pluton are

observed ranging between true magmatic deformation and

features attributed to a low temperature solid-state deforma-

tion. A weak overprint of the magmatic to submagmatic

structures is frequently noticed. As long as this overprint

is non-penetrative these samples re¯ect a fabric of

magmatic origin. The Central Rieserferner is represented

by such samples with the exception of a border along the

northern margin adjacent to the mylonites in the country

rock. A tendency to a higher amount of solid-state deforma-

tion towards the north is distinct at least by the microstruc-

ture of quartz and biotite. Within some hundred meters from

the northern border the solid-state deformation becomes

penetrative. In the ®eld this is indicated by a linear fabric

de®ned by sheared biotite-clusters. In the Western Rieser-

ferner an overprint of the magmatic to submagmatic fabric

by solid-state deformation is negligible within the studied

samples. Indications for a ductile low temperature solid-

state deformation are generally of minor magnitude. To

the east along the DAV-Line a late-stage brittle fracturing

including the development of micro cataclastic fractures

abundantly overprints magmatic structures. This correlates
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well with the numerous brittle fractures known from ®eld

studies in this area.

4.1. Magmatic to sub-magmatic deformation

Plagioclase is generally lath-shaped with euhedral grain

boundaries. The laths own an elongation parallel to the

crystallographic a-axis and a (010)-plane indicated by the

orientation of albite twin lamellae. Together with fairly

undeformed biotite-piles they de®ne a weak shape preferred

orientation (SPO) in places (Fig. 3a). Non-coaxial magmatic

deformation is attested to by imbrication of biotite (Fig. 3b)

and plagioclase (Paterson et al., 1998), which is accom-

panied by the moulding of grain boundaries. A common

attribute are intracrystalline fractures in plagioclase with

in®lls of residual melt recrystallised to quartz and minor

K-feldspar (Fig. 3c), a characteristic of the submagmatic

state of Bouchez et al. (1992). Where plagioclase ®lls

these fractures, twinning planes of the host mineral crosscut

the `veinlet'. Also allanite is affected by submagmatic frac-

turing. It is normally up to 2 mm long and shows commonly

a decomposition rim by epidote and/or clinozoisite. Along

the fractures this rim continues, while the centre is ®lled by

quartz.

Quartz and K-feldspar occur as anhedral interstitials in

the framework of plagioclase laths and biotites indicating

the residual melt (Fig. 3a). K-feldspar lacks any intracrystal-

line deformation while quartz generally shows besides a

weak undulose extinction a typical chessboard pattern

(Fig. 3d). The so-called chessboard-patterns are caused by

simultaneous prism ,a.-and prism ,c.-slip of quartz.

Temperatures for the latter are constrained to at least

600±7008C (Mainprice et al., 1986, Kruhl, 1996). Accord-

ing to Paterson et al. (1998) the development of chessboards

marks the transition between submagmatic deformation and

solid-state deformation. Grain boundaries of quartz are

strongly lobate due to a high amount of grain-boundary

migration recrystallisation (GBMR). The observations of

grain-boundary migration at any melt fraction from experi-

ments with non-silicate melts (Means and Park, 1994) have

shown that GBMR at least requires a monophase interface.

4.2. High temperature solid-state deformation

Microstructures corresponding to a strain imprint during

high temperature solid-state deformation are prominently

visible in quartz and biotite. Relicts of chessboard patterns

are retained in the centre of rigid quartz grains, while

towards the rim these are extinguished by prism ,a.-slip

acting at lower temperatures. Highly lobate grain bound-

aries point to GBMR as the active recrystallisation

mechanism in quartz. Resulting ¯attened grains evolve

continuously into recrystallised quartz-ribbons, which

show generally a rim of ®ne subgrains.

The homogeneity in the biotite grain size decreases with

an increasing imprint of solid-state deformation. Kinks

without retrogression to chlorite in the less deformed

samples point to the stability of biotite during deformation

(Gleizes et al., 1998). Saw-tooth like growth interfaces indi-

cate the recrystallisation of biotite. Amphibole is generally

eu- to subhedral with grain sizes up to 5 mm. (100)-growth

twins are common (Biermann, 1981). Frequently a retro-

grade substitution by biotite is observed. In parts sharp

grain boundaries between both minerals testify to a high

temperature during equilibration. With decreasing tempera-

ture basal slip of biotite becomes important and together

with the recrystallised quartzes a continuous intercrystalline

weak layer (IWL) starts to develop disconnecting the

magmatic plagioclase framework (Fig. 3e).

Feldspars are not recrystallised and exhibit only vague

undulose extinction within the strongly deformed samples.

Nevertheless bent twin lamellae in plagioclase attest some

intracrystalline deformation. Myrmekite growth around

corroded K-feldspars point to a temperature of around

5508C (Tribe and D'Lemos, 1996). Further crosshatched

twin lamellae in K-feldspar suggests the microcline

structure.

4.3. Low temperature solid-state deformation

With further decrease in temperature S±C fabrics

develop. The biotite involved is commonly retrograded to

chlorite. The developments of shear indicators like biotite-

®shes or oblique quartz-foliations de®ne a predominant

sinistral sense of shear (Fig. 3f). Quartzes are characterised

by highly undulose extinction and subgrain boundaries.

Grain boundaries show remarkable `bulges', indicating

grain boundary migration at low temperature (Hirth and

Tullis, 1992). Brittle deformation of quartz is further

attested by fracturing.

Lately Paterson et al. (1998) suggested a secondary

alteration of the magmatic minerals to be coupled with

low temperature solid-state deformation. However, intru-

sive rocks of the Rieserferner Pluton frequently show

bands of light green material corresponding to the substitu-

tion of biotite by chlorite. Since deformation is no stronger

within these bands (epitaxial chlorite replaces biotite) a

large part of retrograde metamorphism must be related to

a late-stage migration of hydrothermal ¯uids. Therefore care

is taken not to over-emphasise this feature as pointing to a

high amount of solid-state deformation.

5. Anisotropy of magnetic susceptibility

5.1. Methods

The application of AMS techniques on detailed structural

mapping of granitic rocks has now been used for almost four

decades since the work of Balsey and Buddington (1960) and

Stacey (1960). Henry (1975) applied the method on the

Rieserferner Pluton and its country rock. Nowadays AMS

is routinely used for structural investigation on granitoids

that appear massive in the ®eld (Hrouda and Lanza, 1989;
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Fig. 3. (a) A magmatic foliation (left to right) is shown by a linear arrangement of tabular plagioclase crystals. Lamellae of albite growth twins are parallel to

the foliation (width of view 3 mm, CPL). (b) Tiling of biotite points to non-coaxial magmatic ¯ow fabric (width of view 15 mm, CPL). (c) Fractures in

plagioclase are ®lled with quartz and K-feldspar, indicating the submagmatic stage (width of view 1.2 mm, CPL). (d) Chessboard patterns in quartz-core attest

the transition between the submagmatic stage and the ®eld of high temperature solid-state deformation. Recrystallisation of quartz within this stage of

deformation is not observed (width of view 2.3 mm, CPL). (e) Elongate quartz crystals and ribbons of recrystallised quartz indicate the decrease in temperature

during deformation. Biotite and quartz develop a continuous intracrystalline weak layer (IWL), disconnecting the former plagioclase framework (width of

view 10 mm, CPL). (f) Biotite ®shes record sinistral sense of shear, which con®rms the regional sinistral transpressive deformation along the DAV-Line and

the mylonites to the north of the Rieserferner Pluton (W is to the left) (width of view 1.2 mm, CPL).



Bouchez et al., 1990; Gleizes et al., 1998). A wealth of

papers has been published discussing the relationship

between rock fabrics and magnetic fabrics (e.g. Hrouda,

1982; Siegesmund et al., 1995; Bouchez, 1997) the essence

being that AMS provides a fast determination of foliations

and lineations, the latter being hard to observe in the ®eld.

The theoretical background of the AMS measurement is

described elsewhere (e.g. Hrouda, 1982, Rochette, 1987,

Rochette et al., 1992). For most geological materials

magnetic susceptibility is an anisotropic property which

can be described mathematically by a second rank tensor

or geometrically represented by a triaxial magnetic fabric

ellipsoid with the three half axes Kmax . Kint . Kmin, whose

mean value is the bulk susceptibility magnitude. The AMS

of a rock sample is controlled by the paramagnetic and

ferrimagnetic (s.l.) behaviour of the rock forming minerals.

The in¯uence by diamagnetic minerals is negligible. For

granitoids the iron bearing silicates, especially biotite and

amphibole, carry paramagnetic properties. In this case the

magnetic fabric ellipsoid can be directly related to the crys-

tallographic preferred orientation (CPO) of the paramagnetic

carriers (Fig. 4). In ferrimagnetic granites paramagnetic

properties may be obliterated by the high intrinsic suscepti-

bility of iron bearing ore minerals, like hematite and magne-

tite. Magnetic fabrics in such rocks should be related to a

primary shape anisotropy of magnetite grains or may also

result from an inhomogeneous grain distribution (for a

review see Rochette et al., 1992). To check the ferrimagnetic

contribution on the magnetic properties of the investigated

granitoids representative samples were measured in higher

magnetic ®elds (HFA) ranging from 0.8 to 1.8 T using a

torque magnetometer (BergmuÈller and Heller, 1996).

Moreover, curie balance measurements were realised for a

quantitative analysis of ferrimagnetic carriers at an applied

magnetic ®eld of 0.55 T and a maximum temperature of

7008C.

In order to obtain a full magnetic fabric pattern over the

whole pluton nearly 170 handspecimens were collected,

corresponding to a sample density of at least two sampling

sites per square kilometre (Fig. 5a). Sample orientation was

done via compass measurement on marked plane surfaces.
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Fig. 4. Relationship between the magnetic fabric ellipsoid and the macro-

scopic fabric of the intrusive rocks of the Rieserferner Pluton. Kmax parallels

the macroscopic lineation (x-direction) related to magmatic ¯ow or solid-

state deformation, while Kmin is normal to the foliation (x±y-plane) gener-

ally de®ned by the arrangement of tabular shaped crystals like biotite and

plagioclase.

Fig. 5. Sketch map of the Rieserferner Pluton. (a) Black dots indicate sample localities. (b) differently shaded zones refer to the petrological zoning inferred

from ®eld observation, geochemical data and bulk susceptibility measurement. Note the sinistral DAV-Line partly bordering the Rieserferner Pluton in the

south and the mylonites to the north of the pluton intersecting the contact of the Central Rieserferner.



The variation in sample density is due to the lack of outcrops

in the area of boulder ®elds and glaciers and the dif®cult

access in some extremely exposed regions. From each of the

specimen a minimum of 2 £ 2 standard-sized cores with a

diameter of 25 and 40 mm and a height of about 87% the

diameter were drilled and reoriented in a sandbox. The

magnetic fabric determination from nine different directions

for each core sample was carried out with a Kappabridge

KLY-2 (manufactured by Geofyzika, Brno) working at

4 £ 1024 T and 920 Hz, with a detection limit of 4 £ 1028

SI. From this follows the magnetic fabric ellipsoid, which is

computed using the `ani20' program of Jelinek (1977).

From each sample site one core sample was selected repre-

senting the approximate mean of the measurements. The

coherence between individual core samples from one

sample site is generally good. Only some coarse-grained

samples show a wide variation of magnetic parameters.

Nevertheless, bigger cores generally exhibit even in those

samples a low scatter in magnetic properties and directional

data. So in these cases the bigger cores are taken to be

representative for a sample site. For presentation of the

magnetic fabric data P 0 and T proposed by Jelinek (1981)

were chosen. P 0 is the degree of anisotropy of the magnetic

fabric ellipsoid taking into account the intermediate semi-

axis of the ellipsoid, while T is the shape factor of the AMS

ellipsoid, ranging from ±1 to 0 to 1 1 referring to a prolate,

neutral and oblate shape, respectively.

5.2. Bulk susceptibility versus petrography

Values for bulk susceptibility from the investigated core

samples generally range from 30 £ 1026 to 400 £ 1026 SI.

Low bulk susceptibility down to 6 £ 1026 SI is restricted to

late-stage aplitic dykes. The high bulk susceptibility of

nearly 600 £ 1026 SI measured in one sample next to the

contact indicates the presence of ore minerals here (Fig. 6).

Taking P 0 into account which is generally ,1.2, bulk

susceptibility values point to a control of the magnetic fabric

by paramagnetic minerals (Rochette, 1987).

A broad variation in the bulk susceptibility of several

orders in magnitude is reported for many magnetite-bearing

granites (e.g. Saint Blanquat and Tikoff, 1997; Siegesmund

and Becker, 2000). Within such intrusives susceptibility

measurements re¯ect the petrological zoning of the complex

and provide a good petrological mapping tool. In case of

low bulk susceptibility plutons the demonstration of a petro-

logical zoning should be based on geochemical investiga-

tion. But even in those plutons the bulk susceptibility could

re¯ect the different fractionated magma batches fairly well

(Gleizes et al., 1993, 1998). Bellieni (1978) and Bellieni et

al. (1981) demonstrated a complex magmatic history of the

Rieserferner Pluton. In the present study it was observed

that strong fractionation of the magma is documented by a

broad scatter of bulk susceptibility values taking the total

petrological variability into account (Fig. 5b). However,

looking at each individual magma subunit a tight correlation

between the measured bulk susceptibility and a calculated

susceptibility based on the geochemical data of Bellieni

(1978), is re¯ecting the magmatic differentiation within

each batch (Fig. 7). For calculation of the bulk susceptibility

using geochemical data the formula by Rochette et al.

(1992) in its modi®ed version (Gleizes et al., 1993) was
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Fig. 6. Degree of anisotropy (P 0) versus bulk susceptibility (Kvol) for the

intrusive rocks of the Rieserferner Pluton from all sample sites. Low values

for P 0 of ,1.2 and Kvol generally ,400 £ 10±6 are explained by para-

magnetic carriers.

Fig. 7. Comparison of the measured versus a calculated bulk susceptibility

value based on the Fe21, Fe31 and Mn21 content (Gleizes et al., 1993). The

ratio for a large part of compared samples is ,1. The different magmatic

subunits are well de®ned by their ranges in bulk susceptibility, with the

exception of the coarse-grained granitoids of the Western Rieserferner,

spreading off over the observed range. Differently sized symbols suggest

the magmatic fractionation from tonalite (small symbols) to granite (tall

symbols).



applied taking into account the Fe21, Fe31 and Mn21

contents as well as the speci®c paramagnetic Curie tempera-

ture. The following average ranges of measured magnetic

susceptibilities correlate with petrological zoning:

Kvol , 10 £ 1026 SI� aplites and pegmatites; 110 £ 1026

SI Kvol , 160 £ 1026 SI� ®ne-grained leucocratic grano-

diorites to granites with biotite; 130 £ 1026 SI ,
Kvol , 320 £ 1026 SI� ®ne-grained `ma®c' tonalites and

granodiorites to granites with biotite ^ amphibole;

130 £ 1026 SI , Kvol , 600 £ 1026 SI� coarse-grained

tonalites to granites with biotite, amphibole ^ garnet;

Kvol . 300 £ 1026 SI� Quartzdioritic marginal composi-

tions and microgranular ma®c enclaves.

The coarse-grained granitoids of the western periphery

show a wide scatter of bulk susceptibilities covering almost

the whole observed range (Fig. 7). A differentiation is

possible only taking into account their appearance in the

®eld. The other lithological types of the Rieserferner Pluton

show reduced average ranges in bulk susceptibilities.

Though being conspicuous in the ®eld a gradual transition

between the coarse-grained granitoids and the `ma®c'

granodiorites is not detected via bulk susceptibility

measurement.

5.3. Signi®cance of magnetic fabrics

To con®rm the magnetic data U-stage measurements on

(001) biotite basal planes were carried out. A good correla-

tion between the shape of the AMS ellipsoid and the biotite

(001) normal distribution is apparent. Prolate AMS fabric

ellipsoids correspond to weak to almost perfect girdle

patterns of the basal planes, while point maxima are consis-

tent with an oblate AMS fabric ellipsoid (Fig. 8). Small

differences between AMS orientation and the biotite (001)

textures are attributed to differences in volume sampled by

the two methods.

The AMS data was improved by the HFA technique in

order to exclude a signi®cant ferrimagnetic contribution to

the magnetic fabric. The combination of HFA and AMS

allows the separation of paramagnetic and ferrimagnetic

properties (Siegesmund and Becker, 2000). For comparison

between AMS and HFA data U is used instead of the T

parameter, because the torque magnetometer measures the

deviatoric part of the magnetic fabric tensor only. Two

samples R2 and R96 are presented with a shape factor of

T�20.34 (U�20.35) and T� 0.62 (U� 0.61), respec-

tively. U parameter and directional data from HFA measure-

ment are in good accordance with the AMS data (Fig. 9a). A

weak scatter of Kint and Kmax along a great circle for sample

R96 is in agreement with an oblate magnetic fabric ellip-

soid. Moreover, curie balance measurements could not be

interpreted in terms of any signi®cant contribution of ore

minerals within the samples (Fig. 9b).

Besides the orientation data, the magnetic susceptibility

provides qualitative information about magnetic fabric

geometry usually expressed as P 0 and T (Jelinek, 1981)

referring to the degree of anisotropy and the shape of the

magnetic fabric ellipsoid respectively. A graphical correla-

tion for the Rieserferner Pluton of P 0 versus T shows a wide

range of P 0 for oblate AMS fabrics while prolate fabrics

correspond predominantly to low degrees of anisotropy

(Fig. 10). Dominantly magmatic to submagmatic micro-

structures correspond to oblate magnetic fabrics. Therefore

magnetic fabrics are regarded to present indirectly the

geometry of strain during magma chamber processes.

Since the magmatic deformation memory re¯ected by the

AMS data is rather short (Bouchez, 1997), care should be

taken with an over-interpretation of these data.
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Fig. 8. Comparison between macroscopic fabric, shape of the magnetic

fabric ellipsoid and biotite (001) pole distribution. Observed magnetic

fabrics of the two granitoids represent a wide range from prolate to oblate

shaped magnetic fabric ellipsoids. The two samples typically represent the

solid-state deformed northern margin of the Central Rieserferner (a) and the

magmatic to submagmatic microstructures of the Central Rieserferner close

to the western contact and the roof (b). (a) The cube represents schemati-

cally the rotational arrangement of tabular biotite crystals, causing the

prolate shape of the magnetic fabric ellipsoid (line drawing). Biotite

(001) poles form a near perfect girdle. (b) Planar arrangement of biotite

crystals results in an oblate shaped magnetic fabric ellipsoid (line drawing)

which corresponds to a pronounced biotite (001) pole distribution maxi-

mum. Pole ®gures are standard projections with magnetic foliation (x±y-

plane) and Kmax (x-direction) horizontal (solid line and black dot). The ®lled

black squares marks the macroscopically observed lineation, while the

dashed line (only in b) represents the macroscopic foliation which is in

good agreement with the AMS data.



Rochette et al. (1992) put emphasis on the problem of

mixed fabrics owing to at least two paramagnetic miner-

als. Since single crystal data of these minerals, commonly

biotite and amphibole in a magmatic intrusive exhibit a

different magnetic fabric ellipsoid the variation of

magnetic parameters is likely to be mainly due to the

compositional variation, rather than to increasing strain.

Numerical models (Siegesmund and Becker, 2000) con®rm

this. They found magnetic parameters highly affected, if

both phases are textured, while the in¯uence of an iso-

tropic distribution of one paramagnetic carrier will not

shift the values signi®cantly. In case of the Rieserferner

Pluton the magnetic fabric is carried mainly by biotite. An

possible in¯uence by high modal contents of amphibole

on the magnetic fabric is restricted to the Western

Rieserferner.

5.4. Directional data

Directional data provided from the AMS was carefully

compared with the macroscopic foliation observed prior to

the magnetic measurement. This control is mainly restricted

to the planar fabric due to the lack of exposed foliation

surfaces that show any linear arrangement of minerals.

Nevertheless, in some places also a linear fabric is noticed,

which was found to parallel Kmax.
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Fig. 9. (a) Comparison of the magnetic axes from separated paramagnetic and ferrimagnetic contributions and the measured AMS fabric from a character-

istically prolate (R2) and oblate (R96) magnetic fabric sample. Further the U-parameter obtained from AMS measurement and the paramagnetic contribution

of the HFA is given. Note also the bulk susceptibility value which is below empirical data of typical magnetite bearing granitoids. (b) Thermomagnetic curves

from the two samples above displaying magnetisation M in a ®eld of 0.55 T vs. temperature (8C) measured in vacuum and at a heating rate of 208/min. The

curves can not be explained in terms of any signi®cant ferrimagnetic contribution to the magnetic properties.

Fig. 10. Variation of T versus P 0. The shape parameter T of the magnetic

fabric ellipsoid covers nearly the whole range from perfect oblate to prolate

fabric, respectively from 11 to ±1. The degree of anisotropy (P 0) is

restricted to a small array from 1.04 to 1.17. Furthermore, this range is

reduced to values generally ,1.12 for prolate magnetic fabrics. It is

inferred that ¯attening is the strain regime prevailing in the emplacement

fabrics.



The axes of the magnetic susceptibility ellipsoid are well

de®ned considering the deviations between cores for indi-

vidual sample sites. Scattered distributions for Kint and Kmin

along great circles in a stereographic projection arise parti-

cularly within a few samples from the northern margin of

the pluton. This is in good agreement with the linear macro-

scopic fabric and the prolate shaped microgranular enclaves

of those rocks. Kmax is commonly well de®ned. However,

some locations exhibit a scatter in the Kmax direction

comparing the individual core samples. Those sites gener-

ally exhibit highly oblate magnetic parameters (T . 0.7)

and low lineation factors (Kmax/Kmin ,1.006). This points

to a minor signi®cance of their lineations. Kmin directions

exhibit a weak girdle distribution, while the magnetic linea-

tion (Kmax) plunge predominantly to the west with a mean

normal to the great circle de®ned by Kmin (Fig. 11). This is in

accordance with the previous AMS study of the pluton

(Henry, 1975).

The foliations of the Rieserferner Pluton describe at least

three different interconnected dome structures that are

related to the three parts of the pluton (Fig. 12a). Within

the Central Rieserferner the foliation trajectories form an

asymmetric dome structure with intermediate to steep

south-dipping foliations next to the DAV-Line and at the

border to the Western Rieserferner, while to the north

slightly outward dipping foliations were observed that

become progressively steeper towards the contact. Folia-

tions parallel the contact to the south and west, while in

the north they are oblique to the contact, but still parallel

to the mylonitic foliation in the country rock. The centre of

the dome structure as suggested by the arrangement of the

foliation trajectories is located to the south±east close to the

plutons margin.

In the Western Rieserferner the foliation trajectories

parallel the contact where exposed. The dip of the foliation

is variable but shows a weak tendency for an inclination

outward from the core axis, which is located in the south

of the Western Rieserferner. The high variability of the

foliation dip is caused by a predominance of L-fabrics. At

the western margin of the pluton foliations are slightly

inward dipping and trace the contact. Therefore the exposed

contact is expected to be in a position somewhere below the

equatorial plane of the intrusive.

At least one more ellipsoidal complex could be recon-

structed within the eastern part of the Rieserferner Pluton.

In this area the plutons southern border is directly marked by

the DAV-Line. Here the foliations are changing from

dipping north to dipping south within a narrow zone along

the DAV-Line. Further to the east limited structural

observations are hard to interpret. At least a foliation strike

parallel to the outline of the Pluton is noticed.

Within the Central Rieserferner the lineation exhibits a

wide curved pattern with WNW plunging lineations in the

east and southeast and E±W trending lineations to the west

(Fig. 12b). This lineation bow is sigmoidally de¯ected

along the northern contact as well as to the south, where

the DAV-Line is close to the contact, re¯ecting the syn-

intrusive regional sinistral movements. The plunge is

predominantly towards the west (mean at 279/18)

increasing toward the south-western part of the Central

Rieserferner. The E±W trending and further to the north

ENE±WSW trending lineation of the Western Rieserferner

is highly variable in inclination. Also, in this part of the

pluton some NW±SE trending lineations are observed.

Steep lineations at the transition between the Central and

Western Rieserferner do not ®t the general lineation

pattern but plunge with right angles to the general strike.

For the Eastern Rieserferner predominantly N to NW

plunging moderately to steeply dipping lineations were

obtained.
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Fig. 11. Pole distribution of the magnetic fabric axes of the Rieserferner Pluton (equal area projection, lower hemisphere): Kmax is the magnetic lineation and

Kmin normals the magnetic foliation plane (Kmax±Kint-plane). The magnetic lineation shows a general westward plunge, while the foliation normal exhibits a

strong point maximum at 157/63 and a weak scatter along a great circle (110/70) normal to the lineation mean.
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Fig. 12. Directional data of the Rieserferner Pluton. (a) Foliation trajectory map of the pluton. The foliation crosscuts internal contacts of the different magmatic subunits. In the Central Rieserferner the foliation is

parallel to the southern and western contact, while to the north the contact is intersected by the foliation. (b) Lineation map of the pluton. The magnetic lineation is predominantly E±W oriented. Exceptional is the

northern border of the Central Rieserferner, where the lineation trend is ENE±WSW. Further to the east the lineation is weakly sigmoidal de¯ected at the southern contact. The sporadic occurrence of NW±SE

trending lineations in the Western Rieserferner may point to a late alpine E±W compression of the massif under solid-state conditions (Henry, 1975).



6. Implications for the emplacement of the Rieserferner
Pluton

Foliation and lineation appear not to be co-magmatic

since they crosscut magmatic banding and even some

late-magmatic dykes. On the other hand there are large

domains with dominantly magmatic microstructures and

the foliation pattern forms domes suggestive of magmatic

controls. In the following section we will try to reconcile

these seemingly contradictory observations. Also, we will

explore the role taken by the DAV-Line's sinistral strike

slip regime during the emplacement and the deformation of

the pluton.

Contact relationships and geochemical data (Bellieni et

al., 1978; Bellieni et al., 1981; SchoÈnhofer, 1999) indicate

that the amphibole-rich, garnet-bearing tonalitic to grano-

dioritic peripheral types from the west and north±west are

the early magmas of the Rieserferner Pluton. They are

followed by the ®ne-grained tonalitic and granodioritic to

granitic batches further to the east (Fig. 5). Insuf®cient

exposure of the pluton in its eastern part restricts the relative

timing of the intrusion to geochemical arguments. Highly

evolved leucocratic granodioritic to granitic compositions

(SchoÈnhofer, 1999) are assumed to indicate the last

magmatic event during the emplacement of the Rieserferner

Pluton. They were preceded by garnet-bearing quartz-

diorites locally outcropping along the southern margins of

the Eastern Rieserferner (Fig. 5). So the petrologic/

geochemical ®ndings point to an overall west to east intru-

sion sequence of several increasingly differentiated magma

batches.

Evidence for a particular emplacement mechanism must

be carefully evaluated. A large amount of stoping (Daly,

1933) controlling ascent of magma can be excluded on the

strength of the rare occurrence of metasedimentary xeno-

liths throughout most of the pluton. Only in the north of the

Central Rieserferner several deka-meter scale xenoliths are

observed within the coarse-grained rocks making it conceiv-

able that in the beginning emplacement was accompanied

by stoping.

Recently Mager (1985) suggested a lateral dislocation

gradient to one side of the DAV-Line so that the ensuing

dilatation provided space for the ascending magmas of the

Rieserferner and Zinsnock. He used the `remarkable knee'

of the band of orthogneisses to the north of the Rieserferner

Pluton (Fig. 13) to support his hypothesis. Recent structural

investigations on the Sand in Taufers orthogneiss show

however that its outcrop pattern is the effect of pre-intrusive

fold structures rather than kilometre scale steep folding

during the emplacement of the Rieserferner Pluton

(Mazzoli, oral communication) caused by an inferred dislo-

cation gradient. Different geochemical composition of the

Zinsnock and Rieserferner make a subsurface connection of

the plutons highly speculative. Similar geochemical compo-

sitions of the Zinsnock Pluton and the evolved magmas of

the Eastern Rieserferner (SchoÈnhofer, 1999) may indicate a

relationship late in the emplacement history which so far is

poorly understood.

Nevertheless, faulting should have had a large in¯uence

on ascent and expansion of the magmas as is indicated by

the syn-intrusive mylonites along the northern contact.

Concentric foliation trajectories with a centre to the

south±east in the Central Rieserferner Pluton may suggest

the DAV-Line as feeder zone for the ascending magmas.

Since fabric elements crosscut internal contacts within the

pluton they postdate the juxtaposition of the different subu-

nits, and thus can at best provide only indirect information

on the location of magma ascent. This could be the case

where foliation formed by way of thermal stresses and

differential buoyancy of individual magmatic subunits

outlasting the magmatic emplacement. Microstructures tell

us that over large parts of the pluton this should have

occurred in the submagmatic or high temperature regime

prior to ®nal solidi®cation. Magma accommodation is

thought to follow the direction in which space is created

by the successive widening of a pull apart structure. Pull

apart should have resulted from displacement transfer

between the DAV-fault in the South to the synintrusive

mylonites north of the pluton (Fig. 14).

For the Western Rieserferner it is believed that observed

fabrics still largely re¯ect the magmatic ¯ow during intru-

sion (Fig. 14). This is strongly suggested by the magmatic to

sub-magmatic microstructures, a low degree in magnetic

anisotropy (P 0 is around 1.06) and a high variability of the

shape factor. E±W to ENE±WSW trending lineations with a

variable plunge support an E±W oriented ¯ow pattern of the

magma. The rare occurrence of NW±SE trending lineations

may correspond to a post-intrusive compression of the

massif (Henry, 1975).

Syn-intrusive folding in the metasedimentary roof next to

the contact of the Central Rieserferner as well as textured
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Fig. 13. Simpli®ed sketch map of the Rieserferner and Zinsnock Plutons

and the Ordovician `Sand in Taufers' Orthogneiss. Note the conspicuous

`knee' of the orthogneisses directly to the north of the Rieserferner Pluton.

Recent structural observations show that the outcrop pattern of the orthog-

neisses is related to variscan deformation rather than folding around steep

axes caused by a lateral dislocation gradient to the north of the DAV-Line

during the emplacement of the Rieserferner Pluton.



growth of contact metamorphic sillimanite record aspects of

a more complex intrusion history for the Central Rieserfer-

ner. Prominent oblate magnetic fabrics correspond with

magmatic to submagmatic microstructures with a strong

shape preferred orientation of tabular shaped crystals as a

consequence of ¯attening strain during solidi®cation of the

magma. The remarkable increase in the degree of anisotropy

(P 0 . 1.06) particularly towards the western border of the

Central Rieserferner is regarded to re¯ect increasing

magmatic and/or submagmatic deformation towards the

contact. We infer that ¯attening is the response to a ®nal

spherical expansion of the pluton caused by the late intru-

sion of the leucocratic granodiorites similar to the balloon-

ing of the Flamanville Granite (Brun et al., 1990). The rare

occurrence of prolate magnetic fabrics correlates with high-

temperature solid-state deformed granitoids. They provide

no information on the emplacement but show that the pluton

suffered syn- to post-intrusive mylonitisation along its

northern contact (Fig. 14). The lack of low-temperature

solid-state deformation features within the deformed grani-

toids attest that mylonitisation ceased shortly after the ®nal

emplacement. Recently Rosenberg et al. (1995) proposed

for the Bergell Pluton a ®nal emplacement by ballooning

along the dextral transpressive Tonale Line (Fig. 1), which

corresponds well with our results on the Rieserferner Pluton.

Observing syn-intrusive folds near the ¯oor of the pluton

they conclude that the Bergell Pluton formed from magma

squeezed from the shear zone.

So far our structural information on the Eastern Rieser-

ferner is very limited. Nevertheless, magmatic structures

with minor cataclastic overprint may testify to the original

shape of the tail of the Rieserferner. Despite an elongate tail

being common to the Rieserferner and the Bergell Plutons

their origins are entirely different. Rosenberg et al. (1995)

could show that the tail of the Bergell represents the feeder

for the ascending magmas and the deepest part of the pluton.

Following the ®nal emplacement the Bergell Pluton was

tilted exposing the feeder. In the case of the Rieserferner

Pluton highly fractionated granodiorites and granites of the

tail point to a late emplacement. Furthermore, apparent tilt-

ing of the crustal block to the north of the DAV-Line indi-

cates the largest uplift in the west (Borsi et al., 1978). So the

tail of the Rieserferner represents the shallowest and least

exhumed part of the pluton.
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Fig. 14. Model of the emplacement of the Rieserferner Pluton and coeval regional transpressive sinistral deformation. (a) Supposed initial situation. (b)

Assumed development of a pull-apart structure that provides space for the ascending magmatic precursors of the Rieserferner Pluton. (c) Progressive magma

ascent in the opening pull-apart structure, while individual magma batches further to the east rose up along the DAV-Line. (d) Final position of the

Rieserferner Pluton. The Central Rieserferner suffers some ballooning due to the ascent of the last granodioritic magma batch.



7. Conclusions

Magnetic fabrics of the Rieserferner granitoids essen-

tially re¯ect biotite textures with presumably slight admix-

tures of hornblende the latter showing little preferred

orientation. Where it can be observed macroscopic and

microscopic orientation of foliation and lineation are close

to the magnetic fabric elements. Deviations can be attribu-

ted to differences in sample size combined with the low

strength of granitoid fabrics.

The foliation crosscuts primary banding and internal

contacts. Yet based on microstructure the observed foliation

domes formed largely during the submagmatic stage and

prior to solidi®cation. The foliation domes may re¯ect

magma ascent if foliation is caused by stresses due to buoy-

ancy and changes in volume of individual subunits. Though

these processes outlasted the magmatic stage a certain

inheritance of magmatic preferred mineral orientation is

indicated by the microstructures.

A sigmoidal bend of the lineation in the Central Rieser-

ferner conforms with left lateral shear affecting the intrusion

during the submagmatic stage. This deformation could

partially also have contributed to the shaping of the foliation

domes.

Solid-state deformation is pervasive only near the steeply

inclined contacts along the bordering mylonitic shear zones.

Markedly prolate magnetic fabrics in accordance with

macroscopic prolate fabrics occur in the north of the Central

Rieserferner re¯ecting the syn-intrusive sinistral shear.

The locus of intrusion seems to be regionally controlled

by the southward bend of the DAV-Line. Space is provided

by pull-apart due to displacement transfer between the left-

lateral transcurrent DAV in the south to the syn-magmatic

mylonites on the northern margin of the intrusions.

Late-stage emplacement processes are local modest

ballooning as evidenced by predominance of oblate

magnetic fabrics and oblate enclaves near the roof of the

Central Rieserferner. Large xenoliths near the northern edge

of the Central Rieserferner may point to limited stoping

during the early stages of intrusion.
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