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Rb-Sr systematics of recrystallized shear zones at the
greenschist-amphibolite transition: examples from granites

in the Swiss Central Alps

by D. Marquer' and J.J. Peucat2

Abstract

In the Swiss Central Alps, several metagramte ductile shear zones which have undergone various metamorphic
conditions (350 to 600 °C and 3 to 7 kb) were analysed for their Rb-Sr systematics In the greenschist facies, the
rubidium content increases in mylomtes while the strontium content decreases. Opposite chemical variations are
observed in amphibolite facies shear zones. These chemical mass transfers reflect the different behaviour of the
initial magmatic paragenesis during deformation. In amphibolite facies, the initial paragenesis is stable, K-feldspar
and oligoclase recrystallize to a fine grained mylonite In the greenschist facies, the feldspathic phase is progressively

replaced by a new metamorphic assemblage (quartz-phengite-albite). In both metamorphic cases, Sr isotope
changes of the whole rocks are strongly suspected to occur in the mylonites. These chemical and isotopic modifications

are probably related to external fluid circulation and are also affected by progressive mineral changes.
In each studied area, the whole rock Rb-Sr isotopic dating method records magmatic ages of the undeformed

granite, while spurious ages with respect to tectonic events are obtained for mylonites in shear zones.

Keywords: granite, shear zone, mylonite, Rb-Sr systematics, Central Alps, Switzerland.

Introduction

During heterogeneous deformation, granitoids
may undergo different changes in major and
minor element contents and stable isotope ratios in
shear zones dependent of the physical parameters
(mainly temperature), the mineralogical modifications

(mainly controlled by the feldspar phases)
and the presence of fluids (see review in
Marquer, 1989; Dipple et al., 1990; Tobisch et al.,
1991; Selverstone et al., 1991). Over the past several

decades, geologists have focused their interest

on the understanding of some theoretical
aspects of fluid-rock interaction, fluid circulation,
fluid sources and the role of fluids for the rheolo-
gy of rocks (Fyfe et al., 1978; Ferry, 1979;
Etheridge et al., 1983, Bickle and McKenzie,
1987; Rumble, 1989; McCaig et al., 1990; Ferry
and Dipple, 1991). These studies of chemical
mass-transfer indicate changes in major and
minor element concentrations and strong modifica¬

tions of stable isotope ratios in many shear zones
(Kerrich et al., 1980, 1984; McCaig, 1984, 1989;
Etheridge et al., 1984; Winsor, 1984; Brodie
and Rutter, 1985; Marquer et al., 1985; Sinha et
al., 1986; Fourcade et al., 1989; Dipple et al.,
1990; Tobisch et al., 1991; Selverstone et al.,
1991; and see review in Marquer, 1989).

Up to now, however, little is known about the
modifications of Rb-Sr isotope systematics in
mylonitized granites (Abbott, 1972; Etheridge
and Copper, 1981; Thoni, 1983, 1986; Majoor,
1988; Barovich and Patchett, 1992). From a
general point of view, plutonic rocks deformed
syn- and post-intrusively must be distinguished.
In the first case, whole rock ages in mylonites
appear to correspond to tectono-magmatic
events when only changes in the Rb/Sr ratio
occur (Bossière, 1980; Peucat, 1983). In the second

case, relations between deformation
processes and apparent isotopic ages seem to be
much more complex. Some authors assert that

1 Institut de géologie, E. Argand, 11, CH-2007 Neuchâtel, Switzerland.
2 Géosciences, Laboratoire de géochimie-géochronologie Campus de Beauheu, F-35042 Rennes, France.
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isotopic rehomogenization occurs during
deformation, therefore the determined ages should
correspond to the mylonitization event (Harper
and Landis, 1967; Dietrich et al., 1969; Hun-
ziker, 1970; Abbot, 1972; Steinitz and Jäger,
1981; Hickmann, 1984; Steiner, 1984). On the
other hand, Etheridge and Cooper (1981)
argued for mobility of rubidium and strontium on
a large scale, enhanced by fluid circulation. In
this case, the whole rock isochron gives no
indication of the age of the retrograde event. With
these conflicting results, the discussion about the
significance of whole rock Rb-Sr dating of
deformed granites is still open and is of a great
importance because the Rb-Sr system is often
used to date tectono-metamorphic events
responsible for mountain building (for review see,
Hurford et al., 1989).

The present study describes the effects of
Alpine mylonitization on Rb-Sr whole-rock
systems of late Variscan granites in the Swiss Central
Alps (Fig. 1). The studied metagranites underwent

heterogeneous ductile deformation under
different metamorphic conditions. In the case of
the Wassen granite, Aar granite and the Grimsel
granodiorite, this occurred under greenschist
facies and in the case of the Truzzo granite under
amphibolite facies (Frey et al., 1974,1980) (Fig.
2). The purpose of this paper is to document and
compare the behaviour of the Rb-Sr whole rock
system in structurally and chemically well-de-
fined metagranite shear zones (Marquer et al.,
1985, Fourcade et al., 1989; Marquer, 1989,
1991). In particular, this study focuses on the
relationships between deformation, chemical mass
transfer and whole rock dating at the transition
from greenschist to amphibolite facies. This
paper presents in detail the following points: the
validity and significance of intrusion ages defined
in the metagranites, the relationships between
mass transfer, deformation and metamorphic
conditions and the effects of these chemical
modifications on the Rb-Sr isotope diagrams.

Geological setting and timing
of Alpine deformation

The Aar and Gotthard massifs, the so-called
External Crystalline Massifs (ECM), are located in
the northern part of the Swiss Central Alps (Fig.
1). The ECM are mainly composed of old crystalline

rocks and late Variscan granites (Steck, 1966;
Labhart, 1977; Schaltegger, 1990a; Abrecht,
1994; Mercolli et al., 1994; Schaltegger, 1994).
In these Variscan granites, Alpine heterogeneous
deformation led to the formation of ductile shear

zones surrounding lenses of weakly deformed
rocks (Choukroune and Gapais, 1983; Gapais et
al., 1987). At all scales, the geometry of this
heterogeneous deformation shows anastomosing
patterns of shear zones corresponding to a bulk
vertical stretching (Marquer and Gapais, 1985). On
the basis of the evolution of thrust tectonics and
deformation of the foreland flysch and molasse

sequences (Trümpy, 1980; Breitschmid, 1982;
Pfiffner, 1986) and cooling ages of syntectonic
minerals in deformed samples (Steiger, 1964;
Jäger et al., 1967; Deutsch and Steiger, 1985;
Dempster, 1986), the main ductile deformation of
the ECM can be attributed to late Oligocene
time. The analyzed metagranite shear zones,
which have undergone greenschist facies conditions,

are located in the Aar massif (Fig. 1), in the
Hasli valley for the Aar granite and Grimsel
granodiorite (between Handegg and the Grimsel
pass) and in the Reuss valley for the Wassen granite

(near the village of Wassen).
The shear zones that developed under amphibolite

facies conditions have been sampled in the
Truzzo granite near the Liro valley and the Truzzo

lake, north of Chiavenna (Italy). The Truzzo
granite belongs to the Penninic domain (Trümpy,
1980). Geologically, this granite is a part of the
Tambo nappe, located between the Adula and
the Suretta nappes (Fig. 1). Ductile Alpine
deformation is heterogeneous, leading to the development

of a complex pattern of shear zones
surrounding lenses of weakly deformed granitic
rocks (Weber, 1966; Marquer, 1991). Four
distinct deformation events have been recognized in

Fig. 1 Location of the metagranite shear zones. GT:
Truzzo granite (Tambo nappe); GG: Grimsel granodiorite

(Aar massif); GA; Aar Granite (Aar massif); GW:
Wassen granite (Aar massif). The dashed line
corresponds to the greenschist facies - amphibolite facies
boundary.
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the Truzzo granite (Marquer, 1991). On the basis
of the principal directions of finite strain, meta-
morphic paragenesis and observation of superposed

structures, it is possible to relate the various

shear zones to different deformation events.
High temperature shear zones were developed
during the main deformation (D2) event and
correspond to pronounced E-W stretching and vertical

shortening (Marquer, 1991). Based on structural

studies of the thrusting of the Penninic
basement units over Eocene flysch sediments (Schmid
et al., 1990) and on isotopic dating (Jäger et al.,
1967; Steinitz and Jäger, 1981; Deutsch and
Steiger, 1985), the Lepontine metamorphism
and deformation (D2) in this area is estimated to
have occurred during the early Oligocene (Hur-
ford et al., 1989; Marquer et al., 1994). Only
results from metagranite shear zones generated
during deformation D2 are presented here
because these deformation zones have not undergone

strong ductile reactivation during late stages
of Alpine deformations.

Mineralogical changes in shear zones

In the Aar Massif, metamorphic conditions
prevailing during the main deformation were in the
range of 350 °C and 3 kb for the Wassen granite in
the middle part of the massif, to 500 °C and 4.5 kb
for the Grimsel granodiorite in the south (Frey
et al., 1974, 1980; Steck, 1976; Bambauer and
Bernotat, 1982; Fourcade et al., 1989) (Fig. 2).
From undeformed granite to mylonite, the grain
size decreases systematically and the mineral
phases change progressively across ductile shear
zones leading to a fine-grained albitic mylonite. In
the ultramylonite, grain size is about 30-100 pm
and syntectonic reactions reflect Alpine
metamorphic conditions in the Aar granite and the
Grimsel granodiorite (Marquer et al., 1985). As
deformation increases, magmatic feldspars (K-
feldspar, oligoclase) are replaced by an assemblage

of phengite, albite and minor epidote.
Abundant epidote is present in the orthogneiss
but disappears in the ultramylonites. Coarsegrained

magmatic biotites show a colour change
from brown to green associated with rutile exsolutions

forming sagenite textures. This change
coincides with newly crystallized biotite at the rim of
old magmatic biotite. In these shear zones, chlorite

is absent. In the Wassen granite, the metamorphic

paragenesis in shear zones is albite, phengite,
epidote and chlorite.

The Truzzo intrusion is a two mica granite
with centimetre-sized phenocrysts of K-feldspar.
From weakly deformed rocks to the ultramylo-

300 500 T°c

4

6

Fig. 2 Schematic PT diagram of metamorphic conditions

undergone by the studied granites during Tertiary
Alpine deformation. Abbreviations are the same as on
figure 1.

nite zones, strain has induced a strong ductile
grain-size reduction in plagioclase and K-feld-
spar. In the mylonites of the Truzzo granite, ductile

microstructures in plagioclase, typical of
strain partitioning (Bell and Johnson, 1989),
and the occurrence of myrmekitic textures in the
K-feldspar, show high temperature conditions
prevailing during Alpine deformation in this
southern part of the Alps (Fig. 2). These conditions

are reflected by the metamorphic paragenesis
composed of recrystallized oligoclase, K-feldspar,

biotite, white mica and quartz. In contrast to
the newly formed inclusion-free oligoclase, the
magmatic oligoclases in the weakly deformed
rocks show abundant sericite inclusions. Newly
recrystallized biotite has the same brown colour
as the initial magmatic biotite but no sagenite
textures are observed. The occurrence of
recrystallized oligoclase is taken as a metamorphic
indicator of amphibolite facies conditions during my-
lonitization (Yardley, 1989).

Chemical changes with increasing deformation

The use of chemical variation profiles to define
chemical mass transfer in shear zones is possible
only if the chemical variations associated with the
initial magmatic fluctuations are below those
associated with the deformation processes (see
Marquer, 1989), and if the absolute gains and
losses of major and minor elements can be
estimated from the comparison between mylonite
and weakly deformed rocks. For the first point,
recent studies performed in these shear zones
have shown that the chemical modifications
associated with deformation are larger than initial
magmatic chemical heterogeneities (Marquer,
1989). Besides, the magmatic trends are com-
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Fig. 3 Volume-composition relationships and chemical variations associated with deformation in three shear zones
of the Aar massif (Grimsel, Aar, Wassen): graphical resolution of mass balance equation for the comparison of
weakly deformed rocks and ultramylonites (Potdevin and Marquer, 1987). Stippled area refers to immobile
elements and solid lines to mobile elements. See text for explanations.

pletely different from the
behaviour of mobile
elements in shear zones
deformed under greenschist
facies conditions (see Marquer

et al., 1985; Marquer,
1989).

For the second point,
mass balance calculations
cannot be expressed directly

by comparison between
rock analyses of the
deformed rock and the initially

weakly deformed rock,
chosen as a magmatic reference.

Estimates of absolute
variations require references

on volume modifications,
density changes or
concentrations of immobile
elements. In order to compare
the chemical composition of
two different rocks, several
methods can be used (Gre-
sens, 1967; Grant, 1986; Potdevin and Marquer,
1987). In this paper, the comparisons of mobile
and non-mobile elements are presented by using
relative mobility diagrams (Figs 3 and 4)
(Potdevin and Marquer, 1987). In these diagrams,
the mass variation of each oxide AXn is normalized

with respect to the content of the same oxide
in the initial rock:

Fig. 4 Volume-composition relationships and chemical variations associated
with deformation in two shear zones of the Truzzo granite. Same legend as for
figure 3.

AXn fv • (duH) • (Cnü/Cn,) - 1

where Xn is the mass variation relative to the
original mass of the element in the original rock
volume, fv is given by the volume ratio between
the transformed rock and undeformed precursor;
d, and dn, the densities of these rocks; Cn, and
Cnu, the weight percentages of the oxide n in the
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initial and modified rocks,
respectively. In the studied
shear zones, density changes

are insignificant and
allow us to estimate absolute
chemical mass modifications

versus volume change
for each oxide. These
diagrams are particularly useful

to compare gains and
losses of major and minor
elements in metagranite
shear zones (Marquer,
1989). The comparisons of
major and minor elements,
with significantly different
concentrations in the whole
rock analyses (for examples
Ca, Sr, K and Rb), are facilitated

by this type of
diagram. The elements with
similar behaviour have the
same slope on the graphical
solution of the equation.
With this mass-balance
calculation, two possibilities
exist for distinguishing mobile

and non-mobile
elements and for calculating
absolute mass transfers:
calculations can be done with a
fixed volume ratio or a fixed
immobile element concentration.

Assuming a fixed immobile

element, as a constant
aluminium abundance for
example, the calculated
volume changes are clearly less
than 10% from undeformed precursor rocks to
mylonites in all the studied shear zones (Figs 3

and 4). This very low mobility of Al,0, and moderate

volume changes in deformed rocks was also
emphasized in several studies (Carmichael,
1969; Ferry, 1979, 1982; Kerrich et al., 1977,
1980). In some of these metagranite shear zones,
lacks of change in A1203 abundance and no density

changes were observed (Marquer et al., 1985).
A number of weakly mobile elements with a
behaviour close to Al, like Si, Ti, P and Fe*, can be
identified (dashed zones on Figs 3 and 4). Based
on these relatively immobile elements, deformation

is assumed to take place under isovolumetric
conditions (note that slight variations would not
introduce any fundamental errors in mass transfer

calculations). Indeed, for each comparison of
the analysed concentration data between the ini-
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Fig. 5 Variation profiles of Rb and Sr concentrations versus normalized
distance of different shear zones in the Aar massif. For each shear zone, the
distance is normalized to 100. Chemical variations (AX) are normalized to initial
concentrations of each element in the weakly deformed rocks (reference rock:
point (0,0)). AX (X-X0)/X„ with X and X0 the element concentrations in the
deformed rock and the reference rock respectively. A: profiles of shear zones in
the Aar granite (white dots: ACIII samples, 4 meters width, reference point
ACIIIp) and the Grimsel granodiorite (black dots: ACII samples with ACIIa as
reference point and AD samples with AD13 as reference point, 3 meters and 80
meters width respectively). B: profiles for two shear zones of the Wassen granite
(white dots: GWC1 samples, GWCla reference point, 10 meters; black dots:
GWC3 samples, GWC3 b reference point, 1 meter). Symbol sizes are greater
than analytic errors.

tial magmatic rock and the deformed rocks, the
mass variation AX of each element is calculated
for a constant volume ratio fv 1. Figures 3 and 4
summarize the results of composition-volume
relationships for shear zones in greenschist facies
and amphibolite facies conditions respectively. In
greenschist facies mylonites (Fig. 3), a significant
mobility exists for elements such as Mg, K, Rb,
Na, Ca, Sr in the Grimsel granodiorite and the
Aar granite. Losses of calcium, strontium and
sodium in ultramylonites can be interpreted as the
result of the breakdown of the feldspathic phases,
while gains of K, Mg, Rb and increasing of L.O.I,
reflect an increase of phengite in these deformed
rocks. In the Wassen granite, however, K and Na
remain immobile and only weak changes of Rb
and Sr contents are recognized. These weaker
chemical modifications in the Wassen shear
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Fig. 6 Variation profiles of Rb and Sr contents versus
normalized distance of two shear zones in the Truzzo
granite. Same legend as in figure 5. The profiles for the
shear zones are 6 meters (white dots: TC4 samples with
TC4a as reference point) and 10 meters width (black
dots: TC5 samples with TC5a as reference point)
respectively. Symbol sizes are greater than analytical
errors.

zones, can be related to the fact that deformation
took place at lower thermal and pressure conditions,

which is indicated by the presence of chlorite.

In the amphibolite facies, comparisons of
element mobility between a weakly deformed rock
and ultramylonites in two different shear zones
give opposite results for the behaviour of Rb and
Sr (Fig. 4). The Sr content increases with
deformation while the Rb content decreases. These
chemical modifications, associated with loss of K
and decrease of L.O.I., can be related to the
stability of K-Feldspars, the destabilization of seri-
cite (white micas) present in undeformed plagio-
clases and the recrystallization of pure grains of
oligoclase in ultramylonites.

In all the shear zones, the chemical variation
profiles versus normalized distance emphasize
the behaviour of Rb and Sr described above (Figs
5 and 6). On these profiles, the reference points
(0,0) refer to the weakly deformed rocks at the
margin of the shear zones. The scale of each
shear zone is given in the figure captions (Figs 5

and 6) and the average weight of samples is
around 4-8 kg. Even if some weak initial mag-
matic fluctuations disturbed slightly the relationships

between chemical variations and distance,
the global tendencies show a Rb increase and a Sr
decrease in greenschist facies (Figs 5 a and b) and
the reverse evolution in amphibolite facies (Fig.
6), whatever the scale of the shear zones. In all
these shear zones, the significant chemical changes

become progressively more important at the
transition between orthogneiss and mylonite
(Marquer, 1989) which corresponds approximately

to values greater than 60-70% on the
distance axes (Figs 5 and 6). This transition
corresponds to dramatic microstructural and textural
modifications involving a strong reduction of
grain size, a larger amount of newly recrystallized
grains and a high degree of interconnected shear
bands propitious to fluid circulations and mass
transfers (Marquer, 1989).

Rb-Sr isotope system

INTRUSION AGES

In the Grimsel granodiorite and the Aar granite,
weakly deformed rocks have been analyzed in
order to determine the magmatic age (open
circles on Fig. 7). In a Rb-Sr isochron diagram,
these samples define a line, which corresponds to
an age of 291 ± 14 Ma and an initial isotopic ratio
of 0.7054 ± 0.0005 (Fig. 7). These results are in
agreement with upper Carboniferous ages for the
same or for other intrusions in the Aar massif
(Wutrich, 1965; Schaltegger, 1990b; Schalt-
egger, 1994). The low isotopic initial ratio
indicates an important mantle input and low crustal
contamination for these late orogenic granites
(Schaltegger, 1990a, 1990b).

For the Wassen granite, a magmatic age has
been calculated using both new data (open circles
on figure 8) and previously published data (black
dots on figure 8: Schaltegger, 1990b) to obtain
the best estimate for the intrusion age. All these
undeformed rocks define an isochron of 289 ±19
Ma and an initial isotopic ratio of 0.7054 ± 0.0007
(Fig. 8). These results agree with the interpretation

that the Wassen intrusion is a part of the
large calc-alkaline to subalkaline granitic suite,
the so-called Central Aar Granite, which
comprises the Grimsel granodiorite and the Aar granite

(Labhart, 1977; see review in Schaltegger,
1994).

The age of intrusion of the Truzzo granite has
been previously investigated: 339 ± 70 Ma (U/Pb
zircon, Grunenfelder in Weber, 1966), 315 ± 20
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Fig. 7 Rb-Sr diagram of shear zones in the Aar granite

(GSZ) and the Grimsel Granodiorite (GDSZ).
Open circles: undeformed granites and granodiorites;
open squares: orthogneisses; black squares: mylonites
and ultramylonites. Magmatic strontium isochron is
calculated from open circle samples. Both secondary iso-
chrons are reference lines from deformed rocks in two
separated shear zones (see text for explanations).

Ma (whole rock Rb-Sr: Jager et al., 1969;
estimated error) or 303 ± 14 Ma (whole rock Rb-Sr:
Gulson, 1973) (recalculated Rb-Sr whole rock
ages with the new constant: 1.42 • ICHVyr).
Isotope data from weakly deformed rocks published
by Gulson (1973) and considered as true samples
of the Truzzo granite located in the Liro valley,
north of Chiavenna, were used to determine the
intrusion age (black dots on Fig. 9). These isoto-
pic data, together with new data (open circles on
Fig. 9), give a line which can be interpreted in
terms of intrusion age: 284 ± 21 Ma. The initial
isotopic ratio is high, 0.7133 ± 0.0019 (see also
Gulson [1973], p. 297), and could imply a significant

crustal contribution.
Regression (York, 1969; Brooks et al., 1972)

yields large MSWD values which reflect the
effects of Alpine metamorphism and deformation
recorded by these granites.

87Sr /86Sr ISOTOPE CHANGES DURING
ALPINE DEFORMATION

The changes in Rb/Sr ratios seem well documented
(see above). Nevertheless, the possibility that

some changes occurred in the 87Sr/86Sr ratios has
to be considered. Prior to any examination of
such isotopic alteration, it is necessary to demonstrate

that the deformed rock is derived from a
pristine granitic rock with a uniform and similar

2 4 6 8 1° 1* 87Rb/86Sr

Fig. 8 Rb-Sr diagram of three shear zones in the Was-
sen granite (GWC1, GWC2 and GWC3) and of three
independent more differentiated ultramylonites (North
margin of the granite) (see Tab. 2). Open circles: weakly
deformed granites; open squares: orthogneisses; black
squares: mylonites and ultramylonites. Black dots: samples

of weakly deformed rocks taken from Schalteg-
oer (1990b) (see Tab. 2). Magmatic Rb-Sr isochron is
calculated from open circle and black dots samples. The
other lines are reference model ages (see text for
further explanations).

isotopic composition and Rb/Sr ratio. This
undeformed rock is considered as the magmatic reference

in each individual shear zone.
From the Aar granite, in the shear zone GSZ

(Fig. 7, Tab. 1), we can observe that the
undeformed samples, close to the studied shear zone,
(Aar3-6) and weakly deformed ones (ACIIIa-p)
exhibit lower 87Sr/86Sr ratios (range between 0.726
and 0.733: recalculated at the Oligocene time
of the shearing) than the mylonitic samples
(ACIIIg-i: 0.734 to 0.741). The samples Aarl-2
are far from this shear zone and correspond to
undeformed granites with higher Si02 content
(74.50-76.50%) than Aar3-6 or ACIIIa-p (Si02<
74.50%). The same evolution is observed for the
granodiorite samples (GDSZ, Fig. 7). The
undeformed and weakly deformed rocks (open circles,
Fig. 7) were collected at a scale larger than one
kilometer. On the isochron diagram, these samples

show varying Rb/Sr ratios due to magmatic
differentiation (Marquer et al., 1985). On the
other hand, the deformed samples from the
granitic and granodioritic shear zones (GSZ and
GDSZ) were collected at the metre-decametre
scale. In the same isochron diagram, they form
two different arrays with positive slopes (open
and black squares, Fig. 7). Moreover, the different

types of chemical changes related to the
magmatic evolution or to the modifications associated
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with deformation are also well constrained by the
analyses of major elements, minor elements and
stable isotopes (Marquer, 1989; Fourcade et al.,
1989).

For each shear zone studied, these last
observations strongly suggest that before deformation,
the actually deformed rock had a Rb/Sr ratio
close to that of the undeformed reference rock.
Consequently, the observed increase of the
87Sr/86Sr ratio for mylonite rocks is induced by
mass transfer during deformation under green-
schist facies conditions. Strontium isotope
compositions also change within the amphibolite
facies shear zones (Fig 9), but in the opposite
sense: a decrease of 87Sr/86Sr ratios is observed in
deformed rocks.

EFFECTS OF METAMORPHISM AND
DEFORMATION ON THE Rb-Sr ISOCHRON

DIAGRAM

In greenschist facies, the Rb/Sr and Sr isotope
ratios increase significantly in the ultramylonites
from initial values close to those of the isochron
(Figs 7 and 8). The scattered values for deformed
rocks on the right-hand part of the magmatic
isochron do not show a random distribution but
yield linear arrays from initially weakly deformed
granites to ultramylonites. For each individual
shear zone, these lines could be interpreted in
terms of ages of geological events between 80 and
120 Ma for the Aar granite and the Grimsel
granodiorite or around 60 Ma for the Wassen
granite. Because these syntectonic shear zones
are interpreted to be Oligocene, on the basis of
stratigraphy-tectonic relationships and cooling
ages (see geological setting and timing of Alpine
deformation), the apparent age results are
meaningless. These lines only reflect the chemical
modifications of the Rb-Sr system during
progressive deformation and metamorphism of the
granites.

In amphibolite facies, Rb/Sr and Sr isotope
ratios decrease. The mylonites and ultramylonites

are offset to the left of the initial isochron
(Fig. 9). Three shear zones are presented and
they show less variations than in the greenschist
facies. For each shear zone, the deviation of analyses

of deformed rocks is rather small and leaves
these data close to the initial isochron. Due to the
small shift observed on the Rb-Sr system it is not
possible to calculate "isochron ages". Nevertheless,

reference trends from the orthogneiss and
mylonites may be calculated of around 127, 112
and 59 Ma. They are interpreted as spurious ages
because the main ductile deformation is post-
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Fig. 9 Rb-Sr diagram of three shear zones in the Truz-
zo granite (TCI, TC4 and TC5) Open circles: weakly
deformed granites; open squares: orthogneisses, black
squares: mylonites and ultramylonites. Black dots: samples

of weakly deformed rocks taken from Gulson
(1973) (see Tab. 3). Initial Rb-Sr isochron is calculated
from open circle and black dots samples. The three
dashed lines are reference model ages for three different

shear zones (see text for explanations).

Eocene (e.g.: nappe emplacement over Eocene
flysch sediments [Schmid et al., 1990]) and
because there is evidence for chemical mass-transfer

(Fig. 6) and open system behaviour for Rb
and Sr in the metagranite shear zones.

Discussion

As demonstrated above, the major effects of
chemical mass-transfer, metamorphism and
deformation occur in mylonites and ultramylonites.
These effects are responsible for structural and
textural changes in deformed rocks, such as the
grain size reduction and the high degree of
interconnected shear bands, which increase the reaction

surfaces of minerals and the fluid path-ways
respectively (Marquer, 1989). Temperature
conditions control both the types of deformation
mechanisms and the metamorphic paragenesis in
retrograde deformed granitic rocks. At the grain
scale, deformation and recrystallization mechanisms

such as diffusion, dislocation glide and
dislocation creep, are increasingly active at higher
temperature (Tullis and Yund, 1987; see review
in Bell and Johnson, 1989, p. 159). The granitoids

studied consist on average of 60% feldspar.
With such a high percentage, deformation of the
feldspathic phases strongly influences the
mechanical and Theological behaviour of the bulk
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rock (Gapais, 1989). All the initial magmatic feld-
spathic phases observed in the Truzzo granite
show ductile deformation and recrystallization of
grains of K-feldspar and oligoclase, while in the
Aar massif, deformation of initial K-feldspar and
oligoclase is brittle-ductile and crystallization of a

new assemblage of albite-phengite increases
progressively with strain intensity (Marquer, 1989).
The stable initial assemblage in metagranite
shear-zones deformed in amphibolite facies
controls the low chemical mobility of major and
minor elements and the small modification of the
Rb-Sr system (Fig. 4). In contrast, the large chemical

variations recorded by shear zones in the Aar
massif can be explained by the brittle-ductile
deformation allowing fluid circulation and enhancing

retrograde metamorphism (albite-phengite
assemblage). The different chemical behaviour of
metagranite shear zones at the transition between
amphibolite and greenschist facies is emphasized
by these previous examples. In greenschist facies,
the deformation is preferentially controlled by
fluid-assisted deformation mechanisms and is
associated with retromorphic reactions. Whereas in
amphibolite facies, intracrystalline mechanisms
are prevailing and the initial paragenesis is stable
(Marquer, 1989).

If the results of chemical mass-transfer and
combined mineralogical variations during
deformation processes explain the increase (or
decrease) of the Rb/Sr ratio, an explanation must be
found to justify the increase (or decrease) of the
87Sr/86Sr ratio in mylonites with respect to the
initial parent-rocks. The results of isotopic modifications

in shear zones can be summarized as follows:
(i) a decrease of the 87Sr/86Sr ratios in amphibolite
facies, (ii) an increase of the 87Sr/86Sr ratios in
greenschist facies. These different types of change
in strontium isotope composition during deformation

at different levels of the continental crust
reflect the lack of a unique and large continental
fluid circulation (Marquer and Burkhard,
1992). Indeed, these isotope ratios are an
argument against systematic homogeneous composition

for eventual large fluid contaminations in the
upper and middle crust, which would be responsible

for identical isotopic modifications in the
deformed zones. In particular, if the 87Sr/86Sr changes
were exclusively related to external radiogenic Sr
introduced into the system by fluid circulation,
the crustal Sr-enriched fluids would have had to
be very heterogeneous in isotope composition to
explain the opposite variations observed in greenschist

and amphibolite facies. This external fluid
would have had high isotope signature to explain
changes in the Aar granite where magmatic Sr
isotope ratios were already high at the time of

metamorphism. The intermediate range of fluid
fluxes calculated for the shear zones of the Grim-
sel granodiorite (5 • 104 moles/cm2) emphasizes
that the metasomatism in these deformation
zones does not require large-scale circulations of
chemically exotic fluids (Dipple and Ferry, 1992).

Here, three different models assuming a small
influence of external fluids are presented (Fig.
10):

In a first model, all the minerals were in
isotope equilibrium during the shearing processes.
Magmatic biotite and feldspar were totally reset
and as observed, new crystallization of phengite
produced a significant increase of the Rb/Sr ratio
in the mylonitic and ultramylonitic facies
compared to the undeformed rock (Fig. 10a). Even if
chemical mass-transfers occur, the "deformed
rock-source rock" line reflects complete isotope
homogenization of mineral phases and produces
an isochron relationship. In the studied cases,
calculated ages would have to be Oligocene or
younger with respect to geological data. The failure

of this theoretical model reflects the lack of
total homogenization, undoubtedly due to the
low temperature and the lack of bulk equilibration

at the scale of the shear zones.
In the second hypothesis, only the Rb/Sr

ratios are increased during shearing. Indeed, in the
isochron diagram, the deformed rocks (WRsz)
exhibit systematically higher 87Sr/86Sr ratios than
their corresponding undeformed precursors (big
stars on Fig. 10b). The main difference between
model I and model II is that there was not the
same composition before shearing between the
rocks that were to become sheared and those that
were not. This hypothesis implies a systematically
more differentiated chemical character for
deformed rocks. This assumption is in disagreement
with petrological and geochemical data which
support that the shear zones are developed from
the same initial rocks as those actually found
in preserved lenses (Marquer et al., 1985; Marquer,

1989). Furthermore, this model does not
explain the opposite behaviour in the amphibolite

facies shear zones from the Truzzo granite in
which the most deformed rocks have the lowest
Rb/Sr ratios and would be, in that case, the "less
differentiated" rocks.

The third model combines both Rb/Sr and
87Sr/86Sr changes and is based on an open system
associated with progressive deformation and
mineralogical changes in shear zones (Bielski et
al., 1979) (Fig. 10c). These changes correspond to
newly crystallized minerals and progressive
disappearance of some magmatic relics in which the
initial isotopic signature is partly preserved. This
phenomenon is also described from shear zones
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in the central Pyrenees (Majoor, 1988). The
whole rock composition of the future mylonite is

close to the isotopic and chemical ratios displayed
by the weakly deformed rocks (stars on Fig. 10c).
In the studied shear zones, isotope composition
of mylonite can correspond to a mixing between
new mineral phases and partly preserved mag-
matic minerals with high 87Sr/86Sr compositions.
The progressive and partial transformations from
oligoclase-K-feldspar and magmatic biotite bearing

granites to phengite-albite and secondary
biotite bearing mylonites can explain the continuous

behaviour of Rb-Sr systematics in shear
zones which have suffered greenschist facies
deformation (Fig. 10c). In this model, the shift of
S7Sr/WlSr ratios and the lines defined by shear zone
samples correspond to spurious ages governed in
part by the isotopic composition of pre-existing
mineral relics, mainly magmatic biotite. In particular,

the recrystallized biotites in the basement
rocks of the Aar massif maintain inherited isotopic

compositions and give old mixing ages with
respect to Tertiary events (Dempster, 1986).
Thus, the difference in 87Sr/86Sr ratios between
mylonites (black squares), orthogneisses (open
squares) and original rocks (stars) corresponds to
different mineral proportions. With this model,
the spurious apparent ages produced have to be
between the original rock age and the age of
shearing. This last model can also explain the
slight decrease of 87Sr/86Sr ratios and the existence
of mylonites with Rb/Sr and Sr isotopic ratios
close to the magmatic isochron in the case of
amphibolite facies shear zones. The slight chemical

and isotopic fluctuations are related to the
stability of the initial paragenesis in both
deformed and weakly deformed rocks. Furthermore
the influence of a partly preserved magmatic
phases, in this case, plagioclase with low isotope
composition, may also explain the decrease of the
observed isotope ratio for mylonites deformed
under amphibolite facies conditions.

Conclusions

The magmatic ages, well-preserved in weakly
deformed rocks from Truzzo granite and different
granites of the Aar massif, emphasize the
heterogeneous type of the deformations preferentially
localized in narrow shear zones. Except for
amphibolite shear zones, orthogneisses and mylonites

developed in greenschist facies show large
scatter in Rb-Sr ages. In the greenschist facies
shear zones deformation enhanced metamorphic
reactions and increased the fluid path-ways by
grain size reduction. However, metamorphic con-
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Fig. 10 Different schematic interpretations for the
behaviour of whole rocks isotopic compositions of mylonites

in the Rb-Sr diagrams. In all diagrams, WR
(stars) and WRsz (black squares) are respectively whole
rock composition of the undeformed rocks and ultramy-
lonites. A: initial magmatic minerals (black dots):
feldspath (Fl), biotite (Bl); new metamorphic minerals
(open circles): feldspath (F2), biotite (B2) and phengite
(Ph). "t shearing" means time of deformation. Further
explanations in text.
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ditions control mineral reactions and element
mobilities For example, m greenschist facies
shear zones, the breakdown of feldspars and
crystallization of albite-phengite assemblages implies
an increase m the Rb/Sr ratio of the whole rock
system m mylomtes while weak chemical modifications

occurred m amphibolite shear zones m
which the magmatic paragenesis was stable during

deformation. These results emphasize that
the Rb-Sr whole rock dating method is not well
suited to estimate directly the age of heterogeneous

deformation m granitic rocks which have
undergone low grade metamorphism Two essential
reasons can be pointed out first, the presence of
shear bands and local preserved domains imply
an heterogeneous isotopic composition at a
smaller scale than the samples Second, isotopic
homogemzation postulated in high-grade meta-
morphic shear zones is controlled by diffusion
processes The diffusion mechanism is thermally
enhanced and for greenschist facies conditions of
the Aar massif, a bulk isotopic homogemzation
was, with no doubt, never reached Radiometric
method alone never has solved an Alpine problem,

and this last point underlines the caution
that must be taken when using and interpreting
Rb-Sr whole rock ages of deformed rocks in
different part of the mountain chains

A listing ofall the major and minor element analyses

in these different shear zones is available (contact

D Marquer)
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Appendix

Rb and Sr contents were determined by XRF method in Géosciences Rennes and the University of
Lausanne. Isotope analyses were performed in Rennes using a Cameca THN 206 and a Finnigan Mat
262 mass spectrometer. NBS standard 987 yielded values of 0.71020 ± 5. Uncertainties for 87Rb/86Sr

ratios were 2%. Isochrons were calculated according to the method of York (1969). The probable
errors of the isochrons are quoted as 2s • VMSWD, where MSWD > 1. Total error on the 87Sr/8(5Sr used
in calculation is 0.02%. The errors on the run from Cameca MS were 3-8 • 105 and 1-2 KU from
Finnigan Mat.

Tab. 1 Isotope whole rock compositions in the Aar granite and the Grimsel granodiorite. In the Grimsel
granodiorite, two different shear zones have been analyzed: ACII (3 meters width) and A or AD (80 meters width).
The granite shear zone has a width of 4 meters (weight of samples: 4-8 kg).

No Samples Rb ppm Sr ppm 87Rb/86Sr 87Sr/86Sr Distance m

Granite shear zone: Aar granite

Undeformed rocks
Aarl 240 72.2 9.78 0.74643
Aar2 231 55 12.20 0.75617
Aar3 216 177 5.34 0.72798
Aar6 244 90.2 7.85 0.73592

Orthogneiss
ACIIIa 209 79.5 7.61 0.73345 2.4
ACIIIb 303 114 7.71 0.73980 2.6
ACIIIc 258 69.3 10.80 0.73966 2.8
ACIIIn 232 86.1 7.83 0.73381 2.0
ACIIIp 227 114 5.77 0.73232 0.0

Mylonites
ACIIId 254 69.4 10.62 0.73936 3.0

ACIIIg 263 78.3 9.76 0.73722 3.4
ACIIIh 356 70.6 14.60 0.74380 3.8
ACIIIi 220 53.2 12.00 0.74518 4.0

Granodiorite shear zones: Grimsel granodiorite

Undeformed rocks
ACIGD 168 277 1.75 0.71309
ACIIa 125 343 1.06 0.70937 0.0
AD13 115 399 0.84 0.70895 0.0

Orthogneiss
A15 170 341 1.44 0.71151
AD11 191 344 1.60 0.71177
AD 12 180 325 1.60 0.71124
AD22 166 350 1.37 0.71085
AD21 182 304 1.72 0.71445
AD20 144 234 1.80 0.71039
ACIIb 115 348 0.9
ACIIc 109 341 1.2
ACIId 140 333 1.5
ACIIcd 106 359 0.86 0.70920 1.7

ACIIfg 111 321 1.00 0.71123 2.8
ACIIh 148 188 2.28 0.71095 3.0

Mylonites
A20 212 138 4.40 0.71419 76.8
AD23a 241 71.8 8.97 0.72203 80.0
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Tab. 2 Isotope whole rock compositions in the Wassen granite. KAW analysis are taken from Schaltegger
(1990b). Samples GWC1, GWC2 and GWC3 have respectively been taken in three different shear zones of 10 m,
3 m and 1 m width. Samples GWC 3 f, g and h are granite mylonites at the contact with paragneisses. The bulk
composition of these mylonites reflects initial magmatic variations for these border facies. These rocks are not used
in shear zone studies (weight of samples: 4-8 kg).

No Samples Rb ppm Sr ppm 87Rb/s<iSr 87Sr/86Sr Distance m

Undeformed rocks: Wassen granite (Schaltegger, 1989)

KAW 899 156 208 2.17 0.71481
KAW 900 145 210 1.99 0.71339
KAW 2508 188 178 3.06 0.71876
KAW 2511 167 65 7.44 0.73639
KAW 2512 130 267 1.41 0.71156
KAW 2513 150 176 2.47 0.71637
KAW 2514 167 134 3.60 0.71884
KAW 2517 175 144 3.52 0.72039
KAW 2518 138 221 1.81 0.71238
KAW 2519 135 246 1.59 0.71152
KAW 2521 193 73 7.69 0.73578
KAW 2522 148 145 2.96 0.71713
KAW 2523 135 114 3.43 0.71950
KAW 2541 151 178 2.45 0.71503

Granite shear zones: Wassen granite

Undeformed rocks
GWCla 164 150 3.17 0.71840 0.0
GWClb 163 163 2.90 0.71798 1.3
GWC2a 135 149 2.68 0.71705
GWC2b 171 142 3.49 0.71898

Orthogneiss
GWCld 169 149 3.29 0.71885 2.8
GWClf 187 111 4.88 0.71989 6.8
GWClh 163 163 2.90 0.71647 9.5
GWCli 186 132 4.08 0.71725 9.9
GWC2c 175 152 3.34 0.71851
GWC2d 199 151 3.82 0.71833
GWC3a 154 102 4.37 0.71720 0.4
GWC3b 131 108 3.51 0.71832 0.0
GWC3c 143 97 4.27 0.71916 0.8
GWC3d 148 111 3.86 0.71876 0.9

Mylonites
GWClj 205 125 4.75 0.71803 10.0
GWC2e 138 207 1.93 0.71756
GWC3e 168 75 6.49 0.72046 1.0
GWC3f 150 102 4.26 0.72332
GWC3g 147 64 6.66 0.72707
GWC3h 144 84 4.97 0.72641
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Tab. 3 Isotope whole rock compositions in the Truzzo granite. G.73.XXX analyses are from Gulson (1973). Rocks
named TCI, TC4 and TC5 have been sampled in three different shear zones of 3, 6 and 10 meters width respectively
(weight of samples: 4-8 kg).

No Samples Rb ppm Sr ppm 87Rb/86Sr 81Sr/86Sr Distance m

Undeformed rocks: Truzzo granite (Gulson, 1973)

G.73.791 255 131 5.46 0.73650
G.73.105/4 305 89.5 9.72 0.75200
G.73.105/7 315 91.1 9.86 0.75340
G.73.789 207 51.8 11.51 0.76270
G.73.789/1 208 51.2 11.59 0.75970
G.73.790 266 56.6 13.98 0.77060
G.73.790/1 266 56.4 14.19 0.77070

Granite shear zones: Truzzo granite

Undeformed rocks
TCI a 152 60.2 7.32 0.74256
TC4a 226 99.8 6.57 0.73775 0.0
TC5a 192 139 4.02 0.72940 0.0
TC6a 254 114 6.46 0.73625
HTC2 196 143 3.97 0.73070
HTC4 185 135 3.90 0.72928

Orthogneiss
TClf 139 70.8 5.70 0.73555
TC4e 199 111 5.18 0.73080 5.4
TC4i 187 120 4.74 0.73007 5.7
TC5g 152 129 3.40 0.72543 9.0
TC5h 152 141 3.12 0.72545 9.6

Mylonites
TCI g 104 84.7 3.57 0.73218
TClh 124 79.9 4.49 0.73348
TC4g 181 128 4.09 0.72966 6.0
TC4h 186 125 4.31 0.73026 5.9
TC5i 135 164 2.38 0.72373 9.8
TC5j 109 237 1.33 0.72029 10.0
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