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a b s t r a c t

40Ar/39Ar dating of syn-kinematic white mica (phengite) and biotite is used to constrain the age of shear
zones within the granodiorites of the Grimsel Pass area (Aar Massif, Central Alps). Three sets of steeply
dipping shear zones have been mapped. Stage 1 shear zones are very broad (w200 m wide) zones of
biotite-bearing rocks, with a progressive increase in intensity of ductile deformation from rim to core,
and have dip-slip kinematics. Subsequent Stage 2 shear zones are narrower, contain phengite-rich
mylonites, and show a gradual change from dextral strike-slip to dip-slip kinematics across strike. Strain
localisation during the formation of Stage 2 shear zones is interpreted to have been aided by reaction-
weakening during extensive fluid–rock interaction. Brittle precursors of Stage 2 shear zones are marked
by biotite-rich cataclasites preserved along the northern contact of the overprinting main Stage 2 shear
zone.

Biotite from a Stage 1 shear zone yields an age of 21.1� 0.2 Ma. Phengites in Stage 2 mylonites in the
Grimsel Pass area have a very narrow age range (13.8–12.2 Ma), which is interpreted to bracket the
duration of ductile deformation during Stage 2 deformation at mid-crustal levels. However, the biotite-
rich cataclasites at the margin of a Stage 2 shear zone may have localised fluid flow up to w2 Ma prior to
the onset of main Stage 2 ductile deformation. Stage 3 shear zones are brittle strike-slip faults containing
cataclasites, breccias and clay fault gouges. Earlier studies have established that these late faults formed
at <9 Ma and were active until at least 3 Ma.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Constraining the absolute age and duration of deformation in
shear zones is a challenging objective. However, such constraints
are critical for establishing P-T-t paths and regional correlations of
tectonic phases in orogens, and for understanding the roles of
fluid–rock interaction and fluid redistribution processes in general.
Major questions that often need to be resolved are: (1) What is the
relative age and duration of the commonly observed brittle and
ductile components of deformation in middle-crustal shear zones?
(2) What is the duration of fluid flow in shear zones? (3) Is it
possible to establish the timing of shearing events within a multiply
deformed tectonic zone using available dating techniques?

Direct dating of deformation is only feasible for syn-kinematic
minerals whose growth can be directly linked to the structural
ll rights reserved.
evolution (e.g. Müller et al., 2000a), and whose isotopic clock has
not been modified since the time of crystallisation. In low-grade
metamorphic environments such as the Alpine External Massifs
mineral (re-)crystallisation, is generally partial and restricted to
shear zones, which localise deformation and fluid–rock interaction
(e.g. Kerrich, 1986; Cox et al., 1987; O’Hara, 1988; McCaig et al.,
1990). Syn-kinematic minerals in mylonites are typically fine-
grained (<100 mm) and commonly consist of intergrown aggre-
gates of relict host-rock minerals and neo- or re-crystallised
metamorphic minerals. As a result, application of classic Rb–Sr and
K–Ar techniques remains controversial (Sherlock et al., 2003),
although microsampling under direct microscopic control is
a promising recent development (Müller et al., 2000a,b). In
comparison, the 40Ar/39Ar dating method has certain advantages
and has been used more frequently for dating low-grade syn-
kinematic shear zone minerals (Kligfield et al., 1986; Wijbrans and
McDougall, 1986; Kelley, 1988; Goodwin and Renne, 1991; West
and Lux, 1993; Kelley et al., 1994; Kirschner et al., 1996; Reddy et al.,
1996; Challandes et al., 2003). In particular, laser and oven
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step-wise heating 40Ar/39Ar techniques may allow core-rim alter-
ation and the presence of several mineral generations to be
discriminated on the basis of changes in composition and age in
different steps of Ar release. However, the meaning of such
40Ar/39Ar ages obtained from low temperature shear zone minerals
is still a matter of debate. Analytical (Kramar et al., 2001; Mulch
et al., 2002) and experimental (Dunlap, 1997; Dunlap and
Kronenberg, 2001) studies analysing the effects of deformation on
the Ar isotopic system have shown that strain may produce partial
Ar loss in pre-existing minerals. Ar loss due to diffusion depends on
the mineral size and structure, as well as on the type of deformation
(Hames and Bowring, 1994).

Finally, it is generally accepted that direct dating of deformation
is possible if dynamic (re-) crystallisation occurred at or below the
so-called ‘‘closure temperature’’ of a given mineral (e.g. Dodson,
1973; West and Lux, 1993), although this concept has been chal-
lenged by Villa et al. (1997) and Villa (1998). However, in many
cases, direct 40Ar/39Ar dating of low-grade syn-kinematic minerals
does not produce clear and unequivocal results (see review in
Rolland et al., 2008). As discussed above, this may be due to (1)
partial isotopic resetting during dynamic recrystallisation, (2)
mixing between inherited and neo-crystallised minerals, (3) partial
Ar loss during ongoing deformation and exhumation, and (4)
possible excess 40Ar in shear zones due to strong and possibly
heterogeneous fluid–rock interaction.

In the Alpine orogen the relative timing of deformation episodes
is generally well established (e.g. Ayrton and Ramsay, 1974; Milnes,
1974; Huber et al., 1980; Burkhard, 1988). Thermo-geochronology
has also been extensively employed to constrain the exhumation-
time history of the mountain belt (e.g. Wagner et al., 1977;
Michalski and Soom, 1990). However, there is still a scarcity of
geochronological studies of shear zones that have been closely
integrated with an understanding of their structural, microstruc-
tural and kinematic evolution. Such deformation ages are necessary
to provide absolute constraints on the timing of displacement and
deformation within orogens.

Here, we present integrated structural, microstructural and
geochronological constraints on the structural evolution of the
Grimsel Pass area of the Aar Massif, Central Alps (Fig. 1). In this area,
shear zones are well-exposed in glacially polished outcrops.
Mapping undertaken in previous works (e.g. Choukroune and
Gapais, 1983; Marquer and Gapais, 1985; Marquer et al., 1985; Steck
et al., 1999) has demonstrated the presence of anastomosing shear
zones, which are thought to have formed during progressive
deformation at 22–17 Ma (Challandes et al., 2008). Younger Rb–Sr
ages of w12–10 Ma obtained in the same shear zones were inter-
preted to be a result late fluid circulation, which post-dated the
main deformation event. In the following we show that detailed
mapping near the Grimsel Pass, at the southern margin of the Aar
Massif, allows recognition of several distinct stages of shear zone
evolution, each with different orientation, kinematics and duration.
40Ar/39Ar geochronology of syn-kinematic mica was undertaken to
constrain the late Alpine structural evolution of the shear zone
networks in the Aar Massif. The results presented here complement
earlier results by Michalski and Soom (1990), Kralik et al. (1992),
Challandes (2001) and Challandes et al. (2008), providing structural
and Ar–Ar data showing the superposition of several stages of
deformation as an additional basis for reconstruction of the
deformation history during exhumation of this part of the Central
Alps.

2. Geological context

The Aar Massif is part of the External Crystalline Massifs of the
Swiss Alps (Fig. 1) and its geology, structure and metamorphism
have been extensively studied over many decades (e.g. Steck, 1966,
1968, 1976, 1984; Steck and Burri, 1971; Frey et al., 1980; Chouk-
roune and Gapais, 1983; von Raumer, 1984; Marquer and Gapais,
1985; Fourcade et al., 1989; Steck et al., 1989; Marquer and
Burkhard, 1992; Marquer and Peucat, 1994; Schaltegger, 1994; Frey
and Mählmann Ferreiro, 1999; von Raumer et al., 1999). It is
composed mainly of two large plutons, the Grimsel granodiorite
and the Aar granite both of Late Variscan age, and intruded into
Palaeozoic migmatites and amphibolites (Labhart, 1977; Albrecht,
1994; Schaltegger, 1994). These plutons were deformed under
greenschist facies conditions during NW-vergent thrusting (Steck,
1966, 1968; Choukroune and Gapais, 1983; Marquer et al., 1985;
Marquer, 1987) developed due to Alpine continent–continent
collision (e.g. Pfiffner et al., 1990). Alpine deformation within the
Massif is heterogeneous, producing anastomosing shear zones
(usually with a mylonitic fabric developed toward their centre) that
are irregularly distributed within the less deformed host granitoid
(Choukroune and Gapais, 1983; Marquer, 1989). Shear zones with
subvertical shear planes and down-dip stretching lineations were
interpreted to have formed during bulk coaxial NW–SE shortening
(Choukroune and Gapais, 1983). The study area, at the southern
edge of the Aar Massif, lies in a metamorphic domain located
between the stilpnomelane-out and chloritoid-in isograds (Frey,
1987, 1988; Fig. 1). Thermobarometric estimates from mineral
assemblages in the shear zones range from 0.3 GPa/400

�
C in the

north of the massif to 0.6� 0.1 GPa/475� 25
�
C in the study area

(Steck and Burri, 1971; Steck, 1976; Bertnoat and Bambauer, 1982;
Frey, 1987, 1988; Frey et al., 1980, 1999; Frey and Mählmann
Ferreiro, 1999; Challandes et al., 2008). Previous studies have
concluded that the shear zones formed at close to peak meta-
morphic conditions (Fourcade et al., 1989; Challandes, 2001;
Challandes et al., 2008). Fluid circulation in the shear zone network
is indicated by d18O in shear zones being up to 2& higher in shear
zones than in undeformed zones (Fourcade et al., 1989). Fluid–rock
interaction during shear zone formation has also led to enrichment
in K, Mg, and Rb and depletion in Na, Ca and Sr within the shear
zones compared to the protolith (Marquer et al., 1985; Marquer and
Peucat, 1994). This is consistent with the stability of micas and
destabilisation of plagioclase during deformation.

As is also the case for the other External Crystalline Massifs
(Fig. 1A), the timing of shear zone formation in the Aar Massif is
still unclear. One of the main questions addressed in this paper is
whether the absolute age discrepancy results either from different
exhumation rates if the ages are interpreted as ‘closure temper-
ature ages’ or they may reflect multi-stage deformation if they
represent true ‘crystallisation ages’. In the first case, the younger
ages obtained in the northern External Crystalline Massifs might
be related to the slight increase in maximum temperature reached
during the Alpine cycle from south to north (280

�
C – 4 kbar in the

Pelvoux, to 400–450
�
C – 4/5 kbar in the Mont Blanc and Aar

Massifs; Simon-Labric et al., 2009; Marquer et al., 1985). But the
temperature conditions remain globally below closure tempera-
ture of phengite (T< 450

�
C, Villa et al., 1997). Thus, the ages

should have retained the time of crystallisation during deforma-
tion. Some previous studies have shown the partial or complete
preservation of pre-Alpine K–Ar mica ages in the External Crys-
talline Massifs (Dempster, 1986; Soom, 1990; Leloup et al., 2005;
Challandes et al., 2008). Two biotite K–Ar results from the
Aiguilles Rouges and Gastern Massifs have retained Permian ages,
while one biotite/chlorite mixture has a partially reset K–Ar age of
41 Ma (Soom, 1990). Coarse-grained white mica with minor
chlorite from the Gastern Massif gave Permian ages for most of the
40Ar/39Ar heating steps (Kirschner et al., 2003) and one biotite
sample from the Aar Massif analysed by Soom (1990) gave a K–Ar
age of 178 Ma. Similarly, Leloup et al. (2005) obtained variable



Fig. 1. Simplified geological map of the central and western Alps and of the Aar Massif, with location of the study area. External Alps comprise: 1, the Dauphinois zone, rimmed by
the Jura and Alpine frontal thrusts. The Dauphinois (or Helvetic) zone comprised of a Hercynian crystalline basement (stripped) and its para-autochthonous and allochtonous
Mesozoic sedimentary cover (white); 2, the transported klippes of Helminthoid Upper Cretaceous flysch and Internal Briançonnais and Penninic units. Internal Alps comprise: 3,
Briançonnais and Piemontais zones, which are made of variably metamorphosed rocks from the continental European margin and the Alpine Tethys oceanic domain; 4, the Austro-
Alpine units comprising the Dent Blanche klippe and the Apulian margin. Molasse sediments (5) deposited during the Oligocene to Pliocene lie in the periphery of the Alps. 6,
Location of the Grimsel Pass study area. a–f, Metamorphic isograds defined by Frey (1987): a, stilpnomelane-in; b, pyrophyllite-in; c, limit between zircon mixed ages (north) and
zircon cooling ages reset during Alpine orogenesis (south of line); d, stilpnomelane-out; e, chloritoid-in; f, staurolite-in.
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40Ar/39Ar biotite-plateau ages between 23 and 64 Ma in the Mont
Blanc Massif. These older K–Ar and 40Ar/39Ar mica ages indicate
that Alpine heating and/or recrystallisation were generally
insufficient to reset the biotite and white mica K–Ar systems in
areas outside Alpine shear zones. In the study area, Dempster
(1986) showed that in the northern part of the Aar Massif the
biotite K–Ar ages in relatively undeformed to weakly foliated
granitoids systematically decrease from 245 to 67 Ma toward the
centre of the massif (corresponding approximately to the stilp-
nomelane-out isograd, Fig. 1). In the southern part of the massif, in
the Grimsel Pass area, all of the biotite and white mica dates from
Dempster (1986) are in the range 10–20 Ma. This pattern is also
reflected by the variable K–Ar biotite ages obtained by Michalski
and Soom (1990), from 300 Ma in the less metamorphosed zones
(i.e. similar to the Late Variscan granite U–Pb ages of Bussy and
von Raumer, 1994) down to 17.2 Ma in the Grimsel Pass area.
Michalski and Soom (1990) also noted that biotite K–Ar ages are
systematically older than white mica ages in the same localities,
which, for cooling ages, would be inconsistent with biotites
having a lower K–Ar system closure temperature than white mica
(Harrison et al., 1979).

Understanding the geological significance of mica K–Ar and
Ar–Ar ages in Alpine shear zones therefore requires the integration
of both structural and geochronological work, in particular to
distinguish between cooling ages and formation ages that could
reflect recrystallisation during deformation or isotopic resetting
and/or neo-crystallisation during fluid circulation (e.g. Rolland
et al., 2007, 2008; Simon-Labric et al., 2009). In the Grimsel Pass
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area, it appears that several stages of shear zone formation and
fluid circulation have occurred. In apparently early shear zones
(below referred to as Stage 1), Challandes et al. (2008) obtained
complex Ar–Ar age patterns indicating some inheritance and
recrystallisation in the range of 17–21 Ma. In contrast, Rb–Sr ages of
12–10 Ma were obtained from the same shear zones (Challandes
et al., 2008), which these authors interpreted as dating a late post-
deformation hydrothermal event within the shear zone network
(below, we refer to this event as Stage 2). Later brittle–ductile offset
and reactivation of shear zones (below referred as Stage 3) are
further constrained by K–Ar ages between 9 and 5 Ma (Kralik et al.,
1992). Finally, brittle faulting, which in part reactivated earlier
ductile shear zones and produced hydrothermally mineralized
breccias, has continued in the Grimsel Pass area until at least mid-
Pliocene (3.3� 0.06 Ma; Ar–Ar age on late-stage adularia,
Hoffmann et al., 2004).
3. Sampling and analytical techniques

Mapping of the shear zone network was undertaken on the
basis of several field campaigns and with the help of aerial
photographs. As discussed in Section 4, this allowed several stages
of shear zone formation and faulting to be recognised. Samples for
Ar–Ar dating of phengite were collected from Stage 2 shear zones.
One sample of biotite from an earlier Stage 1 shear zone was also
analysed, which allows direct comparison with the Ar–Ar results of
Challandes et al. (2008).

Electron Microprobe Analysis (EMPA) showed that phengite
compositions are relatively homogeneous at a sample scale. Anal-
yses were undertaken at the Australian National University, using
a Cameca SX100 electron microprobe, using a 15 kV and 1 nA beam
current, with natural samples as standards. Results are presented in
Table 1.

Syn-kinematic micas separated from the selected samples
(locations are shown in Fig. 2 and the Swiss coordinates given in
Table 2) were analysed by 40Ar/39Ar generally using a laser to
induce step-wise Ar release, but in one specific case furnace step
Table 1
Representative phengite and biotite analyses from Grimsel Pass shear zones.

Mineral Phengite Biotite

Sample Aa0322 Aa0351 S70 S71 S123 Aa0350 Aa0365

SiO2 43.95 46.02 46.96 48.03 47.41 34.74 35.08
TiO2 0.60 0.28 0.33 0.25 0.27 1.81 1.81
Al2O3 23.82 26.88 28.37 27.92 27.91 15.13 15.54
FeO 8.18 5.56 4.54 4.62 4.94 23.10 22.43
MnO 0.55 0.52
MgO 3.00 1.89 1.65 1.95 1.84 8.03 8.36
CaO 0.37 0.28 0.26 0.28 0.33 0.29 0.31
Na2O
K2O 10.31 10.50 10.45 10.48 10.22 9.37 9.56
Total 90.23 91.41 92.56 93.53 92.92 93.02 93.61

Mineral formulae on the basis of 22 oxygens
Si 6.63 6.66 6.63 6.70 6.68 6.00 5.98
Al IV 1.37 1.34 1.37 1.30 1.32 2.00 2.02
Al VI 2.87 3.24 3.35 3.29 3.31 1.08 1.10
Fe2þ 1.03 0.67 0.54 0.54 0.58 3.34 3.20
Mg 0.67 0.41 0.35 0.41 0.39 2.07 2.12
Ti 0.07 0.03 0.04 0.03 0.03 0.24 0.23
Mn – – – – – 0.08 0.08
K 1.98 1.94 1.88 1.87 1.84 2.07 2.08
Ca 0.06 0.04 0.04 0.04 0.05 0.05 0.06
Na – – – – – – –

XFe 0.61 0.62 0.61 0.57 0.60 0.62 0.60
Si4þ 3.32 3.33 3.32 3.35 3.34 3.00 2.99
Ca/K 0.03 0.02 0.02 0.02 0.03 0.02 0.03
heating was used (Section 5). Results are presented in Table 3. For
mica beard aggregates, which were typically w500 mm long with
a w10 mm grain size, separation was undertaken by careful hand-
picking under a binocular microscope, to select purest phengite
grains devoid of any inclusions (following the approach detailed in
Rolland et al., 2008). Samples were then irradiated in the nuclear
reactor at McMaster University (Hamilton, Canada), in position 5c,
along with Hb3gr hornblende as a neutron fluence monitor, for
which an age of 1072 Ma is adopted (Turner et al., 1971). The total
neutron flux density during irradiation was 9.0�1018 neu-
tron cm�2. The estimated error on the corresponding 40Ar*/39ArK

ratio is� 0.2% (1s).
Analyses of individual mica aggregates (w0.5 mg on average)

were made by step heating with a 50 W CO2 Synrad 48-5 contin-
uous laser beam. Measurement of isotopic ratios was done with
a VG3600 mass spectrometer, equipped with a Daly detector
system. Detailed procedures are given in Jourdan et al. (2004).
Typical blank values for extraction and purification of the laser
system are in the range 4.2–8.75, 1.2–3.9, and 2–6 cc STP for masses
40, 39 and 36, respectively.

Analysis of sample Aa0350 Biotite was undertaken with
a furnace step-heating technique using a double-vacuum high-
frequency furnace and a mass spectrometer composed of a 120

�

M.A.S.E.E. tube, a Baur–Signer GS98 source and a Blazers electron
multiplier. Heating lasted 20 min for each temperature step,
followed by 5 min for clean-up of the released gas, before intro-
ducing the gas into the spectrometer. Ar isotopes were of the order
of 100–2000, 100–1000 and 2–200 times the blank for masses 40,
39 and 36, respectively.

All measurements were undertaken at the University of Nice
(Géosciences Azur). For both Ar dating techniques, the mass-
discrimination was monitored by regularly analysing air pipette
volume. Decay constants are those of Steiger and Jäger (1977). As
usual, uncertainties on apparent ages are given at the 2s level
and do not include the error on the 40Ar*/39Ark ratio of the
monitor.

The criteria generally used in the laboratory for defining
a ‘plateau’ age are the following (e.g. McDougall and Harrison,
1999): (1) it should contain at least 70% of total 39Ar released; (2)
there should be at least three successive step-heating fractions in
the plateau; (3) the integrated age of the plateau (weighted
average of apparent ages of individual fractions comprising the
plateau) should agree with each apparent age of the plateau
within 2s error. In this study, we also consider plateaux smaller
than 70% of total 39Ar, because the lower temperature age spectra
are generally lowered by an Ar loss effect or by the superposition
of several mineral generations. These are referred to as ‘small
plateau’ ages.

4. Structural analysis of the Grimsel Pass shear zone network

Field relationships have been used to map and analyze the
distribution, geometry, kinematics and relative chronology of shear
zones in the Grimsel Pass area (Figs. 2–4). This work indicates that
three major sets of shear zones (Stage 1–3) are developed. This
relative timing is tested further by new Ar–Ar dating of the shear
zone stages, which complements already published data.

4.1. Structural features of the superposed shear zone stages

The crystalline basement of the southern Aar Massif is made of
intrusive Hercynian rocks extensively deformed during the Alpine
orogeny. Foliation associated with the high-grade Alpine
metamorphic event (below referred to as Stage 1 shear zones) is
pervasively developed across the Grimsel Pass area. It is almost



Fig. 2. Shear zone network mapped in the southern central part of the Aar Massif. Three age groups of shear zones (Stages 1–3) are distinguished. The thin grey lines on the map are
highly foliated shear zones recognised from air photo interpretation. Field mapping on these features indicates that many of these zones are Stage 1 shear zones. Stage 1 shear zones
represent the mylonitic cores of broad deformation zones producing a rather pervasive foliation in the area. In contrast, based on orientation and field observations, the Stage 2 and
Stage 3 shear zones appear to be continuous on air photos and in the field. The location of Figs. 3 and 4 is indicated. Coordinates refer to the Swiss national metric grid and numbers
refer to sample names.

Table 2
Coordinates of samples dated with the Ar–Ar method (according to the Swiss Grid).

Aa0322 E670.48 N157.05 S70 E668.27 N156.62
Aa0350 E668.66 N157.25 S71 E668.11 N156.72
Aa0351 E668.81 N157.29 S123 E664.24 N155.48
Aa0365 E668.40 N160.33
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vertical and shows considerable variation in strike, in the range
040–100

�
, but most commonly trends ca. ENE (e.g. Fig. 4). Strain is

concentrated mainly in the cores of shear zones where mylonitic
fabrics are developed. These high-strain zones are represented as
thick blue lines in the map of Fig. 2. The mineral stretching lineation
in the mylonites is steeply plunging and the sense of shear, as
determined both in the field (especially from the asymmetry of S–C
and S–C0 fabrics) and in thin section, alternates between top-to-
north and top-to-south (e.g. Figs. 5B and 6). The mineralogy of the
Stage 1 shear zones is biotite� phengite� epidote, which
developed at the expanse of Hercynian feldspars and biotite.

Stage 2 shear zones are more localised and mainly phengite-
bearing. They also dip steeply (on average w80

�
to the south). They

are subparallel, anastomosing structures striking w070
�

and
concentrated in a ‘‘belt’’ a few hundred metres wide, with
individual zones corresponding to very striking topographic
depressions in the landscape (Fig. 5A). The mineral stretching
lineation (commonly outlined by elongate phengite grains) is
generally sub-horizontal in the central part of the Stage 2 shear
zone network, whereas it becomes subvertical toward its southern
rim (Fig. 6). The shear sense in the dip-slip zones is generally top-
to-north. The strike-slip structures have a dextral sense (as deter-
mined by S–C and S–C0 fabrics, asymmetric intrafolial folds, and
quartz microstructures: Fig. 5C–E). In the vicinity of individual
Stage 2 shear zones, and particularly toward the southern part of
the belt of Stage 2 shear zones, the Stage 1 foliation and mylonitic
shear zones are bent into the 070

�
strike direction (Figs. 2–4) and

are rather pervasively phyllonitized. In the area immediately east of
the Grimsel Pass (Fig. 4), dominantly strike-slip dextral Stage 2
shear zones form a nearly parallel set striking 070

�
, which cross-

cuts a more irregular network of Stage 1 shear zones and locally
folded Stage 1 main foliation.

The northern rim of the Stage 2 shear zone network, and locally
its southern side near the NE corner of Totesee, is marked by a zone
of cataclasis which includes fault breccias (of variable thickness,
from 1 to 10 m) with a biotite-rich matrix. This brittle fault zone
predates Stage 2 ductile shearing, as is seen from localisation of
small-scale ductile shear zones on biotite-rich brittle precursor
fractures and breccia matrix on this northern rim, where the overall
amount of Stage 2 brittle shearing is relatively small.

The Stage 3 shear zone network consists of more discrete brittle
fracture zones. Both sinistral and dextral brittle faults are found in



Table 3
Phengite and biotite 40Ar/39Ar dating results from the Aar shear zones. The two distinct J values correspond to two different irradiations.

Sample No Step Laser power/Step
temperature
(mW/

�
C)

Atmospheric cont (%) 39Ar (%) 37ArCa/39ArK (�1s) 40Ar*/39ArK (�1s) 38ArCl/
39ArK (�1s) Age (Ma)� 1s

Aa0322 Phengite J¼ 4.120 (1.0%)
1 385 16.69 6.86 0.003 0.0002 1.69 0.030 0.014 0.0023 11.53� 0.21
2 442 3.83 11.23 0.001 0.0001 1.77 0.019 0.013 0.0015 12.11� 0.13
3 462 5.57 21.49 0.001 0.0001 1.88 0.012 0.013 0.0013 12.81� 0.08
4 478 4.40 21.54 0.002 0.0001 1.92 0.010 0.013 0.0087 13.10� 0.07
5 490 5.28 9.87 0.001 0.0001 1.93 0.019 0.013 0.0011 13.15� 0.13
6 515 4.54 11.33 0.001 0.0001 1.97 0.017 0.013 0.0017 13.43� 0.12
7 550 5.96 12.26 0.003 0.0001 1.95 0.023 0.013 0.0011 13.34� 0.16
8 800 16.91 5.42 0.010 0.0003 2.01 0.039 0.013 0.0025 13.71� 0.27

Aa0350 Biotite J¼ 4.147 (1.0%)
1 650 1038.44 0.07 – – 5.42 4.550 0.0701 0.0018 36.54� 30.34
2 750 – 2.16 0.048 0.007 41.90 0.750 0.0196 0.0052 264.87� 4.44
3 850 – 2.29 0.011 0.005 11.34 0.160 0.0179 0.0052 75.58� 1.03
4 900 – 11.33 0.027 0.002 24.23 0.300 0.0167 0.0020 157.87� 1.89
5 950 – 7.69 0.056 0.009 48.37 0.950 0.0156 0.0023 302.52� 5.49
6 1050 – 16.08 0.090 0.021 76.91 2.170 0.0139 0.0095 459.81� 11.46
7 1150 – 33.10 0.056 0.010 49.15 1.010 0.0135 0.0010 307.01� 5.81
8 1250 – 13.99 0.214 0.013 178.74 11.160 0.0143 0.0013 930.17� 45.40
9 1350 – 13.30 0.652 0.120 522.70 94.560 0.0165 0.0013 1965.63� 216.59

Aa0351 Phengite J¼ 4.120 (1.0%)
1 384 28.73 2.86 0.004 0.0008 1.67 0.116 0.0151 0.0051 11.38� 0.79
2 415 7.25 4.98 0.002 0.0004 1.85 0.054 0.0129 0.0025 12.64� 0.37
3 440 2.90 7.01 0.001 0.0001 1.95 0.040 0.0130 0.0022 13.33� 0.27
4 463 1.05 14.20 0.001 0.0001 2.00 0.017 0.0128 0.0017 13.63� 0.12
5 483 0.88 22.78 0.001 0.0001 2.00 0.009 0.0131 0.0015 13.66� 0.07
6 494 1.65 10.98 0.001 0.0001 2.01 0.029 0.0127 0.0018 13.71� 0.20
7 515 2.52 10.65 0.004 0.0002 1.99 0.024 0.0129 0.0016 13.58� 0.17
8 550 0.60 26.53 0.002 0.0002 2.05 0.008 0.0128 0.0094 14.00� 0.06

Aa0365 Biotite J¼ 4.120 (1.0%)
1 382 99.03 0.03 0.019 0.0012 2.44 3.940 0.240 0.0071 16.71� 26.91
2 410 73.04 2.44 0.005 0.0007 3.30 0.115 0.043 0.0032 22.61� 0.79
3 419 61.90 22.80 0.003 0.0003 3.07 0.060 0.040 0.0098 20.99� 0.41
4 448 21.36 17.53 0.001 0.0002 3.12 0.017 0.038 0.0013 21.35� 0.12
5 460 17.12 8.55 0.002 0.0002 3.14 0.016 0.038 0.0015 21.52� 0.11
6 475 16.95 4.78 0.001 0.0001 3.12 0.016 0.038 0.0015 21.38� 0.11
7 490 17.20 4.58 0.001 0.0001 3.08 0.017 0.037 0.0016 21.07� 0.12
8 500 17.85 8.16 0.002 0.0002 3.09 0.017 0.037 0.0016 21.18� 0.12
9 510 16.88 8.64 0.001 0.0001 3.08 0.017 0.038 0.0013 21.12� 0.12

10 520 17.10 7.28 0.001 0.0001 3.05 0.017 0.037 0.0014 20.90� 0.12
11 550 20.49 5.00 0.003 0.0004 3.05 0.024 0.038 0.0012 20.88� 0.17
12 800 22.24 10.21 0.005 0.0007 3.06 0.017 0.040 0.0011 20.95� 0.12

S70 Phengite J¼ 51.640 (0.2%)
1 367 117.57 0.11 0.025 0.00004 – – – 0.00� 0.00
2 403 50.31 0.85 0.023 0.00004 0.37 0.098 0.0885 0.0035 10.53� 2.77
3 420 22.61 1.97 0.031 0.00003 0.40 0.043 0.0237 0.0008 11.15� 1.22
4 430 6.29 3.85 0.038 0.00003 0.44 0.020 0.0134 0.0002 12.46� 0.57
5 434 3.72 1.96 0.041 0.00003 0.44 0.039 0.0127 0.0002 12.45� 1.10
6 440 8.71 1.74 0.039 0.00002 0.41 0.044 0.0124 0.0002 11.60� 1.24
7 446 0.40 1.65 0.035 0.00003 0.45 0.046 0.0125 0.0002 12.80� 1.31
8 451 0.00 2.52 0.038 0.00002 0.45 0.030 0.0128 0.0003 12.84� 0.86
9 457 0.00 3.01 0.041 0.00003 0.45 0.024 0.0126 0.0002 12.81� 0.68

10 462 9.43 4.38 0.053 0.00002 0.41 0.014 0.0125 0.0009 11.54� 0.40
11 470 6.55 4.90 0.061 0.00003 0.42 0.014 0.0125 0.0001 11.97� 0.39
12 478 0.87 6.39 0.047 0.00005 0.45 0.012 0.0126 0.0002 12.82� 0.36
13 486 2.27 11.20 0.045 0.00004 0.46 0.007 0.0128 0.0002 12.89� 0.21
14 490 2.93 12.88 0.083 0.00006 0.45 0.005 0.0126 0.0001 12.66� 0.16
15 494 2.64 6.35 0.080 0.00003 0.45 0.009 0.0128 0.0009 12.82� 0.26
16 500 3.07 11.84 0.373 0.00001 0.46 0.006 0.0125 0.0004 13.02� 0.18
17 507 2.80 15.01 0.156 0.00006 0.46 0.004 0.0127 0.0004 13.10� 0.13
18 514 0.00 0.89 0.163 0.00008 0.50 0.087 0.0131 0.0004 14.08� 2.45
19 528 0.00 0.91 0.275 0.00001 0.52 0.063 0.0121 0.0004 14.62� 1.79
20 553 0.00 0.70 0.625 0.00003 0.55 0.109 0.0133 0.0006 15.57� 3.05
21 601 19.60 0.64 3.002 0.00002 0.41 0.082 0.0137 0.0008 11.67� 2.30
22 800 2.34 6.22 0.487 0.00002 0.47 0.008 0.0125 0.0008 13.34� 0.25

S71 Phengite J¼ 51.400 (0.2%)
1 450 11.66 13.13 0.040 0.00002 0.43 0.007 0.428 0.002 12.17� 0.20
2 470 5.72 6.69 0.038 0.00002 0.42 0.010 0.416 0.001 11.84� 0.29
3 486 3.04 7.45 0.051 0.00002 0.43 0.011 0.432 0.001 12.29� 0.32
4 499 1.80 9.47 0.049 0.00002 0.45 0.011 0.447 0.001 12.71� 0.32
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Table 3 (continued )

Sample No Step Laser power/Step
temperature
(mW/

�
C)

Atmospheric cont (%) 39Ar (%) 37ArCa/39ArK (�1s) 40Ar*/39ArK (�1s) 38ArCl/
39ArK (�1s) Age (Ma)� 1s

5 513 1.56 15.96 0.063 0.00003 0.46 0.006 0.457 0.001 13.00� 0.17
6 535 1.51 23.92 0.183 0.00007 0.46 0.005 0.463 0.006 13.17� 0.14
7 574 0.00 15.59 0.076 0.00003 0.48 0.006 0.477 0.003 13.55� 0.20
8 800 1.91 7.79 0.523 0.00003 0.47 0.011 0.466 0.003 13.25� 0.33

S123 (1) Phengite J¼ 51.400 (0.2%)
1 382 27.78 3.15 0.004 0.0003 0.38 0.090 0.014 0.001 10.65� 0.28
2 397 11.23 1.59 0.003 0.0006 0.40 0.018 0.013 0.001 11.45� 0.52
3 412 10.01 2.42 0.004 0.0006 0.40 0.011 0.013 0.001 11.32� 0.32
4 421 12.09 1.91 0.005 0.0004 0.38 0.015 0.013 0.001 10.77� 0.42
5 429 5.08 2.84 0.005 0.0007 0.41 0.012 0.013 0.001 11.60� 0.35
6 439 7.92 2.99 0.006 0.0006 0.39 0.008 0.013 0.001 11.17� 0.25
7 450 3.67 2.88 0.004 0.0005 0.41 0.009 0.013 0.001 11.69� 0.26
8 462 5.06 2.83 0.003 0.0004 0.41 0.010 0.013 0.001 11.51� 0.29
9 470 2.72 4.22 0.003 0.0004 0.42 0.006 0.013 0.001 11.85� 0.19

10 480 4.32 4.65 0.002 0.0002 0.41 0.005 0.013 0.001 11.76� 0.16
11 490 1.74 6.10 0.002 0.0002 0.43 0.005 0.013 0.001 12.16� 0.16
12 499 2.36 6.73 0.002 0.0002 0.43 0.004 0.013 0.001 12.14� 0.13
13 506 0.73 10.13 0.001 0.0002 0.44 0.002 0.013 0.001 12.48� 0.10
14 511 0.23 7.76 0.002 0.0002 0.45 0.004 0.013 0.001 12.66� 0.14
15 517 0.80 14.85 0.002 0.0009 0.45 0.002 0.013 0.001 12.73� 0.08
16 520 2.90 9.59 0.003 0.0003 0.44 0.004 0.013 0.001 12.49� 0.11
17 525 6.98 2.16 0.004 0.0007 0.42 0.016 0.012 0.001 11.98� 0.46
18 800 2.38 13.20 0.008 0.0003 0.44 0.002 0.012 0.001 12.56� 0.08

S123 (2) Phengite J¼ 51.310 (0.2%)
1 420 27.12 11.40 0.005 0.00007 0.37 0.014 0.015 0.003 10.38� 0.42
2 473 4.65 11.43 0.005 0.00008 0.41 0.012 0.013 0.002 11.52� 0.36
3 515 2.31 16.76 0.005 0.00007 0.42 0.012 0.012 0.002 11.88� 0.36
4 535 6.48 11.66 0.010 0.00008 0.41 0.012 0.013 0.001 11.58� 0.34
5 560 1.20 41.38 0.003 0.00002 0.44 0.004 0.013 0.001 12.56� 0.12
6 750 0.00 7.37 0.008 0.00009 0.46 0.019 0.013 0.002 12.97� 0.54
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outcrop. Dextral brittle faults have a strike close to that of the Stage
2 mylonitic foliation (i.e. w070

�
, Fig. 6), whereas sinistral faults are

slightly oblique (120
�
–130

�
). Offsets are visible on 090

�
Stage 3

shear zones, but no offsets are apparent on the 120–130 set (Fig. 2).
4.2. Microstructure of shear zones and sample description

The shear zone network investigated in this study is developed
within the Grimsel granodiorite. The locally preserved protolith
granodiorite consists of centimetre-sized crystals of plagioclase
(w20–30%) in a matrix of quartz (w30–40%), biotite (w10–15%),
and minor K-feldspar (w5–10%).

Stage 1 shear zones are typically enriched in biotite. In thin
section, the Stage 1 shear zones consist of finely recrystallized
(<500 mm) biotiteþ phengiteþ epidote aggregates around feldspar
porphyroclasts. These zones do not show any sign of late alteration
or tectonic reactivation. For instance, biotite is not chloritized, and
no features of superposed deformation could be seen within the
samples.

Stage 2 shear zones are mostly phengite-rich. In thin section
(Fig. 7), they exhibit very fine-grained (generally <250 mm)
aggregates of phengite that develop at the expense of biotite and
feldspars. Cloudy patches of sphene and oxides are found as a result
of biotite breakdown. On the microscopic scale, progressive defor-
mation is accompanied by increasing alteration of feldspar
porphyroclasts into phengite. Micro-scale observations indicate
progressive deformation within a single deformation phase. Neo-
crystallised phengite is not deformed and no clasts of previously
crystallised phengite were found transposed into the main folia-
tion. Secondary chloritisation is common. Si contents in phengites
(Si 3.32–3.35) are similar to those of Stage 1 phengite (Si 3.20–3.31;
Challandes et al., 2008), consistent with recrystallisation at
a similar pressure range (around 0.6 GPa, see Geological Setting;
Table 1).

Stage 3 shear zones and faults are brittle–ductile. In thin section,
the typical observed assemblage is chloriteþ quartz, and no
phengite is present.
5. 40Ar/39Ar dating of shear zone minerals

Dating results for shear zone samples are shown in Figs. 8 and 9
and listed in Table 3. All the 40Ar/39Ar spectra from mylonite
samples gave plateau (or small plateau) ages at the 2s level. In most
samples, there is a slight staircase shape, with low temperature
steps having lower ages (Fig. 8). These patterns could be ascribed to
partial 40Ar loss in phengite, possibly due to fluid percolation
through shear zones after initial mylonitization, as has been
proposed for similar examples from other External Crystalline
Massifs in the Alps (Rolland et al., 2007, 2008). It follows that if the
high temperature steps of the phengite 40Ar/39Ar spectra represent
a small plateau age, then it should correspond to a minimum age
that may be close to the initial ‘‘undisturbed’’ age. Isochron ages,
which can only be determined when there is sufficient spread in
39Ar/40Ar vs 36Ar/40Ar ratios, are in all cases similar within error to
plateau ages. In addition, initial (36Ar/40Ar)0 ratios are close to the
air value. This is interpreted as indicating the absence of 40Ar excess
in the phengite samples, unlike the biotite cataclasite sample
(Aa0350, Fig. 9), which is considered in more detail below. The Ca/K
ratios remain low and rather constant for all samples (Table 3). They
consistently lie within the range obtained from electron micro-
probe analyses, suggesting that the mica separates are homoge-
neous despite their very small size.

Sample Aa0365 consists of biotite from a Stage 1 shear zone and
was analysed for comparison with Stage 1 shear zones dated by
Challandes et al. (2008). The 40Ar/39Ar spectrum shows a plateau



Fig. 3. Aerial photograph showing the relationships between the three shear zone networks (St1¼ Stage 1; St2¼ Stage 2; St3¼ Stage 3). Note that in the southern part of the photo,
only a single Stage 1–2 composite foliation is present, parallel to the strike of Stage 2 shear zones, whereas in the northern part the Stage 1 foliation is oblique to the strike of the
main Stage 2 shear zone. Stage 3 shear zones are distinctly oblique (N90 or N120–130) to the Stage 1–2 strike, with a clear sinistral strike-slip sense. The coordinates refer to the
Swiss national metric grid.
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age at 21.1�0.2 Ma (2s), with 97.5% of 39Ar released. The isochron
age comprising all data points (21.2� 0.1 Ma) is effectively identical
to the plateau age. This result is consistent with the results of
Challandes (2001), who reported Ar–Ar ages for Stage 1 shear zones
in the range 17–21 Ma.

Stage 2 mylonite shear zone samples all consist of phengite.
They give 40Ar/39Ar spectra and inverse isochron ages in a tight
range between 12.2� 0.2 Ma and 13.8� 0.1 Ma (Fig. 8). Sample
Aa0351gives an age of 13.8� 0.1 with 70% 39Ar released. The
inverse isochron age of 13.7� 0.1 Ma is identical within error.
Sample Aa0322 gives a plateau age of 13.3� 0.1 Ma, and an inverse
isochron age of 12.7� 0.3 Ma. Sample S70 gives a plateau age of
12.8� 0.2 Ma and an inverse isochron age of 12.6� 0.2 Ma. Analysis
of sample S71 provides a plateau age of 13.2� 0.2 Ma but the
inverse isochron could not be calculated, due to the lack of a suffi-
cient spread in the 36Ar/40Ar and 39Ar/40Ar ratios.

To check if the small differences in age between these samples are
significant, perhaps reflecting slightly different times of activity on
different Stage 2 shear zones, or the time span of progressive crys-
tallisation within one shear zone system, duplicate analyses were
made on sample S123. These duplicate analyses gave ages of
12.2� 0.2 Ma (2s) and 12.6� 0.2 Ma (2s), respectively. The differ-
ence of 0.4 Ma is small but still significant at the 2s uncertainty-level.
Dating of the early Stage 2 biotite from cataclasite sample
Aa0350 gave a disturbed staircased Ar spectra (Fig. 9). The biotite
sample was taken from the cataclastic northern rim of the Stage 2
shear zone network (Fig. 2). The age spectra obtained show
a striking staircase shape, with age values ranging between 36 and
1965 Ma. The Ca/K ratios are consistent with EMPA values. The
inverse isochron plot shows a very low initial (36Ar/40Ar)0 ratio of
4.10�5. Thus, both the Ar–Ar spectrum and the inverse isochron can
be interpreted as the result of a very significant excess 40Ar
component in the sample. However, the inverse isochron plot still
provides a geologically reasonable Ar age of 15.5� 0.1 Ma, showing
that the biotite is Alpine in age, and possibly slightly older than the
phengites. This is consistent with the field observation that the
biotite-filled fractures acted as precursors for subsequent Stage 2
ductile shear zone strain localisation.

6. Discussion

6.1. Significance of 40Ar/39Ar ages from shear zone mylonites

In all the analysed phengites, the ages obtained can be considered
as ‘geologically significant’. Plateau ages are generally, within error,
identical to calculated inverse isochron ages. Further, the ArCa/ArK



Fig. 4. Detailed shear zone map of the eastern part of the Grimsel Pass. Note the irregular pattern of Stage 1 shear zones and associated foliation, whereas Stage 2 shear zones are
generally subparallel. The coordinates refer to the Swiss national metric grid.
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ratios are low, and close to those obtained by EMPA. Several lines of
evidence allow us to interpret the mica ages as ‘crystallisation ages’
following Villa et al. (1997), and not as simple ‘cooling ages’. The
small but significant variation in 40Ar/39Ar ages within small
domains is more in agreement with slow crystallisation of phengite
during this time, or to superposed crystallisation events. Further-
more, white mica ages are consistently younger than those of biotite,
which is contrary to the generally accepted cooling sequence (e.g.
Purdy and Jäger, 1976; Wagner et al., 1977). This is also supported by
the observation that the temperature necessary for syn-kinematic
growth of phengite (350–400

�
C) is in the same range as the ‘closure

temperature’ typically proposed for white mica (e.g. McDougall and
Harrison, 1999).

However, ages obtained for mylonites sampled at different
positions within the Stage 2 shear zone network all lie within the
range 13.8� 0.1 Ma and 12.2� 0.2 Ma. This age window is narrow
but larger than the 2s uncertainty. The duplicate analyses of sample
S123 also show a difference that is approximately twice 2s. These
slightly different ages obtained from the same phengite separate
demonstrate that sampling at a 500 mm scale (i.e. the size of the
aggregates dated by laser-Ar) still retains some 40Ar/39Ar age
heterogeneity. Such heterogeneity found within a single sample at
the <500 mm scale, as well as from different shear zones of similar
orientation and kinematics, could be due to many factors, such as:

(1) partial Ar loss due to post-deformation fluid circulation;
(2) irregular distribution of minor amounts of excess Ar, either

due to incomplete degassing during neo- or recrystallisation
of phengite or introduced by fluid circulation;

(3) age differences due to sampling of different microstructural
sites within the same sample, such as fibrous mica beards,
the foliation-defining mica domains, or mica-filled micro-
fractures, which developed at different times during
progressive shearing;

(4) continued growth of phengite in the same structural site
during the progressive shearing event.

Each of these possibilities will now be discussed in more
detail.

(1) If the variability is due to Ar loss during or after the main
ductile deformation phase (Kramar et al., 2001), then the
older ages (or the higher temperature step) would be closer
to the real deformation age. Such 40Ar loss could explain the
slight staircase shape observed in most spectra (Rolland et al.,
2008). However, all ages reach a plateau before the middle of
the spectra, and a plateau age is calculated with more than
50% and up to 98% of the 39Ar. In any case, taking into account
the older age step value as representative of the deformation
age would make it older by only w0.2 Ma, which is about the
error value. Ar loss alone cannot therefore account for the age
discrepancy between different samples.

(2) The presence of minor excess 40Ar cannot be totally dis-
carded because we are only considering rather small age
differences. However, this hypothesis seems unlikely in the
phengite samples from mylonites, as the inverse isochron
plots show initial (36Ar/40Ar)0 ratios relatively close to the
air value (e.g. Scaillet, 1996; Arnaud and Kelley, 1995;
DeJong et al., 2001).

(3) The Ar patterns could reflect mixtures and intergrowths
between different generations of white mica (Villa et al.,
1997) or between white mica and other phyllosilicates



Fig. 5. Structural field relationships of Grimsel Pass shear zones (locations of pictures shown in Fig. 4). A: landscape view of the shear zone network, looking SW toward the Totesee
and Grimsel Pass from the location indicated in Fig. 4, showing main (Stage 2) shear zones of Figs. 2–4 (indicated with arrows); B: S–C structures of Stage 1 shear zones, indicating
a top-to-the north sense of shear on a subvertical N170 scarp (photo is rotated through 90

�
); C–F: phyllonitic foliation typical of Stage 2 shear zones (photographs of horizontal

surfaces, the width of which is parallel to N070 direction, top of pictures is toward the north). Mineral lineations measured in the field are horizontal. Picture C: rim of Stage 2 shear
zones showing intense shearing (C); ‘‘TC’’ refers to tensial cracks. Picture D shows S–C0 relationships, while Picture E depicts S–C relationships and Picture F shows fold asymmetry
(‘‘FA’’), always consistently indicating a dextral sense of shear.
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present as intergrowths, such as paragonite (Boundy et al.,
1997), illite (DeJong et al., 2001) or chlorite (Lo and Onstott,
1989). The sampling of several phengite generations formed
in different structural zones of the same sample is very
likely as the microsampling method used cannot exclude
such variability on a scale <500 mm.

(4) The age difference between different parts of the shear zone
network does not exceed 2 Ma. This argues more for
progressive deformation than for distinct phases, as also
suggested by Müller et al. (2000a,b) for other examples from
the Eastern Alps and Pyrenees. Field and microstructural
observations do not provide any evidence for superimposed
deformation events during Stage 2 shearing. Instead, at the
outcrop scale, progressive deformation and syn-kinematic
mineral transformation is observed from rim to core of the
shear zones. As shown by the microstructural analysis (see
Section 4.2), progressive deformation is accompanied by
increasing alteration of feldspar porphyroclasts into biotite,
then replaced by phengiteþ chlorite. These observations
made from outcrop to thin-section (Fig. 7) scale show that
deformation has been progressive in space and time and not
multiphase. Because the deformation during Stage 2
shearing is inferred to be a short-lived (<2 Ma) continuous
deformation, the change in kinematics from the core
(dextral strike-slip) to the southern rim (top-to-north
thrusting) of the Stage 2 shear zone network could reflect
strain partitioning during overall transpressive tectonics
(e.g. Tikoff and Teyssier, 1994).



Fig. 6. Orientation data from the Grimsel Pass area. Shaded ellipses represent the area of measured data collection. Note that generally (stereonets A–E), the mylonitic foliation
strike is about N070–N080. Mineral and stretching lineations, measured on these planes are generally subvertical in areas far from the main Stage 2 shear zone (stereonets B, D, E),
whereas they tend to be more horizontal within the main shear zone. In some cases, lineations are more widely dispersed along great circles corresponding to the mean mylonitic
foliation (stereonets A, C, F), reflecting greater variability in the pitch of the lineation. Veins are generally sub-perpendicular to the main Stage 2 shear zone (N160 on average,
stereonet D). The Stage 3 shear zone network consists of sinistral and dextral brittle faults. Dextral brittle faults have a strike close to the Stage 2 mylonitic foliation, whereas sinistral
faults are slightly oblique (N070–N120), so only this sinistral set appears on the map. Data are plotted in Wulff stereonets in the lower hemisphere.
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6.2. Model for coupled fluid flow and deformation during
Stage 2 shearing

The Stage 2 deformation in the Grimsel Pass area provides
another excellent example of a deformed granitoid pluton in which
precursor brittle fractures may play a crucial role in initiating
fluid–rock interaction, thereby localising subsequent ductile
heterogeneous shear (e.g. Segall and Simpson, 1986; Guermani and
Pennacchioni, 1998; Rolland et al., 2003; Mancktelow and Pen-
nacchioni, 2005; Pennacchioni, 2005; Pennacchioni and Man-
cktelow, 2007). Stage 2 shear zones appear to have been zones of
more localised and discrete deformation and fluid–rock interaction
in comparison to earlier Stage 1 structures. Initial deformation in
Stage 2 shear zones was brittle but most displacement along the
shear zones occurred during later ductile reactivation associated
with reaction softening due to the development of phengite from
feldspar (i.e. phyllonitization). As such, reaction softening may
have been critical for the extreme localisation of Stage 2
deformation.

In the Grimsel area, it may be possible to estimate the time
between initial fracturing and subsequent ductile shearing. The
cataclasites preserved on the northern rim of the Stage 2 shear zone
network (Fig. 10) are sealed with newly grown biotite that must
have crystallised during or shortly after brittle deformation. Ar
dating of this biotite resulted in two significant observations.

(1) There is considerable excess Ar in the sample, which is
unusual compared to all other samples dated in this study. In
general, the common explanation for excess Ar is the pres-
ence of a high ambient partial pressure of 40Ar (e.g. Lovering
and Richards, 1964; Foland, 1983; Roddick et al., 1980;
Harrison and McDougall, 1981; Scaillet, 1996 McDougall and
Harrison, 1999; Kelley, 2002). This requires conditions
conducive to the introduction and retention of radiogenic
40Ar within the rock. Although Roddick et al. (1980) and
Cumbest et al. (1994) suggested that some excess Ar could
originate from an atmospheric source and be transported
and trapped in metamorphic minerals at middle crust levels,
this seems unlikely in the current case because fluids likely
percolated upwards. The fluids were oversaturated in silica,
as shown by the presence of quartz veins, either preserved in
the proximity of deformed (Fig. 5D) within the shear zones.
Therefore they must originate from a source at a somewhat
deeper level, as the solubility of silica is higher in HT fluids. In
contrast, a relatively local source for excess Ar is more likely,
consistent with the work of Foland (1979), who showed that



Fig. 7. Photomicrographs from representative shear zones, showing: A, picture in crossed polars of shear zone Aa0365 showing a stage 1 biotite-bearing fabric (Bt), with local
patches of epidote (Ep); B, picture in crossed polars of biotite-rich cataclasite Aa0350, brittle precursor of Stage 2 mylonites; C, Phengite-rich shear zone (sample Aa0351), showing
the size of the fibrous phengite (Phe) beard structures, which develop on the ends of corroded and albitized (Ab) K-feldspar clasts (Kfs) and plagioclase (Pl) clasts where they are at
a high angle to the stretching direction and crystallize after the biotite (natural light). Such mica beards grow in micro-dilation sites as the matrix progressively pulls away from rigid
clasts during stretching, and the fibres tend to grow parallel to the stretching direction; D, phengite-rich shear zone (sample S123), with a thick phengite band, showing some minor
clasts of feldspar surrounded by biotite and chlorite (Chl) fibers (natural light). White aureoles surrounding K-feldspar are albitic zones. Thin sections orientations are perpendicular
to the foliation and parallel to the main lineation. Locations of samples are shown in Fig. 2.
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variable amounts of excess Ar in biotites correlate with whole
rock potassium content for transects of up to w10 m. Such
relatively small-scale (centimetre-scale) Ar transfer is sug-
gested by Scaillet (1996), and may be ascribed to ‘‘internal
isotopic buffering’’, promoted by low intergranular diffusiv-
ities. This buffering may be due to compositional variations,
as shown by Harrison and McDougall (1981). In their study, it
is suggested that excess Ar released from a metamorphosed
gneiss penetrated and remained within neighboring country
granulites, especially close to the contact with the gneiss.
Further evidence for compositional and structural controls
on the distribution of excess Ar in biotites is provided by
Baxter et al. (2002) at the Simplon Pass. They relate it to an
intrinsic system parameter, the transmissive timescale,
which is the characteristic time for Ar to escape through the
local intergranular transporting medium. In their model,
Baxter et al. (2002) argue that build-up of significant excess
Ar is achieved when the transmissive timescale is long rela-
tive to the true closure age of the mineral, which essentially
depends on the diffusivity of Ar in the matrix. However, it is
clear that several fluid sources may have existed and research
focussed on the origin of the fluids contained in the different
shear zone types appears necessary to understand the size of
fluid circulation pathways.
(2) The inverse isochron plot gives an age of w15.5� 0.1 Ma for
the biotite in the cataclasite (Fig. 9), which is significantly
older, by about 2 Ma, than the phengite from the mylonites.
Due to the disturbance of the Ar system by percolating fluids
one has to be cautious about the interpretation of such an
age difference. It is possible that this older age corresponds
to the time of fluid circulation prior to phengite growth. The
difference in age is consistent with the relative age deduced
from microstructural observation that phengite appears to
replace biotite along a narrow reaction zone at the margin of
the ductile part of the shear zone (Fig. 10). During this period
of fluid flow, fluids were enriched in Ar due to the alteration
of feldspar and biotite in the granite host (e.g. Figs. 7 and 10)
and the biotite matrix of the cataclasite may have served as
a sink for Ar contained in the percolating fluid. It is known
that excess 40Ar preferentially partitions into biotite rather
than muscovite (Kelley, 2002 and references therein).
Otherwise this might be due to the specific nature of the
fluid or due to the long time span of fluid circulation, as
there was no or little muscovite present when the biotite
cataclasites were being produced. In conclusion, excess Ar
may be considered in the case study as one amongst several
features of element transfer during cataclasis and subse-
quent fluid–rock interaction. The zone of excess Ar can be



Fig. 8. 40Ar/39Ar spectra and isochron correlation diagrams for Grimsel Pass shear zone samples. In the inverse isochron plots, the same steps were used as in the (small) plateau age
calculation. Note that there is a good correspondence between the two plots. For samples S71 and S123 (2), no reliable isochron age could be obtained due to the small spread in
40Ar/36Ar and 39Ar/36Ar ratio values. Locations are shown in Fig. 2 and Table 2.
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correlated with a zone with distinct structural style at the
shear zone rim. This cataclastic zone is bounded by phen-
gite-bearing phyllonites in the centre of the shear zone
passing with a gradual change to a quartz–feldspar–phen-
gite mylonite at the southern rim. This transition includes
a progressive rotation of the mineral/stretching lineation
marked by horizontally aligned phengite observed across
the main Stage 2 shear zone, which steepens toward the
southern part of the shear zone. The deformation may
therefore have been strongly transpressive, with only a very
narrow (w10 m) zone dominated by strike-slip shearing.
This would be consistent with the regional kinematics of the
western and central Alps during the Neogene, as will be
discussed in the next section.
6.3. Deformation history

This study using 40Ar/39Ar laser techniques on syn-kinematic
mica formed in brittle–ductile high-strain zones complements
previous studies undertaken using (i) the standard K–Ar technique
applied to micas from undeformed host-rocks on the regional scale
of the Aar and Gotthard Massifs (Michalski and Soom, 1990), (ii) the
furnace step-heating 40Ar/39Ar method on biotite and phengite
from Grimsel Stage 1 shear zones (Challandes, 2001; Challandes
et al., 2008), and (iii) K–Ar on fault gouge minerals, which tenta-
tively dates the late brittle history of the southern Aar Massif
(Kralik et al., 1992).

The first deformation event documented in the Aar Massif is
characterized by the pervasive development of a biotite-bearing
foliation in the area, as well as by the localised development of
biotite-bearing shear zones (Choukroune and Gapais, 1983;
Marquer, 1989; Fourcade et al., 1989). Challandes et al. (2008)
obtained biotite Ar-step ages mostly in the range 21–17 Ma,
together with some much older (>100 Ma) steps, but did not obtain
any well-defined plateau age. This variation in ages is consistent
with the variable biotite K–Ar ages obtained elsewhere in the Aar
Massif, which range from unreset (w300 Ma) Variscan ages down
to (w20 Ma) Alpine ages (Michalski and Soom, 1990). A similar
spread in 40Ar/39Ar ages was obtained in the Helvetic Nappes
(Kirschner et al., 1996, 1999, 2003). This spread has been inter-
preted as the result of Ar inheritance, due to partial preservation of
detrital Variscan mica interfingered with neo-crystallised Alpine
metamorphic mica. Our biotite sample (Aa0365) from a Stage 1
shear zone gave a well-defined plateau age of 21.1�0.2 Ma,
perfectly corresponding with the oldest ‘‘Alpine’’ ages obtained by
Challandes et al. (2008). This age has some important implications
for the deformation history of the Aar Massif:



Fig. 9. 40Ar/39Ar spectra, Ca/K and isochron correlation diagrams of biotite-rich cata-
clasite sample Aa0350. Note the excess 40Ar component, especially in the higher
temperature steps. The inverse isochron shows mixing of radiogenic argon in the
mineral with non-atmospheric argon (initial ratio is far from the expected air value).
Thus this shows that the mineral interacted with fluids driving argon from a deep
source. As shown in numerous studies (e.g. Leloup et al., 2005; Challandes et al., 2008;
Rolland et al., 2008 and references therein) dating of biotite in Alpine shear zones
generally shows some excess Ar, while the dating of Hercynian crystals shows dis-
rupted patterns featured by Ar loss. Thus, it is likely that fluids percolating through
shear zones were enriched in Ar and that the biotite cataclasite was buffered by these
fluids. The sample location is indicated in Fig. 2 and Table 2.
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(1) Firstly, the identical phengite and biotite ages from Stage 1
shear zones, as well as the difference between these ages
and the consistently younger phengite ages from Stage 2
shear zones, support the conclusion that the Ar–Ar ages
reported here represent crystallisation ages and not cooling
ages.

(2) The timing of deformation deduced from field observation
and Ar dating indicates a multi-stage deformation history. In
previous works (e.g. Choukroune and Gapais, 1983; Four-
cade et al., 1989; Steck et al., 1989), a general often implicit
interpretation was that deformation was progressive in time
and space throughout the Aar Massif. The unequivocal
geochronological results obtained in this study demonstrate
that several deformation stages have occurred, and these are
characterized by structural styles evolving from early
penetrative foliation development and formation of associ-
ated biotite-bearing shear zones, later very localised,
phengite-bearing shear zones, then subsequent brittle shear
zones. The lack of well-defined plateaus for phengites and
biotites in the work of Challandes et al. (2008) may be due to
partial resetting or recrystallisation of phengite during
subsequent Stage 2 shearing. Challandes et al. also reported
Rb–Sr ages of 10–12 Ma for the same samples. They inter-
preted these results in terms of later re-equilibration of the
Rb–Sr system due to fluid percolation through the shear
zone network after the cessation of ductile deformation.
However, the 40Ar/39Ar ages on syn-kinematic phengite
obtained in our study are in the same range as the Rb–Sr ages
of Challandes et al. This suggests that shear zone formation in
the Aar Massif did not cease at 17 Ma. Instead, Stage 1 shear
zones were overprinted by subsequent, more localised
development of Stage 2 mixed brittle–ductile shear zones at
12–13 Ma. Depending on the intensity of Stage 2 over-
printing of Stage 1 shear zones, recrystallisation and fluid
circulation related to Stage 2 could explain the partial
resetting of both the K–Ar and Rb–Sr systems in Stage 1 shear
zones. Our interpretation of the results of Challandes et al.
(2008) is that the Rb–Sr system in Stage 1 shear zones was
more completely reset than the K–Ar system in phengites.
Accordingly, the Rb–Sr isochron of Challandes et al. (2008)
shows a good fit, whereas the 40Ar/39Ar ages patterns of
phengites in Stage 1 shear zones are disrupted due to partial
resetting ascribed largely to Stage 2 brittle reactivation and
subsequent fluid–rock interaction.

(3) The geodynamic significance of the Stage 2 shear zone
development has to be considered at a larger Alpine scale.
Ages of Alpine micas obtained in the Helvetic Nappes are
mostly between 35 and 20 Ma for a first group of micas
associated with the oldest, top-to-north, basal thrusts to the
Nappes (Kirschner et al., 2003). A second group of micas
giving ages around 15–20 Ma is found mostly adjacent to
the Rhone Valley and was interpreted as due to late reac-
tivation, or in response to ongoing Nappe movement. In the
light of the structural data obtained in this paper and of
recently published work from other External Crystalline
Massifs of the Alps (Mont Blanc Massif, Leloup et al., 2005;
Rolland et al., 2007, 2008), it appears that this Stage 2
deformation event is strongly transpressive, and that shear
zones cross-cut the Nappe pile formerly emplaced between
35 and 20 Ma (Steck, 1984; Burkhard, 1988, 1990; Man-
cktelow, 1992; Steck and Hunziker, 1994). Therefore, we
argue that it corresponds to a change in kinematics within
the chain, the Stage 2 shear zone network being formed
along the boundary between External and Internal Alps,
across the Rhone Valley (e.g. Hubbard and Mancktelow,
1992), possibly in response to the anticlockwise rotation of
Apulia (Dewey et al., 1989; Gratier, 1989; Vialon et al., 1989;
Mancktelow, 1992). As the Si content in our Stage 2 analysed
phengites is found to be similar to those of Stage 1 phengites
dated by Challandes et al. (2008), it is suggested that there
has been little if any exhumation between Stage 1 and Stage
2 shearing. Using the modelled PT paths computed by
Challandes et al. (2008), estimated maximum burial condi-
tions of 0.6 GPa (w20 km) were achieved at 450

�
C. We

therefore infer that such conditions prevailed during the
activity of Stage 2 shear zones at 12–13 Ma. Such conditions
are similar to estimates obtained in shear zones formed in
the Mont Blanc massif at 15.8–16 Ma (Rolland et al., 2003).
The most likely interpretation for the difference in struc-
tural style observed between Stage 1 and Stage 2 is that the
more progressive character of Stage 1 may be ascribed to
their prograde nature in a context of underthrusting during



Fig. 10. Sketch of structural relationships in the main Stage 2 shear zone. On the northern side, a biotite-bearing cataclasite is exposed, with a sharp transition to phyllonitic
mylonite toward the south. The progressive change in mineral lineation plunge is indicated at the top of the sketch. Also shown is the interpreted fluid pathway, explaining the
excess Ar found in the biotite cataclasite.
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the progression of collision, while Stage 2 is related to the
onset of transpressive tectonics along the Alpine arc. In this
view, the Stage 2 shear zones are tied up to the initial stages
of exhumation. This change from Stage 1 to Stage 2 is
marked by a change in shortening direction from perpen-
dicular to oblique to the belt, and may be related to initia-
tion of Apulian rotation (Collombet et al., 2002). Further, if
the two Shear zone stages were formed at relatively similar
PT conditions, the extent of fluid–rock interaction must be
very different. While Fourcade et al. (1989) and Marquer and
Burkhard (1992) interpreted a relatively closed-system for
the progressive Stage 1 shear zones, more open-system
circulations are likely in Stage 2.

(4) Finally, brittle sinistral Stage 3 faults offset, whereas dextral
Stage 3 shear zones reactivate, the Stage 2 shear zones.
Within these faults, fluid–rock interaction and neo-crystal-
lisation of clays have also led to isotopic resetting. K–Ar
dates of fault gouge clays gave results in the range 9–5 Ma
(Kralik et al., 1992), which is significantly younger than our
40Ar/39Ar ages on Stage 2 shear zones. These strictly brittle
clay-bearing Stage 3 faults establish that at this time the Aar
Massif was at conditions below the brittle–ductile transition
for quartz (ca. 280–300
�
C), indicating relatively rapid

exhumation and cooling of the massif from ca. 13 to 9 Ma.
Such rapid exhumation is in accordance with exhumation
rates estimated from fission track dating since 10 Ma, with
an interpreted acceleration in exhumation rates at approx-
imately 5 Ma (see Vernon et al., 2008 for a compilation of
results). If a temperature of 300

�
C was reached at w7 Ma,

the cooling rate from Stage 2 to Stage 3 would be
w30

�
C Ma�1. For an assumed geothermal gradient of

25
�
C km�1 (e.g. Vernon et al., 2008), this would correspond

to an exhumation rate of 1.2 mm a�1 and a corresponding
exhumation between 12 and 7 Ma from w20 km to w14 km
depth. The estimated exhumation rate of 1.2 mm a�1 is
similar to average rates of w1 mm a�1 over the last 16 Ma
estimated for the Mont Blanc Massif (Seward and Man-
cktelow, 1994; Rolland et al., 2007). Finally, Hoffmann et al.
(2004) have shown that brittle faulting, brecciation, fluid
infiltration and vein development continued in the Grimsel
Pass area until at least ca. 3 Ma. This youngest period of
deformation was inferred to have been associated with
topographically driven flow of meteoric fluids in fault zones.
Final exhumation from 300

�
C and 14 km to the surface in
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the last 7 Ma suggests an average exhumation rate of
w2 mm a�1, corresponding to an approximate doubling in
exhumation rate since the late Miocene, as proposed by
Vernon et al. (2008).

7. Conclusions

Detailed mapping of shear zones and 40Ar/39Ar dating of syn-
kinematic micas have constrained the relative and absolute ages of
several deformation stages near the southern margin of the Aar
Massif:

(1) Stage 1 deformation (w20–22 Ma) produced broad, biotite-
rich, ductile shear zones, as confirmed in this study by
a biotite-plateau age of 21.1�0.2 Ma;

(2) Stage 2 deformation (13.8–12.2 Ma) produced relatively
narrow, phengite-rich, and predominantly ductile shear
zones with phengite ages between 12.2 and 13.8 Ma. Early,
biotite-rich cataclastic rock at the margin of some Stage 2
shear zones has Ar–Ar biotite ages indicating excess argon
and a possible biotite crystallisation age of 15.5� 0.1 Ma.

(3) Stage 3 deformation (<10 Ma) produced brittle faults which
cross-cut the earlier structures.

The study has shown that the main Stage 2 shear zone network
was preceded by brittle deformation, with an isochron date of
w15.5 Ma, but this age is only indicative. The enhanced perme-
ability due to this fracturing led to a period of enhanced fluid flow,
which resulted in the incorporation of excess Ar in the biotite.
Subsequent syn-kinematic phengite growth within ductile shear
zones is bracketed at 13.8–12.2 Ma, which is similar to published
Rb–Sr ages from the Grimsel area. These phengites crystallised
during a transpressional phase of brittle–ductile shear zone
development that post-dates emplacement of the Helvetic Nappes.
Finally, published K–Ar ages obtained on Stage 3 fault gouges show
that brittle deformation followed as the result of ongoing (but
relatively minor) deformation during exhumation and cooling over
the period from 9 to 5 Ma.
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Chimie, Sciences de l’univers, Sciences de la Terre 301, 543–546.

Marquer, D., Gapais, D., Capdevila, R., 1985. Comportement chimique et orthog-
neissification d’une granodiorite en faciès schistes verts (Massif de l’Aar, Alpes
centrales suisses). Bulletin de Minéralogie 108, 209–221.
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Steck, A., Hunziker, J., 1994. The Tertiary structural and thermal evolution of the
Central Alps: compressional and extensional structures in an orogenic belt.
Tectonophysics 238, 229–254.
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