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ABSTRACT

The Aar Massif forms part of the polycyclic basement of the
External Crystalline Massifs in central Switzerland. Strong het-
erogeneous Alpine deformation produced a network of broad,
anastomosing shear zones, with deformation strongly local-
ized in mylonitic domains. This study investigates the com-
bined effects of high-strain deformation and synkinematic
metamorphism on magnetic fabric evolution in Tertiary shear

zones of the Aar granite and Grimsel granodiorite. In tran-

sects across several mesoscale shear zones with large strain

gradients, magnetic fabric orientations are in excellent agree-
ment with principal strain orientations determined from

Introduction

Anisotropy of magnetic susceptibility
(AMS) has been utilized to study
deformed rocks for many years (Gra-
ham, 1966; Tarling and Hrouda,
1993; Borradaile and Jackson, 2004).
AMS is a sensitive and useful tool
for tracking microstructural varia-
tions in deformed crystalline rocks
where strain markers are often
absent (e.g. Bouchez et al., 1990; see
review in Ferré et al., 2014); how-
ever, some uncertainty remains about
how various mineral strain responses
and deformation mechanisms are
reflected by bulk-rock magnetic
anisotropy. In particular, the effects
of synkinematic metamorphism on
magnetic fabrics in deformed rocks
are not well understood. We per-
formed a magnetic fabric study in
ductile metagranite shear zones of
the Aar Massif to elucidate the varia-
tions in AMS across large strain gra-
dients in rocks exposed to Alpine
fluid-present greenschist-facies condi-
tions. Comparing finite strain mea-
surements and mineral
microstructures with magnetic fabrics
reveals complexities in the fabric
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evolution due to recrystallization and
changes in mineralogy that accompa-
nied deformation.

Geological setting

Part of the External Crystalline Mas-
sifs (ECM) of the Swiss Central
Alps, the Aar Massif is a large poly-
cyclic pre-Variscan basement belong-
ing to the Helvetic domain (Fig. 1A).
During Tertiary Alpine continent-
continent collision (Pfiffner er al.,
1990) the ECM was thrust towards
the northwest wunder greenschist-
facies metamorphic conditions
(Steck, 1966, 1984; Choukroune and
Gapais, 1983; Marquer et al., 1985;
Marquer, 1987). The Aar Massif
consists of Palacozoic gneisses, mi-
gmatites and amphibolites, which
were intruded by several late-oro-
genic Variscan intrusives, including
the Aar granite and the Grimsel
granodiorite (Steck, 1966, 1984; Abr-
echt, 1994; Schaltegger, 1994). Dur-
ing Tertiary tectonics, heterogeneous
deformation associated with bulk
NW-SE shortening produced a net-
work of anastomosing ductile shear
zones surrounding lenses of less-
deformed rocks (Choukroune and
Gapais, 1983; Marquer et al., 1985;
Gapais et al., 1987; Fig. 1B and C).
The Alpine schistosity and the shear-
zone patterns of the Aar and Gott-
hard Massifs were analysed on a

outcrop fabrics and strain markers. However, the magnitude
and shape of the magnetic anisotropy do not change system-
atically with increasing finite strain, likely as a result of
recrystallization and metamorphism. The overall pattern of
steeply dipping fabrics is consistent with the main shortening
stage of regional Alpine kinematics, while some mylonite
structures reflect a local component of dextral shearing.
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large scale by Choukroune and Ga-
pais (1983) and Marquer (1990).
They interpreted the sub-vertical
alpine schistosity and the sub-vertical
stretching lineation in the cores of
both massifs to result from bulk
coaxial NW-SE horizontal shorten-
ing during thrusting of the ECM.
The metamorphic conditions asso-
ciated with this main Tertiary ductile
deformation are estimated at around
450 £ 25°C and 0.65 + 0.1 GPa
during Oligo-Miocene times in the
Grimsel granodiorite (Challandes
et al., 2008 and references therein;
Goncalves et al., 2012, 2013). Miner-

alogical changes associated with
chemical mass-transfer related to
large-volume fluid circulation

occurred during the formation of
these ductile shear zones (Marquer
et al., 1985; Marquer and Peucat,
1994; Goncalves et al., 2012, 2013)
under largely isovolumetric condi-
tions (Fourcade et al., 1989). The
three sampled high-strain zones are
located in the Grimsel granodiorite
and the Aar granite (Fig. 1B and C).
The studied ductile shear zones pro-
gressively  evolve  from  weakly
deformed protolith (Aar granite and
Grimsel granodiorite) to orthogneiss
and mylonite along decametre-scale
strain gradients. Although the main
stage of NW-SE compressional
deformation in the Alps was followed
by lateral movement, producing

© 2015 John Wiley & Sons Ltd
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Fig. 1 (A) General geological map of the External Crystalline Massifs. (B and C) Closer-scale structural maps of the studied
area showing sampling site locations (maps modified after Choukroune and Gapais (1983) and Marquer (1987)). Sites 1 and 3
are shear zones in the Grimsel granodiorite, and Site 2 is a shear zone in the Aar granite. Lithology 1 represents weakly
deformed protolith areas; lithology 2 represents shear zones.

dextral strike-slip deformation (e.g.
Hubbard and Mancktelow, 1992),
great care was taken during sampling
to avoid areas affected by these later
deformation stages.

Procedures

Standard oriented palacomagnetic
cores were sampled from two sites in
the Grimsel granodiorite and one site
in the Aar granite. At each site, 11—
13 cores were taken in 10-35-m-wide
transects across exposed shear zones
and classified as protolith, orthog-
neiss or mylonite (Fig. 2C). Anisot-
ropy of magnetic susceptibility
(AMS) was measured on all speci-
mens using a KLY-3 Kappabridge
magnetic susceptometer. AMS data
were processed using the PaleoMac
application of Cogné (2003). Addi-
tional rock magnetic characterization
was performed on a vibrating sample
magnetometer. The shape parameters
of magnetic lineation, L = k;/k,,
and magnetic foliation, F = ky/ks,
were used to describe the shape of

© 2015 John Wiley & Sons Ltd

the magnetic fabric ellipsoid, where
ki, k, and ks are the maximum,
intermediate and minimum principal
susceptibilities respectively. The shape
parameter 7, defined as [In (F) — In
(D))/In (F) + In (L)], indicates oblate
or prolate fabric ellipsoids for posi-
tive or negative T values respectively.
The corrected degree of anisotropy,

F:exp\/Z[(mfn)2+(nrn)2+<nrn)2

with n;, = In (k,*),‘ =13 and
n =M + M2 + n3)/3, defined by Je-
linek (1981) indicates the intensity of
the magnetic fabrics. Finite strain
axis orientations were measured in
the field using mineral stretching lin-
eations to define the A, maximal
strain axis and using the schistosity
as the /A, finite strain plane, thus
defining the A; minimal strain axis as
the pole to the schistosity plane.
Quantitative strain estimates were
made in the field by measuring the
Ai/A2, Ao/As and A /A; finite strain
ratios directly on mafic enclaves in
24 samples of weakly deformed
granodiorite, orthogneisses and myl-

onites from shear zones located in
the Grimsel granodiorite between
Site 1 and Site 3 (see Marquer et al.,
1985; Marquer, 1989). Equivalent
fabric shape and intensity parameters
T* and P* were calculated using A,
> and A3 principal strain values in
place of principal susceptibilities to
describe and compare the measured
strain ellipsoids with the magnetic
anisotropy. Thin sections for micro-
analysis and optical microscopy were
prepared perpendicular to the folia-
tion and parallel to the stretching lin-
ecation. To identify opaque and
accessory minerals, Raman spectros-
copy was performed using a Reni-
shaw inVia spectrometer combined
with a confocal optical microscope
using a 532-nm-wavelength (green)
laser.

Results

Mineralogy and petrography

The Aar granite and Grimsel grano-
diorite are mainly composed of
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Fig. 2 Examples of structural features in ductile shear zones in the Aar Massif
rocks. (A) Thin sections showing the evolution of biotite grain size and shape from
magmatic biotites (left) to secondary metamorphic biotites (right) (scale bar = 500
microns). (B) Macroscopic field photos showing the large reduction in grain size
between weakly deformed granite (left) and mylonite (right). (C) Outcrop photo of
Site 2 showing the change in structural facies across a ductile shear zone.

quartz  (30-20%), oligoclase (40—
50%), K-feldspar (20-15%) and bio-
tite-I (10-15%) (Steck, 1966). The
mineralogical assemblage associated
with deformation in the orthogneiss
is metamorphic albite, biotite-II,
phengite and epidote. In the mylo-
nites, large fluid-related mass-trans-
fers destabilized feldspars to produce
a phengite—albite—biotite-II-chlorite—
quartz mineral assemblage (Marquer
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et al., 1985; Marquer, 1987; Goncal-
ves et al., 2012; Fig. 2A). Grain size
decreased from an average of 1 mm
in the weakly deformed granodiorite
to about 30 um in the mylonite
(Marquer, 1987; Fig. 2B). The miner-
alogical and microstructural evolu-
tion from protolith to mylonite is
described below.

The granitic protoliths contain
indications of earlier stages of alter-

ation and/or weak metamorphism.
Plagioclase is consistently sericitized,
and quartz frequently exhibits undu-
lose extinction with occasional sub-
grains.  Secondary  biotite and
magmatic epidote (allanite) are spo-
radically present. In orthogneisses,
white mica (phengite) occurs as
numerous inclusions in feldspar, and
metamorphic epidote and titanite
are present. Some biotite-I is still
present (Fig. 2A). Plagioclase and
K-feldspar exhibit brittle deforma-
tion features and are occasionally
boudinaged. Abundant fine-grained
bands of mica and quartz define a
moderately strong schistosity. Mylo-
nites show a strong schistosity pri-
marily defined by white mica and
biotite-II, with small bands of opa-
que and high-relief minerals. Abun-
dant fine-grained albite and quartz
are extensively recrystallized into
fine-grained ribbons. K-feldspar is
totally replaced by white mica and
quartz.

Concerning accessory minerals,
hysteresis  loops  measured on
selected subsamples are essentially
linear in character (Fig. 3A), indi-
cating the absence of ferrimagnetic
phases. Bulk susceptibility (kpean)
can be used as a rough proxy for
Fe-content in paramagnetic grani-
toids (Bouchez et al., 1990). kpyean
values are in the range 50—
500 x 107® [SI], consistent with the
absence of ferrimagnetic phases and
comparable to those of many phyl-
losilicate-dominated granitoids (e.g.
Gleizes et al., 1993). There is signif-
icant ke, variability within and
between sites (Fig. 3B, Table 2),
and occasionally within cores, indi-
cating some degree of heterogeneity
in the abundance of Fe-bearing
phases. In Raman spectra from all
samples, opaque and accessory
phases largely correspond to rutile
with some titanite, with ilmenite
additionally identified only in Site 1
samples (Fig. 3C). Small amounts
of ilmenite may account for the
overall higher k.., values at Site 1
(Table 2), as was determined for
gneissic mylonites by Siegesmund
et al. (1995). From these analyses,
we conclude that biotite is likely
the dominant AMS-carrier in all
samples, while synkinematically pro-
duced  phengite (Fe-Mg-bearing
white mica, see Challandes ef al.,

© 2015 John Wiley & Sons Ltd



Terra Nova, Vol 27, No. 3, 184-194 J. Till et al. e Magnetic fabric evolution in shear zones

(A) 0.1 (B)
— Sample 1 1.7 1
(orthogneiss) = Site 1 -
T, | — Sample 5 167 W Site 2
> i 0.051
~ mylonite
o~ (my ) 151 mSite3
E =
i |
= | Field (T) _ 14
o T T Q
= [ -0.5 0 0.5 1 1.3 1 w2
N 002 - a"
2 1.21 g Wy
o —0.05- = =
© 0.1 0.1 1.1 L ? n [ =
= oW o' - # -.
1 x T x T )
—0.11 -0.02 0 100 200 300 400 500
Kinean (X107 SI)
(© )
— Sample 12 (protolith) — Sample 6 (mylonite)
— limenite standard i — Titanite standard
> — Rutile standard > — Rutile standard
= =
3 3
£ £
"l

100 300 500 700 900 1100 1300 100 300 500 700 900 1100 1300
Raman shift (cm™) Raman shift (cm™) )

-

Fig. 3 Results of magnetic and opaque mineral characterization from samples from Site 1. (A) Representative hysteresis loops
for an orthogneiss (sample 1) and a mylonite (sample 5). Inset: detailed plot of centre portions from the hysteresis loops. (B)
Bulk susceptibility (kmean) plotted against P’ for samples from each site. (C) Raman spectra for opaque minerals from a grano-
diorite protolith (sample 12) and a mylonite (sample 6) compared with Raman spectra from ilmenite, rutile and titanite stan-

dards.
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Fig. 4 Stereoplots of structural orientations measured in the field. (A) Poles to schistosity (AL, plane) and (B) stretching linea-
tions (A;) for inverse (black symbols, site 3) and dextral (grey symbols, site 1) shear zones in the Grimsel granodiorite. The
plots are equal-area projections onto the lower hemisphere.
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Table 1 Strain data measured on mafic enclaves in the Grimsel granodiorite, or-
thogneisses and mylonites (Marquer, 1987, 1989). The finite strain parameters are

defined in the text.

Sample Facies ik, Aalds hlh3 T P*

AD 26 p 1.16 1.39 0.103 1.39
AD 27 p 1.1 1.54 0.559 1.59
AD 28 p 1.12 1.56 1.75 0.594 1.82
AD 15 p 1.42 3.16 4.49 0.533 5.12
AD 13 p 1.58 4.74 0.412 5.32
AD 11 p 2.07 2.55 5.28 0.125 5.75
AD 2 (o] 1.76 5.46 0.334 6.10
AD 6 o] 1.7 6.12 0.414 6.97
AD 18 (o] 1.68 6.22 0.432 7.28
AD 12 o] 1.7 4.07 6.96 0.447 8.21
AD 14 (o] 1.76 4,99 8.78 0.480 11.19
AD 3 o] 1.79 5.46 9.77 0.489 12.31
AD 10 o] 1.92 6.21 11.91 0.474 15.74
AD 1 (o] 2.42 5.96 14.42 0.338 18.98
AD 22 (o] 1.88 6.68 12.56 0.501 16.97
AD 17 o] 2.06 6.62 13.64 0.447 18.90
AD 16 m 2.75 6.33 17.42 0.292 24.00
AD 7 m 2.13 7.49 15.95 0.454 23.04
AD 19 m 25 8.35 20.88 0.397 30.88
AD 25 m 2.86 8.05 23.02 0.330 33.50
AD 5 m 1.89 9.29 17.56 0.556 27.07
AD 29 m 1.65 18.68 30.75 0.708 76.32
AD 20 m 1.64 21.35 35.01 0.722 71.17
AD 21 m 4.03 19.67 79.27 0.363 164.83

p. protolith; o, orthogneiss; m, mylonite.

2008) will additionally contribute to
AMS strength in mylonites and or-
thogneisses, as will minor ilmenite
at Site 1.

Finite strain estimates and field
structures

Following the strain pattern analysis
of Gapais et al. (1987) (see their fig-
ure 10), the sampled vertical shear
zones at Sites 2 and 3 have direc-

(A)

11
T*
0.8 1

0.6 1‘ -
0.4751

0.2

0 ;

tions close to the main regional N70
schistosity, with vertical mineral
stretching lineations in the mylonite
zones (Fig. 4). At Site 1, the direc-
tion of the vertical shear zone is
N80-90 with a dextral shearing
component in the mylonites associ-
ated with local horizontal mineral
stretching lineations (grey dots in
Fig. 4B).

The shapes of the strain ellipsoids
calculated from strain markers in the

Grimsel granodiorite are generally
oblate, with 7* around 0.1-0.7. The
finite strain ratios (A;/A3) reach as
high as 80 (Table 1), while the P*
values of strain intensity, which
account for the triaxial nature of the
strain ellipsoid, are extremely large
in the mylonites, reaching over 160
(Fig. 5A).

AMS results

Magnetic fabric shapes are predomi-
nantly oblate with significantly
higher fabric intensities in mylonites
than in protolith or orthogneisses.
The AMS fabric shapes from Site 1
closely follow those of the strain
ellipsoids (compare Fig. SA and B).
AMS intensities are highest at Site
1, the southernmost site, consistent
with the previously observed pattern
of southwardly increasing regional

deformation intensity in the Aar
Valley (Choukroune and Gapais
1983).

Protolith AMS is moderately
strong, with P’ ranging from 1.038 to
1.126 (Table 2). In contrast, AMS
intensities for biotite-dominated mag-
matic fabrics in granite typically
reach only 1.05 (e.g. Bouillin ef al.,
1993). Magnetic fabrics in samples
identified as orthogneiss are not sig-
nificantly stronger than in protolith
samples. The orthogneiss P’ range of
1.051-1.182 overlaps considerably
with that of protolith samples, and
the mean orthogneiss AMS intensity
at Site 2 is actually lower than that
of the protolith (Fig. 5B, inset). As
expected, mylonitic samples have the
strongest magnetic fabrics, with P’
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Fig. 5 Plots of fabric shape parameters (7, T*) vs. fabric intensity (P’, P¥). (A) Variation in shape as a function of strain inten-
sity for strain markers measured in the Grimsel granodiorite. (B) Variation in the AMS ellipsoid shape as a function of degree
of anisotropy for different sites and facies. The inset plot in (B) shows mean values for each facies at each site.
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Table 2 AMS shape, intensity and orientation parameters at the three studied sites. The anisotropy parameters are defined in
the text.

Name Facies  Distance (m)  Kmean (X 10°6SI) L F P T k1gee  Kkline  k2gec  K2ine  k3gec  k3inc
Site 1 (46°34.5'N, 8°20.1'E)
AAROTA o 10.3 285.8 1.014 1.06 1.079 0.622 171.9 24.1 346.1 65.8 81 2.2
AARO1B o] 10.3 299.5 1.012 1.061 1.079 0.657 1741 40.2 0.2 49.6 266.6 3
AARO01C (o] 9.1 319.2 1.015 1.063 1.084 0.604 174.6 375 0.7 52.4 266.9 2.9
AAR02A o 9.1 360.9 1.011  1.065 1.082 0713 1545 356 3232 539 60.6 5.4
AARO3A o 8.1 280.1 1.009 1.048 1.061 0.691 186.5 29 1.2 60.9 95.2 2.2
AARO3B o] 8.1 275.5 1.018 1.044 1.064 0.421 188.6 35.9 355 53.3 93.8 6.5
AAR03C o 8.1 296.4 1.01 1.056 1.071 0.694 183.6 24.8 4.1 65.2 273.6 0.2
AARO4A m 7.55 217.0 1.035 1.031 1.067 —0.062 344 3.6 234.8 79.3 74.7 10.1
AAR04B m 7.55 1971 1.038 1.03 1.069 —-0.112 351.1 3.6 140.8 85.8 260.9 2.1
AARO5A m 7.3 343.0 1.132 1.268 1.444 0.313 340.3 31.7 170.5 57.8 73.1 4.6
AARO5B m 7.3 323.2 1.117 1.254 1.41 0.341 3334 345 164.1 55 66.9 5
AAROGA m 7.25 2441 1.017 1.174 1.217 0.808 347 57.1 180.6 32.2 86.7 6.2
AAR06B m 7.25 237.9 1.013 1.179 1.219 0.855 354.6 56.6 176.7 334 86.1 1
AARO7A m 7.2 399.0 1.179 1.366 1.623 0.308 10.2 73.3 179.9 16.5 270.7 2.8
AARO7B m 7.2 259.2 1.02 1.15 1.189 0.757 331.9 62.1 165.8 27.2 72.8 5.7
AAROSA m 717 223.3 1.032 1.136 1.184 0.604 3315 471 182.5 38.5 79.4 15.9
AAR09A o 5.6 246.4 1.023 1.027 1.051 0.083 149.4 453 253.6 13.6 356 4.5
AAR09B o] 5.6 485.0 1.015 1.117 1.146 0.768 2374 279 131.6 27.3 5 49.1
AART0A  p 0.3 275.6 1.014 1.023 1.038 0.251 153.3 1.4 61.9 44.2 244.7 45.8
AART1A p 0.2 339.2 1.016 1.024 1.041 0.217 154 13.2 39.7 60.4 250.5 26
AAR1T1B p 0.2 343.1 1.02 1.02 1.04 —0.002 152.6 12.6 433 55.9 250.4 31.1
AAR1T1C p 0.2 304.1 1.015 1.042 1.06 0.455 149.9 20.9 334 495 254.2 329
AAR1T2A p 0 294.9 1.009 1.034 1.045 0.587 184 10.8 81.9 47.5 2834 404
AAR12B p 0 291.1 1.02 1.02 1.04 —0.015 179.7 2.4 86.4 53.3 271.5 36.5
Site 2 (46°35.5'N, 8°19.4'F)
AART4A  m 35.1 96.1 1.028 1.201 1.258 0.735 160.1 10.9 38.5 69.7 253.5 16.8
AAR1T5A m 35 85.1 1.025 1.213 1.27 0.775 349.6 35 884 68 258.2 21.7
AAR15B m 35 106.2 1.013 1.209 1.254 0.871 348.9 7.4 98.6 68.9 256.3 19.7
AAR16A m 34.76 76.9 1.033 1.176 1.231 0.669 357.6 15 120.8 63.9 261.7 20.8
AART7A m 34.2 107.8 1.029 1.222 1.283 0.752 171 9.9 54.3 68.8 264.3 18.6
AAR18A o 334 129.0 1.035 1.049 1.086 0.17 352.6 0.8 87.3 80.4 262.5 9.6
AART9A o 32.6 138.9 1.032 1.036 1.069 0.045 340.1 35 78.5 67.6 248.7 22.1
AAR20A p 32 107.7 1.023 1.052 1.079 0.385 3504 235 124.6 58 251.1 20.4
AAR20B p 32 132.2 1.039 1.06 1.103 0.207 131.3 42.8 3493 40.4 2411 20.1
AAR21A 0 31 176.6 1.012 1.044 1.06 0.567 3314 0.1 61.6 61.5 241.3 28.5
AAR22A  p 19 154.3 1.007 1.104 1.126 0.87 152.1 19.9 352.9 68.9 244.6 6.9
AAR22B p 19 145.2 1.02 1.053 1.077 0.451 160.3 6.4 54.8 67.1 252.9 219
AAR22C p 19 142.3 1.032 1.047 1.08 0.184 167 31.7 3434 58.3 76 1.6
AAR23A p 5 143.7 1.03 1.052 1.084 0.265 165.7 18.1 51.1 51.8 267.6 323
AAR23B p 5 148.3 1.035 1.046 1.083 0.129 357.8 1.3 101.9 50.6 259.1 37.2
AAR23C p 5 200.6 1.033 1.103 1.146 0.502 3.8 1.3 107.8 50.4 265 37.3
AAR24A p 0 140.5 1.045 1.032 1.079 —-0.173 165.1 8.4 52.8 68.7 258.1 19.4
AAR24B p 0 147.5 1.03 1.036 1.066 0.091 333 2.9 70 67.5 241.9 22.3
Site 3 (46°34.8'N, 8°20.0'E)
AAR26A o 9.5 98.8 1.043 1.066 1.113 0.203 187.4 0.7 92.8 80.8 277.6 9.2
AAR27A  m 9.35 198.2 1.03 1.131 1.176 0.608 1.5 2.2 184.9 87.8 91.5 0.1
AAR27B m 9.35 130.2 1.029 1.098 1.136 0.524 184 5.5 314 81.4 93.3 6.5
AAR28A m 9.3 180.9 1.028 1.107 1.146 0.57 11 2.3 130.3 86.3 270.9 2.9
AAR28B m 9.3 216.0 1.035 1.131 1.18 0.564  359.1 0.9 136.6 88.7 269.1 0.9
AAR29A m 9.2 298.1 1.026 1.138 1.181 0.665 179.2 4.5 70.8 76 270.2 13.2
AAR30A m 9.1 264.5 1.036 1.132 1.182 0.552 176.5 2.4 471 86.2 266.6 2.9
AAR30B m 9.1 272.9 1.06 1.165 1.243 0.449 354.6 2.2 103.5 83.2 264.4 6.5
AAR31A o 8.75 141.4 1.038 1.075 1.118 0.325 189.2 121 42.2 75.7 280.8 7.6
AAR31B (o] 8.75 137.6 1.034 1.07 1.109 0.341 192.8 1 40.2 77.6 283.9 5.6
AAR32A o 8.3 112.8 1.038 1.031 1.07 —0.104 184.9 12.2 40.7 75.1 276.7 85
AAR33A o 7.3 180.8 1.026 1.066 1.097 0.426 188 435 16.5 46.1 282 4.3
AAR34A o 3 192.7 1.03 1.136 1.182 0.623 196.9 0.2 97.9 88.9 286.9 1.1
AAR34B (o] 3 193.7 1.023 1.105 1.139 0.636 198.2 33.9 22.2 56 289.5 1.8
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Table 2 (Continued).

Name Facies  Distance (M)  Kmean (X 1076Sl) L F P T k1dee  Kkline  k2gec  k2inc  k3gec  k3inc
AAR35A  p 0.5 216.1 1.019 1.096 1.125 0.665 1.6 276 2044 618 104.4 5.4
AAR36A p 0 203.9 1.021  1.065 1.091 0499 2166 204 348  69.6 126.4 0.6
AAR36B  p 0 211.8 1.01 1.09% 1.118 0.802  216.7 9.2 341 808 126.6 0.4

p. protolith; o, orthogneiss; m, mylonite.

values ranging from 1.067 to 1.623.
The P’ values of the mylonite sam-
ples are large considering that the
degree of magnetic anisotropy for
individual phyllosilicate grains gener-
ally ranges between 1.1 and 1.7 (Hro-
uda, 1993), with average values for
biotite crystals of around 1.3
(Martin-Herndndez & Hirt 2003). No
systematic  correlation is  seen
between P’ and kpean Vvalues
(Fig. 3B), indicating little composi-
tional influence on AMS.

P’ profiles across the three site
transects (Fig. 6A) demonstrate that,
while mylonite samples exhibit
clearly elevated fabric intensities, the
degree of anisotropy does not vary
as a simple function of proximity to
mylonite centres. The variation in
fabric shape represented by 7 values
is even more pronounced. In con-
trast, values of finite strain increase
progressively from the protolith to
the mylonites (Fig. 6B). All sites
exhibit weak P’ minima and strong
local decreases in 7 in orthogneisses
adjacent to the mylonitic zones.
Potential origins of this pattern are
proposed in the Discussion.

kmin axes (poles to magnetic folia-
tion) for all sites are nearly horizon-
tal and strongly clustered around the
NNW-SSE axis, delineating a consis-
tently subvertical magnetic foliation
plane striking ENE-WSW (Fig. 7).
kmax axes (magnetic lineations) are
subvertical in all samples except for
mylonites at Site 1, where k., lies
along the horizontal axis in the folia-
tion plane, with ki, parallel to the
vertical axis, consistent with the hori-
zontal stretching lineations observed
in outcrops. The AMS ellipsoid ori-
entations for all sites and facies plot-
ted together in Fig. 8 in comparison
with measured field structure orienta-
tions show remarkably good agree-
ment between the magnetic fabric
directions and the principal strain
directions.

190

Discussion

Although macroscopic fabrics in the
protolith are weak (Fig. 2B), AMS
measurements indicate that there is a
moderately strong mineral shape
anisotropy. The protolith anisotropy
likely results from a synemplacement
Variscan magmatic petrofabric, pos-
sibly with a minor influence of weak
penetrative  ductile  deformation.
Oliva-Urcia et al. (2012) reported
comparably strong granite emplace-
ment fabrics for biotite-carried AMS.

The horizontal outcrop stretching
lineations and k; magnetic anisot-
ropy axes oriented N80-90, indicat-
ing local dextral movement, in
mylonites at Site 1 belong to the con-
jugate structures in the Aar Massif
identified by Choukroune and
Gapais (1987), which accommodate
local intermediate extension along
the horizontal bulk A, strain axis.
Minor horizontal extension in addi-
tion to major subvertical extension is
consistent with the dominantly
co-axial nature of Alpine bulk short-
ening deformation and oblate finite
strain.

Although Alpine deformation in
the Aar Massif was accompanied by
significant synkinematic mass-trans-
fer and fluid interaction, Goncalves
et al. (2012) report only small
decreases in Fe in strongly deformed
rocks and constant relative propor-
tions of biotite during metamor-
phism. Variations in AMS properties
are thus not affected by the growth
or breakdown of Fe-oxides and
should reflect the behaviour of phyl-
losilicate minerals during deforma-
tion and metamorphism. Several
studies have found discrepancies
between phyllosilicate-carried AMS
fabrics and phyllosilicate crystallo-
graphic textures. Oliva-Urcia et al.
(2012) determined that AMS repre-
sents composite fabrics created by
the spatial distribution of particles,

rather than the orientations of indi-
vidual grains. High P’ values in our
samples may therefore reflect the
highly anisotropic spatial distribution
of mica in the mylonites as they
develop into banded polycrystalline
arrangements.

Similarly, Siegesmund er al. (1995)
reported that, while the measured
AMS orientations matched well with
those modelled from mica textures,
discrepancies arose between the T
and P’ parameters due to girdling of
mica around silicate porphyroclasts.
Aggregates of phyllosilicates may
thus produce magnetic fabrics that
differ from those of individual
grains. Such mechanisms may be the
source of magnetic lineations in the
Aar Massif samples, as has been
demonstrated for the subparallel
alignment of biotite crystals along
zone axes (Kruckenberg et al., 2010).
O’Brien et al. (1987) determined that
progressive deformation in mylonite
zones produces a ‘steady state’ folia-
tion fabric in phyllosilicates, resulting
in AMS saturating at P’ values
around 1.2 (Siegesmund et al., 1995).
These P' values occur only in Aar
Massif mylonites, therefore it is pos-
sible that relative strain within the
mylonite zones is not represented by
AMS fabrics.

The local decreases in P' and 7 in
orthogneisses relative to the mylo-
nites and protolith (Fig. 5) probably
reflect the growth of large quantities
of white mica during syn-deforma-
tional metamorphism (Goncalves
et al., 2012). Although white micas
have lower susceptibilities than bio-
tite, Martin-Herndndez and Hirt
(2003) reported similar crystalline
anisotropies for muscovite, suggest-
ing that the Fe-bearing phengite in
deformed Aar rocks may contribute
to the AMS. In the orthogneisses,
neoformation of white mica occurs
as inclusions in and around altered
feldspar  grains, which initially

© 2015 John Wiley & Sons Ltd
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Fig. 6 (A) Profiles of P’ (circles and solid lines) and shape parameter T (squares and dashed lines) across the sampled shear-
zone transects at each studied site, demonstrating the patterns of magnetic anisotropy variation with deformation. (B) Finite
strains measured on mafic enclaves across shear zones of varying widths (represented by different symbols) in the Grimsel
granodiorite plotted as a function of normalized distance from the mylonite centres.
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Fig. 7 Stereoplots representing AMS principal susceptibility axes by site (columns) and sample type (e.g. protolith, orthogneiss
and mylonite; rows). Squares: maximum (k;), triangles: intermediate (k,) and circles: minimum (k3) susceptibility axes. Large
coloured symbols are mean AMS tensor eigenvectors (Jelinek, 1978) with their 95% confidence ellipses. All plots are equal-area
projections onto the lower hemisphere. Note the horizontal mean & in Site 1 mylonites (see text for explanation).

behave as rigid porphyroclasts.
Thus, the growth of randomly ori-
ented white mica inclusions in the
orthogneisses should weaken the
AMS intensity and produce less-
oblate fabric shapes. Complete
breakdown and recrystallization of
feldspar in the mylonites results in
the rearrangement of mica into elon-
gated bands, reflected by high AMS
intensities.
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Conclusions

Magnetic fabric analysis was per-
formed in synkinematically meta-
morphosed ductile Alpine shear
zones in the Aar Massif. Excellent
agreement exists between finite
strain and magnetic anisotropy
principal axis orientations. The
magnitudes and shapes of magnetic
fabrics exhibit local variations inde-

pendent of strain, which likely
reflect new growth of phyllosilicates
during  fluid-present deformation.
Subvertical ~ magnetic  lineations
corresponding to the observed
vertical stretching lineation and sub-
horizontal minimum magnetic and
finite strain axes parallel the Ter-
tiary Alpine compression oriented
NNW-SSE in this part of the Aar
Massif.
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