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Cooling induced strain localization in carbonate mylonites
within a large-scale shear zone (Glarus thrust, Switzerland)
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Abstract

The Glarus thrust (Switzerland) offers a great field example of strain localization under retrograde conditions. Along the thrust, mylonitic
microfabrics are characterized by a temperature/stress controlled balance of grain size reducing mechanisms and grain growth. Consequently,
mean grain sizes decrease along the thrust with decreasing metamorphic conditions and towards the thrust contact. In an opposite manner, calcite
twin densities increase towards the contact. CPOs are strongest between 0.5 and 15 m away from the thrust, but become generally weaker in the
last centimeters, where also cataclasites occur. The CPO weakening and grain size reduction towards the shear zone point to a change from
predominant dislocation creep to granular flow finally ending in cataclastic deformation. The microfabric changes correlate with a decrease
in d13C and d18O towards the thrust contact indicating the presence of fluids during cycles of brittle and plastic deformation. Based on the micro-
fabric changes, variations in stable isotopes and cross-cut relationships, a subdivision into a low and high-temperature shear zone can be made.
The microfabric modifications resulted from changes in deformation conditions due to ongoing thrusting and exhumation induced cooling,
promoting further strain localization of an existing high-strain shear zone.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Large-scale ductile shear zones manifest localization of
high shear strains in nature (e.g. Schmid, 1975; Van der
Pluijm, 1991; Handy, 1994; Bestmann et al., 2000; Stipp
et al., 2002). To localize and keep deformation concentrated
in these narrow zones, rock strength has to be weaker than
in the surrounding host rock. Such strain softening can be
obtained by various processes like dynamic recrystallization,
change in deformation mechanisms, synkinematic fluid flow,
metamorphic mineral reactions, shear heating, and/or pinning
by second-phase particles (e.g. Poirier, 1980; White et al.,
1980; Tullis et al., 1982; Hobbs et al., 1990; Olgaard, 1990;
Montési and Hirth, 2003; Burlini and Bruhn, 2005). While
deformation persists localized during ongoing thrusting, the

* Corresponding author. Tel.: þ41 31 631 8768; fax: þ41 31 631 4843.

E-mail address: ebert@geo.unibe.ch (A. Ebert).

0191-8141/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jsg.2007.03.007
physical conditions, i.e. the coupled stressetemperature rela-
tions can change with time. This was, for example, the case
in the Helvetic nappes of the Swiss Alps, where thrusting oc-
curred at peak metamorphism and continued under retrograde
conditions (Milnes and Pfiffner, 1980; Groshong et al., 1984;
Kirschner et al., 1995, 1996). These exhumation induced
changes in extrinsic physical conditions forced the mylonites
to adapt their microstructures and CPOs to the new conditions.
A typical adaptation to lower temperatures is manifest by
grain size reduction (Molli et al., 2000; Herwegh and Pfiffner,
2005; Ebert, 2006) in the shear zone’s interior. Simulta-
neously, the change in microstructure can be accompanied
by a decrease in shear zone width (Hull, 1988; Means,
1995). Localization features within sheared rocks were also
observed in experiments but mostly strain localized only if
a second phase, water or melt was present (Mecklenburgh
et al., 1999; Barnhoorn, 2003; Holtzman et al., 2003; Rybacki
et al., 2003; Burlini and Bruhn, 2005).
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Thus, several investigations exist about how strain becomes
localized and what factors keep strain localized in a narrow
zone. In case of nature, quantitative microfabric analyses, in
sections along and perpendicular to the thrust plane, would
be required to properly detect strain localization and unravel
its evolution in time. Surprisingly, such information is lacking
for many prominent large-scale shear zones. In this work, we
try to close this gap by a detailed investigation of strain local-
ization in case of the Glarus nappe complex in Switzerland.
The following questions will be addressed: How and where
do the microfabric and deformation mechanisms change
with time within the shear zone? Does the shear zone width
change in a systematic way along the thrust? What are the rea-
sons for strain localization and what is the role of fluids and
second phases during localization? In the case of the Glarus
thrust, for example, variations in stable isotope fractionation
across the shear zone as well as the occurrence of synkine-
matic veins indicate an enhanced fluid flux during formation
of the main thrust (Burkhard et al., 1992; Badertscher and Bur-
khard, 2000; Abart et al., 2002; Abart and Ramseyer, 2002;
Badertscher et al., 2002). It is unclear, however, how the
change in fluid flux associated isotopic composition is related
to microstructural variations with time and what the resulting
mechanical consequences for strain localization are.

The Glarus thrust represents an ideal field example, because
it is one of the best characterized large-scale thrust zones in the
Alps. Metamorphic gradients (e.g. Groshong et al., 1984; Rahn
et al., 1995), structural geological features and deformation
phases (e.g. Milnes and Pfiffner, 1977, 1980; Groshong et al.,
1984; Lihou, 1996), as well as geochemical and isotopic rela-
tions (e.g. Burkhard, et al., 1992; Abart et al., 2002; Badertscher
et al., 2002) are well established. In this study, carbonates across
and along the Glarus thrust were quantitatively analyzed and the
observed microstructural variations were correlated with isoto-
pic data of Badertscher (2001). We discuss the change of calcite
microfabrics, deformation mechanisms, isotopic composition
and their relevance for retrograde strain localization.

2. Analytical methods

To investigate the localization behavior within a large-scale
shear zone, samples were collected along the Glarus thrust.
The sample localities are labeled, starting with (1) in the north
(near Schwanden) and increasing location number towards the
south (nr. 8, near Flims, see Fig. 1). They are projected parallel
to the temperature isogrades in ENEeWSW direction onto the
constructed cross section AB that was slightly modified after
Pfiffner (1993) and onto the sample profile trace BC
(Fig. 1). The profile AB is approximately parallel to the
stretching lineation, i.e. parallel to the north-directed thrusting
direction. The profile BC used for distance determination be-
tween the locations is approximately normal to the peak meta-
morphic temperature isogrades detected in the footwall (see
Fig. 1). Resulting distances in between the projected sample
locations are around 0.5e8 km (see Fig. 1 and Table 1) corre-
sponding to relative differences in peak metamorphic temper-
atures of about 5e40 �C between two adjacent locations
(see Section 4). To gain insight into the strain localization phe-
nomena, sample profiles perpendicular to the thrust contact
were additionally taken at each sample locality in the footwall.
In these profiles, rock specimens were collected every centi-
meter to decimeter in the close vicinity of the thrust contact
while the sample distance was increased at distances >1 m
from the thrust contact. Locality 2 represents an exception be-
cause here, carbonates are also exposed in the hanging wall.

Microstructural analyses were carried out in the X-Z-plane,
where X is the stretching lineation and Z the axes perpendicu-
lar to the foliation. To visualize the grain boundaries and
second phases, the surfaces of polished rock chips were etched
after Herwegh (2000). From these surfaces, digital SEM
images were taken with a Cam Scan (CS4) scanning electron
microscope (SEM) equipped with a Noran Voyager 4 image
acquisition system. With Adobe Photoshop, the grain bound-
aries of all phases were manually traced and analyzed by the
image analysis software Image SXM (www.liv.ac.uk/wsdb/
ImageSXM). From the analyzed grain area, shape (long, short
axis), and orientation of calcite, the mean grain size, its distri-
bution, the grain aspect ratio (b/a), and the shape preferred ori-
entation (SPO) were determined. Typically 300e800 calcite
grains were analyzed. The resulting mean grain sizes of calcite
(Dcc) are given as area-weighted values. In this way, the
frequency of the grain area distribution has been used to
determine the mean grain size represented by the equivalent
circular diameter. The calculation and advantage of using
area-weighted mean grain sizes is discussed in Ebert (2006)
and references therein. Furthermore, the twin density (number
of twins per area) was quantitatively determined from the
SEM images. Depending of the twin density, 30-600 twin
boundaries were counted per sample image. Besides calcite,
second-phase particles like sheet silicates, quartz or dolomite
were analyzed. To detect and unravel potential influences of
second phases on the calcite grain boundaries (pinning), the
Zener parameter Z¼ dp/fp was used (Zener in Smith, 1948;
Evans et al., 2001; Herwegh and Berger, 2004; Berger and
Herwegh, 2004; Ebert, 2006). Z is a geometric factor, deter-
mined by the number-weighted mean grain size of second
phases (dp) divided by their volume fraction ( fp). This param-
eter allows the discrimination between recrystallization and
second-phase controlled microfabrics as a function of changes
in second-phase size and volume fraction (e.g. Herwegh et al.,
2005a).

Textural information of calcite were obtained from EBSD
(electron backscatter diffraction, e.g. Venables and Harland,
1973; Adams et al., 1993; and Prior et al., 1996) with
a Cam Scan (CS4) scanning electron microscope combined
with the Orientation Imaging Microscopy (OIM) data acquisi-
tion software from EDAX TSL. An acceleration voltage of
13 kV, a working distance of 17 mm, and a sample tilt of
70� were applied. Depending on the mean grain size, scan
step sizes in the range of 5-15 mm were chosen. Stereographic
pole figures (2000e40000 orientations) were filtered for con-
fidence indices >0.1. Data contours were calculated by har-
monic binning with a maximum expansion of L¼ 20 within
the harmonic calculus and a Gaussian smoothing of 10�. The
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Fig. 1. Cross-section (AB) through the Glarus nappe complex (modified after Pfiffner, 1993) with projected sample locations. Simplified geological map with Swiss

coordinates of the studied area (modified after software package: Atlas der Schweiz, 2004) with NW-SE sample profile trace (BC) and the 270 �C-isotherm (dashed

line) after Rahn et al. (1995). Numbers represent sample locations starting with (1) at northernmost location (Schwanden) and ending with (8) at southernmost

location (Flims).
given texture index J reflects the strength of a CPO (Matthies
and Wagner, 1996; Schmocker, 2002). Calcite CPOs were
measured for the sample profiles perpendicular to the shear
plane for five of the investigated locations.

To improve the temperature gradients in the footwall (Infra-
helvtic) in southern parts, we performed calcite-dolomite ther-
mometry. Several dolomite-bearing carbonates were collected
in the area of locality 7 and were analyzed with an electron
probe micro-analyzer (CAMECA SX 50). To avoid CaeMg-
diffusion in calcite, a spot size of 15 mm, a current of 10 nA,
and acquisition times of 60 s were applied to measure Ca,
Mg, Mn, Fe, and Sr. The acceleration voltage was 15 kV. Dif-
fusion can be regarded as negligible, because repeated mea-
surements at the same position showed no variations in
element concentrations. Temperatures were calculated after
Bickle and Powell (1977), Lieberman and Rice (1986) and
Covey-Crump and Rutter (1989). Based on these three calibra-
tions a mean temperature was calculated.

3. Geological setting

The Glarus thrust in the eastern Swiss Alps is the major
thrust fault associated with formation of a nappe stack that
formed during Oligocene to Miocene from the dismembered
former passive continental margin of the Alpine Tethys (e.g.
Pfiffner, 1993; Schmid et al., 1996; Stampfli et al., 2002).
The Glarus thrust exposes over an area of 600 km2 with a total
displacement of 40e50 km (Pfiffner, 1985). Calc tectonites
separate the Glarus nappe complex in the hanging wall from
the Infrahelvetic complex in the footwall. It is the lithological
difference of green or red Verrucano in the hanging wall and
dark Flysch and gray carbonates in the footwall, which
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Table 1

Location labels, Swiss coordinates, distances of sample locations from reference point Schwanden (location 1), temperatures, and sampled stratigraphic units

Locality Location name Location (Swiss coordinates) Distance along thrust [km] T [�C] �10 �C Stratigraphic unit

1 Schwanden 726.000/206.350 0 230 Calc-mylonite

Tertiary Flysch

2 Sasberg 721.550/198.250 6.23 268 Calc-mylonite

Mesozoic carbonate

3 Risetenhoren 737.250/204.350 6.55 270 Calc-mylonite

4 Piz Segnas 737.100/196.100 14.79 320 Cataclasite

Calc-mylonite

737.000/195.600 Mesozoic carbonate

5 Crap Ner 734.500/192.820 16.83 332 Calc-mylonite

Mesozoic carbonate

6 Cassons 740.180/193.680 18.2 338 Calc-mylonite

Mesozoic carbonate

7 Nagens 736.750/191.980 18.59 343 Calc-mylonite

Mesozoic carbonate

8 Plaun 738.270/189.320 21.76 363 Mesozoic carbonate
spectacularly visualizes the Glarus thrust as sharp contact
(Fig. 1). The today’s Infrahelvetic structures formed as a result
of several deformation phases. In the first ones (Pizol and
Cavistrau phases), highly allochthonous units (Flysch and
South-Helvetic units) were emplaced onto the autochthonous
cover (mainly Mesozoic carbonates) of the Aar massif in Early
Oligocene times (Pfiffner, 1977; Milnes and Pfiffner, 1977,
1980). Subsequently, the Glarus thrust started to evolve and
a fold-and-thrust belt formed in Late Oligocene times (Cal-
anda phase). This phase included ductile deformation under
peak metamorphism (Pfiffner, 1977; Milnes and Pfiffner,
1977, 1980; Lihou, 1996). Overprinted Calanda phase cleav-
age in the vicinity of the Glarus thrust (Milnes and Pfiffner,
1977), inverse metamorphic gradients (Frey, 1988; Rahn
et al., 1995), an offset of metamorphic boundaries (Groshong
et al., 1984; Rahn et al., 1995), as well as mica ages of Mio-
cene age (Hunziker et al., 1986) indicate that thrusting along
the Glarus thrust continued after peak metamorphic conditions
(Ruchi phase; Milnes and Pfiffner, 1977).

4. Metamorphism

Based on different geothermometers, peak temperatures of
the footwall were determined. Own new data from calcite-
dolomite thermometry in the south and temperatures available
from literature were compiled to estimate the peak metamor-
phic conditions at each sample location of this study. Our
estimates in the region of localities 5 and 7 yield temperatures
in the range of 325e364 �C with an error of �25 �C (Table 2,
Fig. 2). Intense cycles of dynamic recrystallization enhance
CaeMg exchange between calcite and dolomite allowing tem-
perature estimations by calcite-dolomite thermometry down to
300 �C (Matthews et al., 1999; Bestmann et al., 2000;
Herwegh and Pfiffner, 2005; Ebert, 2006). For that reason,
Mg/Ca equilibrium between calcite and dolomite can be
expected for the recrystallized samples of this study. This is
confirmed by the fact that independent of the distance between
calcite and dolomite grains, Mg/Ca ratios are similar in the
calcite population within a sample. Isotopic quartzechlorite
temperatures (325� 30 �C) of Burkhard et al. (1992) from
the same location confirm our estimations. Besides these
data, further temperature estimates for the rear of the Glarus
nappe complex exist, which are based on vitrinite reflectance,
chloritoid-chlorite and calcite-dolomite thermometry, and iso-
topic temperatures (Groshong et al., 1984; Burkhard and Ker-
rich, 1988; Burkhard et al., 1992; Rahn et al., 2002). They
range around 350 �C (Fig. 2). For northern and central parts
of this study the detailed temperature determinations of
Rahn et al. (1995) were used. They compared a variety of
data that are based on mineral parageneses, illite crystallinity,
vitrinite reflectance, and fluid inclusions suggesting an in-
crease in metamorphic temperatures from around 230 �C at lo-
cality 1 to 300 �C between locality 3 and 4 (Fig. 2). This is in
agreement with former studies (e.g. Frey et al., 1980;
Table 2

Locations in Swiss coordinates, temperatures and mean wt% of calcite chemistry (SrCO3 and MnCO3 below detection limit) of samples used for calcite-dolomite

thermometry

Location (Swiss coordinates) T [�C] CaCO3 MgCO3 FeCO3

736.750/193.020 352� 19 0.886� 0.003 0.014� 0.003 0� 0.0003

736.600/192.800 338� 10 0.987� 0.0004 0.013� 0.0004 0

736.080/193.400 325� 23 0.823� 0.002 0.100� 0.002 0

734.950/191.530 364� 53 0.869� 0.004 0.012� 0.008 0.008� 0.004

736.550/192.400 333� 31 0.983� 0.001 0.010� 0.001 0.007� 0.001
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Groshong et al., 1984; Frey, 1988). Temperatures of
300� 20 �C from chlorite thermometry were proposed by
Rahn et al. (1994) for central parts of our studied section.
All these temperature determinations were projected parallel
to the isothermes of Rahn et al. (1995) onto our sample profile
BC (Fig. 1). A least square regression was calculated to obtain
temperatures for each sample location of this study (Fig. 2).
Note that the derived temperatures are only valid for the foot-
wall, i.e. the Infrahelvtic units, because due to transported
metamorphism, temperatures are higher in the hanging wall.
Post-peak metamorphic thrusting offsets the metamorphic
boundaries by up to 10 km (Groshong et al., 1984; Frey,
1988; Rahn et al., 1995).

5. Outcrop description

Fig. 3 summarizes the deformation structures in the three
main lithological units in the studied area, the Verrucano in
the hanging wall, the Infrahelvetic complex in the footwall
and the sandwiched tectonites of the Glarus thrust. In the fol-
lowing, the large- to meso-scale deformation structures of
these three units will be described in relation to the main de-
formation phases.

The Permian Verrucano persists mainly of reddish or green-
ish metamorphosed conglomerates, siltstones, shales, and rare
intercalated volcanoclastic horizons. It is characterized by
a strong shear plane parallel foliation with increasing mylo-
nitic overprint towards the thrust (e.g. Siddans, 1979; Jagoutz,
2000). NeS stretching lineation as well as extensional crenu-
lation cleavage and asymmetric strain shadows indicate defor-
mation at the base of the Verrucano during the main thrusting
of the Glarus nappe complex (Ruchi phase, see e.g. Pfiffner,
1977; Burkhard et al., 1992, and Fig. 3). Despite this deforma-
tion, the Verrucano body as entire complex acted as a rigid lid.
In contrast to the Infrahelvetic units, large-scale structures like
internal thrusts and folds are rare to absent in the Verrucano

150

200

250

300

350

400

0 5 10 15 20 25

T

[°C]

distance  [km]

1 2 3 8

26
8°

C

23
0°

C

Elm Flims4

32
0°

C

27
0°

C

36
3°

C

5

33
2°

C

6

33
8°

C

7

34
3°

C

calcite dolomite thermometry (this study)
Rahn et al., 1995 (fluid inclusions,
vitrinite reflectance, illite crystallinity)
Rahn et al., 1994 (chlorite thermometry)
Burkhard et al, 1992 (qtz/chl temperatures)
Groshong et al.,1984; Burkhard & Kerrich, 1988;
Burkhard et al., 1992; Rahn et al., 2002

Fig. 2. Estimates of peak metamorphic temperatures along the sample profile

BC from N (locality 1) to S (locality 8). Used thermometers and references are

given in the legend.
body (Fig. 1). Note that it is this strength contrast between
hanging and footwall, which forced high strain to be localized
over a long lasting time at the contact, i.e. in the tectonites of
the Glarus thrust.

The Infrahelvetic complex consists of Mesozoic carbonate
units that were overthrusted by exotic South-Helvetic and
Flysch units during the Pizol phase (Milnes and Pfiffner,
1977; Fig. 1). Today, the footwall of the Glarus thrust in
the north consists of these exotic units, while in the south al-
lochthonous to autochthonous massive Cretaceous carbonates
dominate. During the main deformation phase of the Infra-
helvetic complex (Calanda phase; Milnes and Pfiffner,
1977, 1980; Burkhard et al., 1992), early thrusting, imbrica-
tion and large-scale folding occurred resulting in a penetrative
south dipping foliation with a NeS to NWeSE directed lin-
eation. In a later stage, during further thrusting of the Glarus
nappe complex (Ruchi phase), folds were cut off and large-
scale slices of footwall carbonates were transported along
the Glarus thrust to the north. The protoliths of the resulting
tectonites of the Glarus thrust comprise (a) Mesozoic carbon-
ates from the footwall, (b) newly formed synkinematic
calcite veins, and (c) Permian clastics (Verrucano) and Ter-
tiary sandstones and shales (Flysch) that were sheared into
the thrust plane. In the north, one tectonite is represented
by the famous ‘Lochseitenkalk’ (Heim, 1921; Schmid,
1975), a fault rock consisting of dynamically recrystallized
veins that typically show chaotic structures and are responsi-
ble for the bright color (e.g. see Badertscher and Burkhard,
2000). To the south, the ‘Lochseitenkalk’ becomes gradually
replaced by calc-mylonites (Schmid, 1975; Badertscher and
Burkhard, 2000). Besides veins, the bright yellowish color
of these mylonites results from a fluid induced bleaching
of the Mesozoic carbonates and the occurrence of dolomite.
On the outcrop scale, it is important to note that at distances
of several meters to decimeters beneath the Verrucano con-
tact, the strongly foliated mylonites are overprinted by asym-
metric, north-facing folds. Enclosed with the folding, a steep
axial planar cleavage developed. Owing to subsequent thrust-
ing and shearing, folds and cleavage are bent into the shear
plane with increasing proximity to the Verrucano contact. In
the direct vicinity to the Verrucano contact (dmecm), white
to yellowish mylonites can be observed, which are character-
ized by a thrust parallel foliation. It is important to note that
these mylonites locally cut the folded mylonites, thus indicat-
ing a younger age. Within the young mylonites, brittle features
are evident in form of cataclasites with angular and/or rounded
clasts of vein, footwall, or reworked mylonitic material. Be-
sides these cataclasites, various generations of very thin planar
horizons cross-cut all internal structures of the calc-mylonite.
They are related to late deformation episodes and are referred
to as ‘‘septum’’ (Hsü, 1969; Schmid, 1975).

As will be outlined in more detail below, we will refer in the
following to the early and late mylonites, respectively as high
and low-temperature shear zone (HT- and LT-SZ, Fig. 3).
Note that often the transition between both shear zone types
is continuous. This is confirmed by a progressive change in mi-
crostructures as will be shown below. For more detailed
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Fig. 3. Deformation structures of the Glarus thrust (A¼Verrucano, B¼Glarus thrust tectonites, C¼ Infrahelvetic). (a) Meso- to large-scale structures in the low-

(LT-SZ) and high-temperature shear zone (HT-SZ), Verrucano, and Infrahelvetic complex. Inset represents the location of (b). (b) Schematic overview showing

deformation structures in the outcrop scale (1) NeS stretching lineation; (2) Ruchi-phase foliation; (3) asymmetric strain fringes; (4) extensional crenulation cleav-

age; (5) cataclasite; (6) thin sharp mylonitic horizons (‘‘septum’’); (7) lobate/cuspate structures; (8) Calanda-phase foliation (modified after Burkhard et al., 1992).

(c) Lochseiten calc-mylonite sandwiched between Verrucano and Flysch from location 1; note the sharp layer in the middle represents the septum. View is in

direction of stretching lineation. (d) HT-SZ structures affected by later LT-SZ near location 5. Inset represents the location of (e). Sense of shear is top to left

(north). (e) Mylonitic fabric of LT-SZ.
macroscopic structural description and interpretation see
Schmid (1975), Siddans (1979), Milnes and Pfiffner (1980),
Pfiffner, (1977, 1981, 1982), Hirt et al. (1986), Burkhard
et al. (1992), Lihou (1996), Badertscher and Burkhard (2000).

6. Quantitative microstructural results

The calcite fabrics in the different carbonate tectonites of
the Glarus thrust are characterized by recrystallized grains
with different shapes, shape (SPO) and crystallographic
(CPO) preferred orientations, and the occurrence of twins
(Fig. 4). The intensity of these parameters changes as function
of impurity degree, physical conditions and deformation his-
tory, i.e. in relation to the distance to the shear plane and
from north to south. In the following the variation of the
calcite mircofabric is presented.
6.1. Calcite grain size

The mean grain size of recrystallized calcite changes (a)
along and (b) with distance to the thrust plane. (a) From north
to south the overall grain size increases continuously from 2 to
9 mm in the Lochseiten calc-mylonite at the thrust contact and
from >3 to >30 mm in the footwall (Figs. 4, 5 and 6a). Co-
evally, with increasing metamorphic conditions from north
(location 1) to south (locations 7, 8), the widths of grain size
distributions widen in the Lochseiten calc-mylonite from 1
to 3 mm, as well as in the deformed footwall from <4 to
>10 mm (Fig. 6b). In contrast, the skewness of calcite distribu-
tions shows no temperature dependence, but all microstruc-
tures reflect distributions, which are symmetric to right
skewed (positive skewness, Fig. 6c).

(b) In sections perpendicular to the thrust, the mean grain size
decreases stepless towards the thrust contact (Figs. 4, 5 and 6a).
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Fig. 4. (a) Microstructural images (first row) are SEM images coming from locations 1, 4, and 7. All belong to the low-temperature shear zone (LT-SZ). (b) Mi-

crostructures of thinsections (second row) from the LT- and HT-SZ of location 6. Sense of shear: Top to right (north).
While the change in grain size is only weak in the footwall,
a strong decrease in grain size occurs within the last few deci-
meters beneath the thrust contact (Fig. 5). Total grain size var-
iations across the shear zone are larger in the south (>20 mm)
than in the north (<10 mm) (Fig. 6a). These changes of the
mean calcite grain size (Dcc) in the shear zone in relation
to the distance from the thrust plane (d ) follow a power-
law relation in the form: Dcc¼ c.d 0.25 with a coefficient c
and a constant power exponent reflecting the degree of local-
ization. Outside the HT-SZ, no changes in grain size occur
anymore and therefore the power exponent is zero (Figs. 5
and 6). The grain size distribution of calcite behaves similar
as the mean grain size showing a decreasing distribution
width towards the shear plane (Fig. 6b). The skewness
changes only slightly with distance from the shear plane.
Near the thrust contact, the distributions are right skewed,
while they become more symmetric away from the contact
(Fig. 6c).

In some samples within the HT-SZ, small bands (<1 mm)
with reduced calcite grain sizes can be observed (Fig. 5, local-
ity 6). Note that the smaller grain size due to the presence of
second phases can be excluded since these bands occur in pure
calcite layers (see below). This situation therefore might
indicate that some parts of the HT-SZ were also affected by
the LT deformation.
6.2. Influence of second phases

Carbonates of the footwall and the HT-SZ in southern
localities vary in content and type of second phases but gener-
ally are quite pure. The observed second phases are dolomite,
sheet silicates, quartz, oxides, and/or sulphides. The foliation
is manifest by bands of different contents of these phases. In
the Lochseiten calc-mylonites, second phases also vary in
quantities consisting of dolomite, albite, sheet silicates, and
quartz as main minerals. Their content increases from <5
vol% in the footwall carbonate mylonites up to 30 vol% at
the thrust contact, while the increase in second phases is
most pronounced within the last few centimeter to decimeter.
Equiaxed non-deformed grains of dolomite, quartz, and albite
are interpreted as secondary syn- to post-tectonically grown
phases, where (a) slices of Verrucano were sheared into and
mechanically mixed with the calc tectonite and (b) some
material infiltrated via fluids loaded with hydration reactions
products of the Verrucano (Burkhard et al., 1992; Abart
et al., 2002; Hürzeler et al., 2006).

Due to pinning, second phases can retard grain growth re-
sulting in smaller grain sizes in second-phase controlled my-
lonites compared to the equivalent pure end members (e.g.
see Ebert, 2006). To investigate potential effects of second
phases, carbonate mylonites with variable contents of second
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phases were analyzed for locations 4 and 6. The second-
phase influence is expressed by the Zener parameter Z (see
Section 2). Fig. 6d illustrates that second-phase particles
affected the mean calcite grain size in a similar way as previ-
ously observed for other Helvetic nappes (Herwegh et al.,
2005a; Ebert, 2006). In the LT-mylonites coming from
distances of 5 and 10 cm, respectively, away from the thrust
contact, calcite grain sizes are reduced by up to 3 mm in sec-
ond-phase controlled microstructures (Fig. 6d). Despite this
second-phase effect, however, the grain size change across
the shear zone in pure samples (high Z values) is much
more pronounced (up to 20 mm) than the difference between
pure and impure microstructures caused by pinning due to var-
iable contents of second phases. Note that calcite grain sizes
are reduced towards the shear zone in both, pure and impure
samples, which was already observed for the Morcles nappe
(see Ebert, 2006).

6.3. Grain shape and SPO

In the vicinity of the thrust contact, calcite grain boundaries
are sutured. However, layers with more equiaxed grains and
rather straight grain boundaries are also abundant. In the foot-
wall, the small recrystallized grain fractions show polygonal
shapes, while the larger relicts show lobate grain boundaries.

In regard of calcite grain elongation (b/a) and shape pre-
ferred orientation (SPO) no clear trends along and across the
shear zone can be observed (Fig. 5). Only in the nearest vicin-
ity to the thrust, grains are less elongated, but exceptions
occur, e.g. location 1, where grains are more elongated.
With respect to location 1, these observations are contrasting
previous works of Schmid et al. (1977) and Pfiffner (1982).
Furthermore, SPO and grain elongation go hand in hand,
except for more spherical grain shapes, where an estimation
of grain orientation is not useful since small variations can
induce significant data scatter.

6.4. CPO

The crystallographic preferred orientation (CPO) of cal-
cite reflects variations across the shear zone (Fig. 7).
Weak to absent CPOs occur in samples at largest distances
from the thrust. Towards the thrust contact, at a distance
of about 7 m to 50 cm, CPOs tend to be strongest. In the
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vicinity, i.e. in the last few decimeters to centimeters from
the thrust plane, CPO intensities decrease again (see excep-
tions outlined in Section 6.7). Especially in the HT-SZ,
CPOs are rotated in relation to the foliation and thrust plane
either anti- or clockwise with respect to shear direction and
shear plane.

Besides weak CPOs in the footwall, pure bands with re-
duced calcite grain sizes show slightly stronger CPOs than
the coarser surrounding material (e.g. samples from location
6 at 14 m distance, see Fig. 7, marked with #).

6.5. Twinning

Twinning is abundant in all analyzed calcite microfabrics
but the intensity changes along and perpendicular to the shear
plane. After Burkhard (1993) and Ferrill et al. (2004) the
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dominant twin types in the Mesozoic carbonate mylonites are
type II twins, i.e. the twin geometry is characterized by thick
and straight twins. Towards the thrust plane, type I twins occur
with widths below 1 mm. Despite the high density of the type I
twins, type III and IV twins are also marginally abundant. In-
tersections between different twin types do not indicate that
type II to IV necessarily reflect older generations. Rather
they coexist with type I twins.

Apart from the change in twin types, the calcite twin den-
sity (twins per area) varies and behaves contrary to the calcite
grain size change across and along the shear zone. The overall
twin density along the thrust increases towards the north from
<1010 to >1011 m�2 (Fig. 8). Corresponding to the calcite
grain size decrease towards the thrust plane, the twin density
increases continuously (Figs. 5 and 8). This change in twin
density is found at each sample location, i.e. independent of
peak metamorphic conditions.

Semi-quantitative analyses of the mean twin width and
mean twin intensity (e.g. Ferrill et al., 2004) reveal values of
around 2e10 mm and 7e30 twins per millimeter, respectively,
for all samples, except of the LZ-calc-tectonites close to the
thrust contact (<50 cm). They display mean twin widths of
<1 mm and mean twin intensities of 30e400 per millimeter.
Furthermore, the twin width decreases and the twin intensity
increases towards northern sample locations.

6.6. Microfabrics of septum and cataclasites

The ‘‘septum’’ and the matrix in cataclasites are character-
ized by very small calcite grain sizes ranging from <1 mm in
fault gauges in the north to 3 mm in southern areas. Note that
the septum was not analyzed in this study. For further details
see Schmid (1975), Burkhard et al. (1992), and Badertscher
and Burkhard (2000).

The clasts of the cataclasites are either angular or rounded
and often consist of white and gray limestone clasts with
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towards the thrust plane for each sample location 1e8.
component sizes of up to few centimeters. The investigated
cataclasites of this study were not affected by veining during
brecciation. The CPO strength measured in components of
the tectonic cataclasites also varies in intensity and orienta-
tion (Fig. 7, location 4 II). Coarse grained clasts show stron-
ger CPOs than smaller sized ones. The very fine-grained
matrix between the clasts is characterized by very weak to
absent CPOs (Fig. 7, location 4 I), while mylonitic horizons
below this cataclasite represent strong CPOs (Fig. 7, location
4 III), although the calcite grain size is small as well
(<5 mm).

6.7. Veining

On the micrometer- to centimeter-scale, bands of fine-
grained calcite alternate with calcite veins of different genera-
tions, which are often only partly dynamically recrystallized
showing large twinned grains. Towards northern locations
the alternating thin bands of calcite matrix and veins become
more turbulent, i.e. they are intensively folded and sheared.
However, veins are also present in the HT-SZ where they often
are folded. Dependent on their age of formation, they are not,
partly, or totally recrystallized. The latter can be recognized
only by relicts that represent few remnants of large twinned
calcite grains or by white pure bands with sharp boundaries
to the gray host rock. Cathodoluminesence sometimes helped
to detect the existence of former veins in completely recrystal-
lized aggregates.

Pure, recrystallized vein material represents an exception in
regard of overall weak CPOs in the LT tectonites in the vicin-
ity of the Verrucano contact (location 3, 4, 6, marked with * in
Fig. 7). They show strong CPOs with c-axis and r-pole max-
ima. At the same time, surrounding pure and impure calcite
microfabrics show only weak CPOs, but note that calcite
microstructures (e.g. grain size) are identical in both types.

7. Discussion

As presented above, the Glarus thrust is characterized by (i)
rheological contrasts due to the occurrence of different rock
types in hanging wall and footwall, (ii) gradients in physical
deformation conditions (e.g. temperature) along the thrust,
and (iii) continuous changes in these gradients under retro-
grade metamorphic conditions. All these parameters directly
affect the small-scale deformation processes resulting in
specific microfabrics and rheology, which in turn control the
geometry of the entire shear zone. In the following we will
use the microfabrics as key to unravel the effects of (ieiii)
in case of the Glarus thrust. For this purpose, we revisit first
the concept of dynamic steady state fabrics, which will pro-
vide the base for our interpretations ranging from micro- to
large-scale.

7.1. The concept of dynamic steady state fabrics

The changes in physical deformation conditions along the
Glarus thrust and with time as well as the simultaneous
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occurrence of brittle deformation (veining) and mylonitization
suggest a rather heterogeneous deformation. Nonetheless, in
the area of the active shear zone, deformation was sufficiently
strong and homogeneous enough. During each incremental
step of strain localization, the host rock, i.e. either pre-existing
mylonitic or vein material, adapted its microstructures to the
new physical conditions to minimize the total free energy. In
this way, dynamically stabilized microfabrics evolved that
are characteristic for each specific location along the thrust.
They formed by a balance of grain growth and grain size
reducing mechanisms (Means, 1981; Herwegh and Handy,
1996; de Bresser et al., 2001). Note that this stabilization is
identical to observations from other Helvetic nappes (Herwegh
et al., 2005b; Ebert, 2006) and also fits with observations made
in experimentally deformed calcite aggregates (Schmid et al.,
1987; Rutter, 1995; Pieri et al., 2001; Barnhoorn et al., 2004).
Especially synkinematic veins allow the discrimination of
a steady state, since they represent markers to compare differ-
ent stages of ductile deformation ranging from non-, partly, to
totally recrystallized vein material. As long as the recrystal-
lized grain size between partly and totally recrystallized vein
calcite and host rock is identical, constant deformation condi-
tions can be assumed for the particular strain increment. We
used these relationships to identify dynamically stabilized
microfabrics for the different stages of deformation along
the Glarus thrust. In this context, unimodal Gaussian to
slightly right skewed grain size distributions represent addi-
tional criteria to detect dynamic steady state.

7.2. Shear zone geometry under high and low
temperature conditions

Deformation under retrograde conditions is a common fea-
ture in high-strain shear zones, where the width of the shear
zone decreases continuously and the microfabric becomes
adapted simultaneously to the new conditions with ongoing
deformation (e.g. Hull, 1988; Means, 1995; Herwegh and
Pfiffner, 2005; Ebert, 2006). A continuation of thrusting dur-
ing retrograde temperature conditions was also suggested for
other Helvetic nappes and seems therefore to represent a com-
mon deformation episode during late geodynamic shortening
(Herwegh and Pfiffner, 2005; Ebert, 2006). Kirschner et al.
(1995, 1996), for example, showed that in the Morcles nappe
(western Swiss Alps) ongoing thrusting took place during a ret-
rograde temperature reduction of 30-50 �C. The aforemen-
tioned offsets of metamorphic boundaries as well as macro-
and microscopic observations along and across the Glarus
thrust indicate that a retrograde thrusting also occurred in
case of the Glarus nappe complex.

Generally, the shear zone can be divided into a wide high-
temperature (HT-SZ) and a narrow low-temperature (LT-SZ)
shear zone. The HT-SZ displays ductile deformation fabrics
within a zone of up to 2 m in the north and up to 15 m in
the south below the thrust contact, which are characterized
by mylonitic fabrics, like foliation, plastically deformed veins,
and intensive folding on the cm- to m-scale. The microfabrics
are characterized by larger dynamic steady state grain sizes,
lower twin densities, and generally stronger CPOs than in
the LT-SZ (Figs. 5e8). The determination of the shear zone
boundary of the HT-SZ is not unambiguous, since the footwall
(Infrahelvetic complex) was strained simultaneously, as indi-
cated by finite strains of Rxz¼ 1.4� 4 (Milnes and Pfiffner,
1977; Ring et al., 2001). However, towards the footwall, we
define the maximum width of the HT-SZ to be related to the
occurrence of the largest recrystallized grain size and the onset
of CPO weakening with increasing distance from the thrust
contact (Figs. 5e8).

In contrast, the LT-SZ occurs at distances in the decimeter-
range below the Verrucano contact and is therefore much
smaller than the HT-SZ. The characteristic deformation struc-
tures of the LT-SZ overprint the older HT-SZ fabrics. The
gradual transition from the HT- to the LT-SZ is marked by
a drastic decrease in grain size, a significant increase in twin
density, and a transition in CPO strength from strong to rather
weak CPOs (Figs. 5e8). Macro- to meso-scale indications
from this overprint are fold-like cuspate-lobate structures
and the foliation that rotates into the shear zone, as well as
increasing brittle features (cataclasites and septums) within
the last few decimeters beneath the thrust contact. Folding
and shearing of an older mylonitic foliation and an abrupt dis-
section of this foliation at some locations indicate an overprint
of the HT-SZ by the LT-SZ. The latter point would argue for
two episodes of thrusting at high- and low-temperature condi-
tions. However, since the offset between HT- and LT-SZ is not
evident at each location and a clear transition in micro- as well
in meso-scale structures occurs, a continuous decrease in shear
zone width and change in thrust activity towards the Verrucano
contact during the whole time of retrograde thrusting is more
likely.

Information about the retrograde displacement can be ob-
tained from the vertical sample profile of location 2 (Fig. 9).
In contrast to all other samples, the analyzed microstructures
of this locality belong to the hanging wall. Since at this lo-
cation, footwall carbonates are absent, predictions about the
expected microfabrics can be obtained by extrapolating the
grain size trends from all other locations (Fig. 9). The extrap-
olation reveals too large grain sizes for the carbonate mylon-
ites in the hanging wall compared to the expected ones in the
footwall below. Similar grain size trends across shear zones
were observed in case of the Doldenhorn nappe (Herwegh
and Pfiffner, 2005). Such grain size offsets can be best ex-
plained by a formation and freezing in of the hanging wall
microstructures further to the south, where the deformation
temperatures were higher. Due to retrograde overthrusting,
the hanging wall passively moved further to the north result-
ing in the nowadays exposed offset in calcite grain sizes and
twin densities in sections across the shear zone (Fig. 9). Pro-
jecting the maximum grain size and/or twin density from the
HT-SZ of the hanging wall southwards to identical values of
the general NeS trends of the footwall of Fig. 9, allows to
quantify the displacement of the hanging wall microfabrics
due to retrograde thrusting. The quantification yields a retro-
grade displacement of approximately 10 km. This approxi-
mate value correlates well with the estimates of transported
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metamorphism after Groshong et al. (1984), Frey (1988) and
Rahn et al. (1995). Assuming a total displacement of the
Glarus thrust of 40-50 km, the estimated 10 km of retrograde
displacement would indicate 30-40 km of thrusting on the
prograde path and particularly during peak metamorphic
conditions.

In this context it is important to note that the lateral exten-
sion of late brittle structures like cataclasites and faults (sep-
tum) are restricted to a few tens of meters. Therefore, the
displacement related to these brittle structures could only
have accommodated a very small part of the estimated
10 km of retrograde thrusting.

7.3. From HT to LT-SZ: a retrograde change in
deformation mechanisms

Over the past decades, different authors observed a variety
of different microfabrics in the Glarus overthrust, which led to
different interpretations in terms of the mechanisms involved
and the resulting mechanical consequences. Weak CPOs,
small and equant grains with straight grain boundaries were
indicative for Schmid et al. (1977) for superplastic flow. In
contrast, some strong CPOs were found by Schmid (1982).
This observation, in combination with the occurrence of dy-
namic recrystallization and fabric internal differences in
dislocation densities pointed towards more dislocation creep
dominated deformation (Pfiffner, 1982). More recently, Ba-
dertscher and Burkhard (2000) suggested episodic activity of
brittle faulting and ductile deformation via dislocation creep.
Indeed, all deformation structures described by these studies
can be found in the Glarus thrust but their focus was mostly
restricted to certain parts of the shear zone. As will be demon-
strated below, however, the key to solve these apparently
contradicting interpretations can be found in a detailed micro-
fabric analysis across the whole shear zone. As discussed in
the following, the observed fabrics can be attributed to
aforementioned HT and LT structures and therefore display di-
rectly the changing deformation mechanisms during retro-
grade thrusting.

Concave-convex or sutured grain boundaries are typical for
grain boundary migration, while the formation of subgrains
during grain size reduction of coarse grained vein calcite point
to subgrain rotation recrystallization (e.g. Urai et al., 1986).
The existence of both recrystallization structures, strong
CPOs, large dynamically recrystallized grain sizes, as well
as reduced twin densities of calcite point all to dislocation
creep as predominant deformation mechanism within the
HT-SZ (Figs. 4e7), which would agree with the observations
of Pfiffner (1982) for his southern samples. A continuously
increasing temperature induced grain growth component
towards the south can be interpreted to be responsible for
the larger dynamically stabilized calcite grain size in the HT
mylonites (Figs. 6 and 9). Recent studies demonstrate that
such trends are typical for mid-crustal carbonate shear zones
of the Helvetic Alps, where temperature and stress increase
and decrease, respectively, towards deeper crustal levels (e.g.
Herwegh et al., 2005a,b; Ebert, 2006). Despite this intracrys-
talline deformation, synkinematic veining indicates activity
of brittle faulting and dissolution-precipitation processes.
Different generations of recrystallized synkinematic veins
point to a cyclical activity of local brittle events during ongo-
ing ductile shearing.

From HT- to LT-SZ microstructures change due to retro-
grade strain localization. This is manifest by the decrease in
grain size, the narrowing of the grain size distribution, the
increase in twin density, and the overall weakening in CPOs
towards the thrust contact (see Section 6 and Figs. 4e8).
Particularly the weak CPOs as well as the very small and
equant grain sizes suggest a reduced dislocation creep com-
ponent and therefore a change in deformation mechanism.
For these fabric types, Schmid et al. (1977) and Pfiffner
(1982, his northern samples) proposed superplastic flow as
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deformation mechanism, where grain boundary sliding was in-
ferred to represent the dominant strain accommodating pro-
cess. Weakening of the SPO certainly implies an enhanced
grain rotation, which in turn has to be accommodated by inter-
granular processes among which grain boundary sliding is one
potential candidate. Also important in this context, however,
are mass transfer processes via a fluid incorporating dissolu-
tion and precipitation at grain contacts and interfaces. Such
mass transfer processes in combination with grain rotation
are typical for granular flow as defined by Paterson (1995).
The concentrated nucleation of new idiomorphic phases, like
dolomite, albite and quartz (see also Hürzeler et al., 2006)
in combination with the occurrence of different generations
of veins and stylolites support the idea of enhanced mass
transport during deformation in close vicinity to the hanging
wall contact. Particularly, a dilatational behavior often associ-
ated with granular flow (e.g. Paterson, 1995) results in local
gradients in permeability, pore pressure and saturation of the
fluids allowing local precipitation of new phases. On the other
hand, enhanced twinning, local existence of strong CPOs even
in the LT-SZ (Fig. 7, see also examples in Schmid, 1982), as
well as elongated and sutured dynamically recrystallized
grains, still argue for an important share of dislocation creep
in the LT-SZ. In this way, deformation in the LT-SZ was not
accommodated by a single deformation mechanism but rather
displays a complex interaction between granular flow and in-
tracrystalline deformation. A similar combination of deforma-
tion mechanisms, i.e. by deformation between the field of
power law dislocation creep and superplastic flow, was pro-
posed by Pfiffner (1982) for samples from the south.

The locally observed strong CPOs within the LT-SZ repre-
sent outliers (Fig. 7), which occur at each location. Remem-
bering that strong CPOs are always related to completely
recrystallized former vein material, the observed CPO intensi-
ties might be explained by: (a) differences in finite strain, (b)
inheritance of former CPOs, and (c) differences in impurity
content. (a) High-strain experiments on calcite show that cal-
cite reaches strong CPOs already at a g of 5 - 10 (Pieri et al.,
2001; Barnhoorn et al., 2004). In terms of shear strains, both
HT- and LT-SZ reached much higher shear strains allowing
to exclude finite strain as potential reason. (b) Investigations
on quartz fibers from the Verrucano of Van Daalen et al.
(1999) and retrograde overprinted coarse grained marbles
(Bestmann and Prior, 2003) show that there is some control
of the host grain CPO on deformation, but with increasing
strain and degree of recrystallization the former CPO becomes
obliterated. For this reason and because of the fact that the ob-
served non- or partially recrystallized vein material shows no
CPO, an inheritance of pre-existing CPOs can be excluded. (c)
Impurities like nano- and micro-scale second-phase particles
or chemical impurities in calcite can influence the microfabric
(e.g. Freund et al., 2001, 2004; Herwegh and Kunze, 2002;
Herwegh et al., 2003; Herwegh and Berger, 2004; Ebert,
2006). Particularly pinning/dragging of nano-scale particles
(Herwegh and Kunze, 2002) or segregation of chemical impu-
rities in the calcite (Doherty et al., 1997) hinder grain bound-
ary migration reducing the speed of recrystallization cylces
(for more detail see Herwegh and Kunze, 2002). In regard
of the analyzed CPOs, only samples with limited micro-scale
second phase content were investigated. The occurrence of
grayish mylonites points to an existence of nano-scale parti-
cles (Herwegh and Kunze, 2002). In addition, layers with dif-
ferent cathodoluminescence intensities were observed (similar
to Badertscher and Burkhard, 2000) that are caused by varia-
tions in trace element contents between vein and grayish
material. Hence, nano-scale second phase particles and/or
chemical impurities are most likely to be responsible for the
observed differences in CPO. In this way, the contributions
of dislocation creep and granular flow are higher and lower
in white and grayish mylonites, respectively.

Thrust parallel cataclasites and brittle faults (septum)
document the final stages of thrusting under brittle conditions.
Depending on the local shear strain, pre-existing HT- and
LT-fault rocks were overprinted by brittle processes along
thin and discrete traces.

7.4. Potential influences of annealing

Elevated temperatures under static conditions might over-
print previously evolved deformation microstructures. While
such overprints can only weakly modify CPOs, the effect
can be more pronounced for grain sizes and grain shapes
(e.g. Heilbronner and Tullis, 2002; Barnhoorn et al., 2005;
Ebert, 2006). In a critical point of view, therefore, all our
inferences related to changes in grain size and shape have to
be discussed in terms of static annealing.

Although some samples in the footwall reflect microfabrics
with large-sized equant polygonal grains that might indeed be
indicative for annealing, the occurrence of elongated grains
with SPO, sutured grain boundaries, and subgrains within
both HT- and LT-SZ contradict a significant annealing.
Furthermore, the distribution is symmetric to slightly right
skewed for all analyzed microstructures (Fig. 6c), which is
in contrast to Heilbronner and Tullis (2002) and Barnhoorn
et al. (2005), where the grain size distribution shifted to larger
grain sizes in annealed samples. Last but not least, a significant
change of the microstructure under these moderate and de-
creasing temperature conditions is unlikely as already pro-
posed in Ebert (2006) for samples of the Morcles nappe. In
that study, preservation of dislocation structures indicative
for deformation, as well as variations in dislocation densities
between individual grains contradict a static recovery under
such low temperature conditions. This is mainly due to the
very low grain boundary mobilities of calcite under static
conditions at temperatures lower than 300 �C (for more details
see Berger and Herwegh, 2004).

With respect to the observed elongated grain shapes and
SPOs, no systematic changes occur across and along the shear
zone (Fig. 5), while this is the case for all other microfabric
parameters (e.g. grain size and CPO). This fact might imply
that grain elongation and SPO manifest the youngest ductile
deformation, which was insufficient to adapt grain size and
CPO and was not affected by annealing. In this context, exper-
imental observations support the high sensitivity of SPO to
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small changes in physical deformation conditions (e.g. Barn-
hoorn et al., 2004).

7.5. Fluid assisted strain localization

Especially during the stages of ductile deformation as
mentioned above, fluids must have been present all the time
as indicated by the presence of different generations of synki-
nematic veins. Therefore, the role of fluids and the related
influences on isotopic signatures, microstructures and defor-
mation mechanisms are addressed in this context.

During thrust related deformation, the occurrence of fluids
is common in most thrust zones of the Helvetic Alps (e.g. Bur-
khard et al., 1992; Crespo-Blanc et al., 1995; Kirschner et al.,
1999; Badertscher et al., 2002). The interplay between defor-
mation and fluid can lead to strain weakening resulting in
strain localization and enhanced fluid flux (e.g. McCaig,
1984, 1989; Oliver, 1986; Carter et al, 1990; Kennedy and Lo-
gan, 1997) for the following reasons: (a) permeability contrast,
(b) hydrofracturing, (c) smaller grain sizes, and (d) enhanced
mass transfer. (a) Due to overthrusting, the Verrucano in the
hanging wall with sheet-silicate-rich layers and a thrust
parallel foliation acts as a boundary for vertical fluid flux
and therefore induces a permeability contrast (Badertscher
and Burkhard, 2000; Badertscher et al., 2002). (b) This in
turn locally increases pore fluid pressures in the shear zone
and can lead to cyclical micro-cracking and fracturing (Hub-
bert and Rubey, 1959; Jolly and Sanderson, 1997; Badertscher
and Burkhard, 2000), which again enhances the permeability
and therefore also the channeling effect of fluids along the
thrust plane (Marquer and Burkhard, 1992; Badertscher
et al., 2002). (c) Latter one is additionally increased by recrys-
tallization induced smaller grain sizes in the shear zone result-
ing in a larger volume of pathways along calcite grain
boundaries. (d) A higher fluid flux enhances pressure solution
processes, as evident in form of veins and stylolites, as well as
transport of material, and granular flow enabling a faster
change in microstructures. All points are given in case of
the Glarus thrust. The occurrence of intense synkinematic
veining and changes in isotopic signatures of the carbonate
mylonites indicate that fluids were present during deformation
of both the HT- and LT-SZ. Veins of different generations, i.e.
deformed, folded, and recrystallized as well as young unde-
formed veins cross-cutting older structures characterize all
mylonites of the Glarus thrust. The high fluid activity along
the Glarus thrust stimulated a number of detailed stable isoto-
pic studies in the footwall, Lochseiten limestone, and Verru-
cano (Burkhard et al., 1992; Marquer and Burkhard, 1992;
Abart et al., 2002; Abart and Ramseyer, 2002; Badertscher
et al., 2002).

Fig. 10 compares the d13C and d18O values from Badertscher
(2001) with our interpolated mean calcite grain sizes from
Fig. 6a. Both datasets were derived from the same locations
(Fig. 1). At a first glance, Fig. 5 indicates that the isotopic com-
position of calcite goes hand in hand with the change of grain
size towards the thrust plane for locations in the south (locations
4e7). However, there exist general differences in changes of
isotopic compositions (i) between northern and southern sample
locations, (ii) across the shear zone, and (iii) between d13C, d18O
trends.

(i) The fact that the stable isotope profiles across the shear
zone in the north differ from those in the south (Fig. 5,
compare for example locations 1 and 7) was interpreted
by Burkhard et al. (1992), Abart et al. (2002), and
Badertscher et al. (2002) to be attributed to completely
different fluid regimes. The isotopic profile in the north
is explained by a strong upward directed flow of fluids
that derived from Flysch in the footwall. The impact of
this fluid flow was so strong that an isotopic imprint of
flow along the thrust was diminished, although the lat-
ter one was two to three orders of magnitude higher
(Abart et al., 2002). In contrast, in the south, where
the footwall consists of Mesozoic limestones, fluids de-
rived from the basement. These fluids migrated along
the thrust plane towards the north and were strongly
channeled in the thrust (Burkhard et al., 1992;
Badertscher et al., 2002).
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(ii) In regard of these southern localities, the correlation be-
tween isotopic and microstructure gradients across the
shear zone is not surprising since isotopic exchange is
enhanced by following points: (a) External fluids are
accumulated due to the channeling effect of the shear
zone caused by the permeability contrast between Ver-
rucano and footwall. This fact is further supported by
an enhanced permeability due to smaller grain sizes
in the shear zone and hydrofracturing (Hubbert and Ru-
bey, 1959; Sibson, 1986; Cox et al., 1987; Badertscher
and Burkhard, 2000). (b) Recrystallization processes,
particularly via grain boundary migration, promote iso-
topic exchange between fluid and rock (Kirschner et al.,
1995; Abart and Ramseyer, 2002; Nakamura et al.,
2005). (c) Dissolution, mass transfer along grain bound-
aries, and precipitation further enhance surface ex-
change (Criss et al., 1987; McConnell, 1995). (d)
Smaller grain sizes facilitate mass transfer along grain
boundaries and consequently the possibility of isotopic
exchange (Kirschner et al., 1995; Abart and Ramseyer,
2002; Nakamura et al., 2005). (e) Last but not least,
higher finite shear strains have been accommodated at
the thrust contact, which led to a longer time period
of fluid-rock interaction. Note that all these points are
also valid for the north but there, the isotopic signature
is diminished by the strong vertical fluid flow across the
thrust. However, all these points cannot explain, why
the isotopic composition of d13C is stabilized at a con-
stant value of 2& PDB at distances >1 m from the
thrust contact, while the calcite grain size still changes
(Fig. 10, see locations 6, 7). This discrepancy can either
be explained by a shallow imprint of fluids only, too
short time available for isotopic exchange, or changes
of fluid composition during shear zone evolution from
the HT to LT-SZ. Undeformed bleaching fronts as
well as newly nucleated second phases in the Loch-
seiten calc-mylonite, whose material comes via fluids
from the Verrucano, would rather argue for the latter
point.

(iii) Besides differences in isotopic compositions across the
shear zone, d18O shows different patterns than d13C in
southern profiles (Fig. 10). The composition of d18O
within the LT-SZ is constant indicating that isotopic
equilibrium was reached faster than for d13C and rea-
ches again constant values at distances >5 m from the
thrust contact. This discrepancy can be caused either
by faster exchange of 18O than of 13C, varying fluid
compositions during time, and/or a later overprint by
meteoric fluids. At the present stage it is unclear, which
of these points is most realistic.

7.6. Mechanical implications for the formation of the
HT- and LT-SZ

In terms of rock strengths, the recrystallized grain size
was used in the past to directly infer stress states by
paleopiezometry, where a decreasing recrystallized grain size
inversely correlates with stress (e.g. Twiss, 1977; Schmid
et al., 1980; Rutter, 1995). In case of natural calcite mylonites,
the paleopiezometric approach is problematic because the
aforementioned stabilization of recrystallized grain sizes via
grain growth and grain size reducing mechanisms (e.g. de
Bresser et al., 2001; Herwegh et al., 2005b) not only depends
on stress but also on temperature and strain rate (see also Aus-
tin and Evans, 2007). Moreover, the extrapolation of experi-
mentally obtained calcite flow laws, which are based on
a single deformation mechanism, bears severe complications
(see de Bresser et al., 2002; Renner and Evans, 2002 and ref-
erences therein). Promising with this respect are composite
flow laws, where the competition between different deforma-
tion mechanisms is allowed (e.g. Herwegh et al., 2005b). Fol-
lowing this approach, however, is beyond the scope of this
manuscript and will be presented elsewhere. For that reason,
we will restrict in the following discussion on relative changes
in rock strength only.

Strain rate estimates for the Glarus thrust are in the range of
10�10 to 10�11 s�1 (Schmid, 1975; Pfiffner and Ramsay, 1982;
Ebert, 2006). The reduction in shear zone width from south to
north (Figs. 5 and 9), for both HT- and LT-SZ, implies a vari-
ation in strain rate smaller than one order of magnitude along
the thrust at a specific deformation increment. However, a dis-
tinction of strain rates between HT- and LT-SZ is difficult to
obtain due to lacking age constraints. Two potential scenarios
can be considered for retrograde thrusting: (a) an increase in
strain rate due to reduction in shear zone width assuming
constant plate convergence rates and (b) a constant or even re-
duced strain rate requiring either changes in plate convergence
rates or a strain partitioning by activating additional shear
zones at different tectonic levels. Given the observed changes
in shear zone width, scenario (a) would imply an increase in
strain rate by one to two orders of magnitude, while no predic-
tions are yet possible for (b). However, the reduced shear zone
width and the change in deformation mechanisms at lower
temperatures indicate a deformation-induced work (the prod-
uct of stress and strain rate, see Austin and Evans, 2007)
that is dissipated within a smaller rock volume and finally
ends in form of the discrete brittle structures. This continuous
concentration of deformation must be related to the exhuma-
tion induced change in deformation temperature.

On the outcrop scale, the occurrence of different genera-
tions of veins embedded in a mylonitic matrix was interpreted
by Badertscher and Burkhard (2000) to reflect alternating
periods of ductile and brittle deformation. This interpretation
requires continuous brittle structures interconnected along
the entire thrust. In our point of view, this cannot be observed.
In contrast, veins and brittle fractures are spatially limited, em-
bedded in a mylonitic matrix, and reflect a temporal variation
in their activity. We therefore believe that fracturing and
plastic deformation occurred simultaneously. In other words,
fractures formed at single locations while at the same time my-
lonitization continued in the rest of the shear zone providing
a continuous supply of synkinematic veins during both ductile
HT and LT shearing. Such combined brittle and ductile



1180 A. Ebert et al. / Journal of Structural Geology 29 (2007) 1164e1184
deformation is not unique in case of the Glarus thrust and is
recently found to be rather common in crustal shear zones
(e.g. Fusseis et al., 2006).

The fracturing might be caused by local short time events
of seismic activity due to hydrofracturing, followed by time
periods of aseismic slip. This is also inferred in other thrusts,
like the McConnell thrust in Canada (Kennedy and Logan,
1997) as well as in recently active faults (e.g. Friedrich
et al., 2003). Besides the periodic repetition of seismic
events, earthquakes occur at different localities along a fault
with time (McCalpin and Nishenko, 1996), a point that
could explain the limited lateral expansion of cataclasites
at various locations along the Glarus thrust. Earthquakes
that occur periodically in deep crustal levels, where ductile
deformation should be predominant, confirm that brittle
events are possible under deformation conditions as inferred
for the Glarus thrust.

In terms of the evolution of the entire shear zone, Ba-
dertscher and Burkhard (2000) proposed that there is no evi-
dence for a continuous evolution from plastic to brittle
deformation with time. Although brittle structures like veins
and fractures evolved through the entire activity of the Glarus
thrust, our new results contradict the statement of Badertscher
and Burkhard (2000) because the continuously decreasing
grain size, the increasing twinning, and different generations
of recrystallized veins towards the thrust (Figs. 6 and 8) argue
all for an overall continuous transition from dislocation creep
dominated, over granular flow dominated, towards a pure brit-
tle deformation (cataclasites). This argumentation is further
supported by the overprint and local cross-cutting of the HT-
structures by the younger LT-SZ. After Ferrill et al. (2004)
the decrease in twin width and the increase in twin intensity
towards the thrust plane (Fig. 9), simultaneously with the ris-
ing twin density (Fig. 8) support a decrease of temperature
with time from >200 �C to <170 �C and therefore a change
from ductile to brittle deformation conditions. These tempera-
ture conditions are confirmed by several points: type I and II
twins after Burkhard (1993), which appear under conditions
of 150-300 �C, cataclasites, gouge material, and septum-like
structures.

In a large-scale point of view the question about the cause of
initial strain concentration along the HT-SZ and the subsequent
continuous localization of strain into the LT-SZ arises. Different
strain softening mechanisms could be listed with this respect, as
recently discussed by Burlini and Bruhn (2005). (i) Partial melt-
ing and metamorphic mineral reactions (e.g. Mazzucato and
Gualtieri, 2000; Cultrone et al., 2001), for example, can be ex-
cluded because of temperatures too low for both processes in
case of the Glarus thrust. (ii) Second phases as another possibil-
ity to reduce the grain size by pinning and therefore acting as
a softening parameter (also suggested by Olgaard, 1990) can
only be of minor importance in case of the Glarus thrust because
both pure as well as impure layers were affected in an identical
way by localization. (iii) Shear heating reflects another potential
candidate for strain weakening, but would require a temperature
rise of few hundred degrees in large-scale shear zones as
suggested by Brun and Cobbold (1980). Hence, a grain growth
induced larger grain size should be expected in the active shear
zone compared to the colder rock fabrics in the hanging and
footwall, which is not the case. Moreover, shear heating of sev-
eral tens to hundred degrees should be detectable with geother-
mometers, but until now, no temperature increase within the
shear zone is indicated. Besides these facts, it is questionable,
if under conditions of this study shear heating occurred, because
no experimental evidences for shear heating in the ductile field
exist so far (Burlini and Bruhn, 2005). (iv) Especially in terms of
the early formation of the shear zone, pre-existing mechanical
anisotropies have to be considered. In case of Helvetic nappes,
inherited zones of weakness like synsedimentary normal faults
that were formed at the passive continental margin of the Alpine
Tethys (Stampfli et al., 2002; Hänni and Pfiffner, 2001) and the
spatial distribution of rock types with different rheology acted as
initial weak zones, which determined the nappe stacking in the
Helvetic Alps (e.g. Wissing and Pfiffner, 2003). For the Glarus
thrust, the sequence of Flysch, carbonates and Verrucano pro-
vided strong rheological contrasts, which persisted over the en-
tire history of thrusting. We believe that the overall stress field
forced strain to localize preferentially within the carbonates at
their contact to the Verrucano due to these anomalies. However,
this contrast alone cannot explain the further strain localization
during cooling, which might be found in energetic consider-
ations. (v) The total energy input in a deforming volume is based
on the applied overall stress field and temperature. At peak meta-
morphic conditions, the total energy input allowed deformation
in the Glarus thrust in a large shear zone volume mainly by dis-
location creep. If temperature decreases within a constant over-
all stress field, the total energy input available for deformation is
reduced allowing dislocation creep dominated deformation in
a smaller rock volume only. As a consequence, the shear zone
width must decrease, as observed in the Glarus thrust. With con-
tinuously decreasing temperature, the total energy input be-
comes too low for dislocation creep. Therefore, a gradual
change to more granular flow dominated, and finally brittle de-
formation has to occur, enclosed with a further reduction in
shear zone width (e.g. Fig. 9; Herwegh et al., 2005b; Ebert,
2006). It is the described change in microfabric and shear
zone width, which allows to postulate this model for the Glarus
thrust. (vi) Strain localization in the aforementioned manner, ad-
ditionally is enhanced by synkinematic fluids due to faster diffu-
sion, dissolution and mass transfer, a reduced friction, and an
increased pore pressure resulting in a local and transient de-
crease in stress. The latter induced hydrofractring and the forma-
tion of synkinematic veins. Furthermore, the fluid flux would
have accelerated dynamic recrystallization cycles (see also Her-
wegh and Jenni, 2001; Ebert, 2006). The fact that the catacla-
sites and septum as youngest brittle structural elements are
vein-free and not deformed, suggest an end of fluid flux and
thrusting of the Glarus nappe at time of last cataclastic deforma-
tion. This in turn reveals that below a critical temperature and
break off of fluid flow as important weakening parameter, the
shear zone becomes rheologically too strong for further
deformation forcing large-scale strain to localize within an other
tectonic level in order to be able to accommodate further large-
scale compression.
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To summarize, strain localization is a continuous process in
a large-scale shear zone under retrograde conditions, where
the microfabric becomes adapted to the new extrinsic condi-
tions (e.g. reduced temperature) all the time. In turn, the mod-
ifications of the rock fabrics are based on changes in the
energy available, its work dissipation and the adaptation in
deformation mechanisms.

8. Conclusions

On first glance, the observations made in case of the Glarus
thrust are similar to conventional strain gradients suggested for
many shear zones. There, strain gradients evolve due to ongo-
ing shearing characterized by slightly deformed protoliths at
the rim of the shear zone, subsequent increase in mylonitiza-
tion towards the shear zone center ending in an ultramylonite
(Fig. 11 right side, e.g. see also Van der Pluijm, 1991; Busch
and Van der Pluijm, 1995; Molli and Heilbronner, 1999;
Bestmann et al., 2000). The resulting microfabrics typically
show bimodal grain size distributions for the protomylonites,
where the sizes of recrystallized grains and subgrains are sim-
ilar to the grain size in the shear zone center (e.g. Molli and
Heilbronner, 1999; Pieri et al, 2001; Bestmann and Prior,
2003). Furthermore, the grain relicts of the protoliths are
elongated and intensively twinned, while twinning in the ultra-
mylonite is low. For temperatures similar to those of this study,
mainly twins of type III and IV would be expected in these
relicts (Burkhard, 1993; Molli and Heilbronner, 1999). Addi-
tionally, core-mantel structures occur in the transition zone be-
tween protolith and mylonite (Van der Pluijm, 1991; Passchier
and Trouw, 1996; Bestmann et al., 2000). The ultramylonite in
the shear zone is characterized by steady state microfabrics
with an unimodal very small grain size with only slightly
elongated grains and strong CPOs (Van der Pluijm, 1991;
Busch and Van der Pluijm, 1995; Bestmann et al., 2000). Fur-
thermore, CPO intensities would increase continuously to-
wards the shear zone. However, the Glarus thrust shows
distinct differences. The most striking point is a relative differ-
ence in age between LT and HT parts of the shear zone, where
the latter are folded and locally cut off by the younger ones.
Furthermore, the calcite grain size, as well as the width of
the distribution decrease continuously towards the thrust plane
with an enhanced grain size reduction within the last few deci-
meters (Figs. 5 and 11). In fact, symmetric to slightly right-
sided skewed grain sizes across the whole Glarus thrust indi-
cate that dynamic steady state was reached in each part of
the localized shear zone. Simultaneously, the CPO intensity
increases towards the shear plane, but within the LT-SZ the
overall CPO intensity is reduced again (Figs. 7 and 11). While
mainly type I and II twins are abundant, the twin density in-
creases in an opposite manner as the calcite grain size de-
creases. The latest overprint under coolest metamorphic
conditions is evident in form of cataclasites and/or very thin
and sharp bands of gouge or very fine-grained calcitic matrix.
All these points contradict a simple shear strain gradient,
where the structures across the shear zone formed at the
same time. Note that retrograde strain localization, however,
does not exclude an increase in total strain and strain rate
towards the thrust plane. The special situation of the Glarus
thrust, involving a displacement as large as 50 km accommo-
dated within a relatively narrow zone over a long lasting defor-
mation history under peak and retrograde metamorphic
conditions, is due to the strong rheological contrast between
foot- and hanging wall. Such cooling induced localization
might be present in other mid-crustal shear zones as well, re-
quiring more detailed studies in this direction.
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