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Strain localization in the Morcles nappe (Helvetic Alps, Switzerland)
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ABSTRACT

Deformation in orogenic belts is frequently accommodated in calcite-rich
lithologies, owing to their relatively low strength, particularly compared to
quartz-rich rocks. Here, we investigate the coupling between calcite grain size,
the presence and mineralogy of second phases, and crystallographic preferred
orientation (CPO) in a transect through deformed limestones, perpendicu-
lar to the dominant foliation in the inverted limb of the Morcles nappe of
the Swiss Helvetic Alps. Calcite grain size becomes progressively finer as the
thrust contact is approached, and there is a concomitant increase in CPO in-
tensity, with the strongest CPO’s in the finest-grained, quartz-rich limestones,
nearest the thrust contact. To understand the distribution of strain and the
extent of strain localization, we compared the paleowattmeter and calcite flow
laws from laboratory studies to previously published observations of micro-

structure at a range of locations, with varying peak metamorphic tempera-
tures, along the Morcles nappe. The strain-rates predicted by extrapolation
of these laboratory relationships agree well with the geologic constraints. We
then applied the same approach to the samples from the present study. The
results indicate that strain became progressively localized towards the thrust
contact of the Morcles nappe, leading to an increase in strain rate of >1 order
of magnitude in a zone <0.50 m thick. For localization to occur system and/or
material softening is necessary. If dislocation activity is positively correlated
with CPO, then softening cannot have occurred by a complete transition to
diffusion creep in the finest grained samples. Rather, softening may have re-
sulted from the formation of CPO, possibly coupled with effects related to the
distribution of second phases and the overall geometry of the shear zone.

1 Introduction

Inelastic strains in lithospheric rocks, deformed during tec-
tonic processes, are often accommodated along narrow faults
and shear zones. For example, geodetic data show that global
strains are largely accommodated along a few localized features
(Kreemer et al.2000; Kreemer et al. 2003). Similarly, at the field
scale, structural geologists often conclude that lateral displace-
ments of up to several kilometers have been accommodated
in shear zones with widths of centimeters to meters (Boullier
& Quenardel 1981; Milton & Williams 1981; Harris et al. 1983;
Siddans 1983; Groshong Jr et al. 1984). Thus, the mechanics of
shear zones are an important element in geodynamics (Poirier
1980; Hobbs et al. 1990; Burg 1999; Rutter 1999; Montesi & Zu-
ber 2002; Burlini & Bruhn 2005).

Owing to the relatively low strength of calcite-rich rocks,
deformation during orogenic events is frequently localized
within limestones and marbles, particularly where these litholo-

gies are juxtaposed with quartz- and feldspar-rich rocks (Gro-
shong Jr et al. 1984; Pfiffner 1993; Kennedy & White 2001). The
Helvetic zone in western Switzerland is a useful location for
investigating the rheology of naturally deformed limestones.
The nappes that comprise this region are composed of Jurassic
to Cretaceous sediments that Burkhard (1988) attributed to ba-
sins within the Alpine Tethys, which were closed and inverted
during the Alpine orogeny, resulting in the formation of highly
localized shear zones in the limestones of the overturned limbs
of the nappes.

Motivated by the regional scale observations of Ebert et
al. (2007a), in this study, we undertook a dense and systematic
sampling of calcite mylonites in an ~12 m section of the inverted
limb of Morcles nappe, in the Helvetic Alps of Switzerland near
Saillon, just above the thrust contact with the autochthonous
cover of the Aiguille Rouge Massif (Fig. 1). Earlier studies pro-
vide substantial constraints on the stratigraphy, geometry, and
deformation history of the Morcles nappe and its eastern pen-

!Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA, 02139, USA.
2Institute of Geological Sciences, Bern University, CH-3012 Bern, Switzerland.

*Corresponding author: N. Austin. E-mail: naustin@mit.edu

Strain localization in the Morcles nappe 341



Morcles nappe

g

(48
550,

dant, the Doldenhorn nappe, at a regional scale (Badoux 1972;
Ramsay 1981; Ramsay et al. 1983; Dietrich & Durney 1986;
Burkhard & Kerrich 1988; Coward & Dietrich 1989; Dietrich
& Casey 1989; Ramsay 1989; Escher et al. 1993; Pfiffner 1993;
Crespo-Blanc et al. 1995; Kirschner et al. 1995; Kirschner et al.
1996; Burkhard & Goy-Eggenberger 2001; Bucher et al. 2003;
Herwegh & Pfiffner 2005). Detailed studies of the microstruc-
tures of deformed marbles from a range of locations along the
nappe also exist (Schmid et al. 1981; Dietrich 1986; Ebert et al.
2007a) (Figs. 1,2). Laboratory and field studies provide further
insight into the coupling between strength and such microstruc-
tural elements as grain size and crystallographic preferred ori-
entation (CPO) (Herwegh et al. 1997; Pieri et al. 2001a; Barn-
hoorn et al.2004; Herwegh et al. 2005). By observing the matrix
microstructure, matrix CPO, and the geometry and distribution
of second phases at this particular location, we aim to identify
and constrain the deformation mechanisms that operated, and
to understand the spatial and temporal distribution of strain
and strain rate in the shear zone.

2 Regional geology

The Helvetic nappes in western Switzerland are a stack of
folds that include, moving structurally upwards, the Morcles,
the Diablerets, and the Wildhorn nappes. This stack, in turn,
is overlain by the Ultrahelvetic nappes (Escher et al. 1993).
The Helvetic nappes were emplaced from top to bottom, and,
thus, the thrust surfaces of the upper folds were bent during the
emplacement of the lower ones (Trimpy 1973; Ramsay 1981).
The Morcles nappe, itself, is a NW-verging recumbent fold,
consisting primarily of Jurassic and Cretaceous shallow-water
limestones with intercalated shales and marls (Badoux 1972;
Epard 1990). The lower limb of this fold was inverted during
the Alpine orogeny (Pfiffner 1981; Ramsay 1981, 1989; Pfiffner
1993). During the period from early Oligocene to Miocene, the
recumbent-fold structure, which roots in the Mont Blanc mas-
sif, was thrust >10 km over the Aiguille Rouge Massif and its
cover of siliciclastic sediments and flysch units (Goy-Eggen-
berger 1998). The overturned limb of the nappe has been ex-
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Fig. 1. A schematic cross section along transect
A-B, from the map in the upper right hand cor-
ner, through the Helvetic nappes in southwestern
Switzerland (after Escher et al. 1993 and Ebert
et al. 2007a). Numbers correspond to sample
locations from Ebert et al. (2007a). This study
focuses on sample location 5 (Swiss Coordinates
578.950/113.500).

tensively sheared, resulting in axial ratios up to and exceeding
90:1 (Badoux 1972; Ramsay 1981; Siddans 1983; Dietrich 1989;
Dietrich & Casey 1989; Kirschner et al. 1996). In addition, there
was a late stage of brittle faulting and kinking associated with
uplift. The total displacement accommodated in the inverted
limb of the Morcles nappe varies from a maximum of 10-12 km
in the root zone, to zero at the front of the nappe (Pfiffner 1993;
Panien et al. 2005; Ebert et al. 2007a).

The peak metamorphic temperature at the toe of the nappe
was approximately 200 °C, with temperatures increasing lin-
early down-dip to greater than 350 °C in the root zone (Frey et
al. 1980; Kirschner et al. 1995; Burkhard & Goy-Eggenberger
2001; Ebert et al. 2007a) (Fig. 2). Folding of the sediments be-
gan before diagenesis was complete, resulting in the expulsion
of significant volumes of fluids (Kirschner et al. 1995). Rapid
burial to depths of 6-8 km occurred between 29 and 24 Ma,
producing peak metamorphic conditions, which were accompa-
nied by northward thrusting (Loup 1992; Kirschner et al. 1999).
As the nappe deformed, the shear zone narrowed, resulting in
a highly localized region of deformation (Ramsay et al. 1983),
accommodated, wholly or in part, by crystal-plastic mecha-
nisms (Schmid et al. 1981; Dietrich 1986; Ebert et al. 2007a),
until ~16 Ma. Thermal modeling suggests that temperatures
dropped by ~30-50 °C during thrusting (Kirschner et al. 1995;
Kirschner et al. 1996), and the last stages of deformation, during
exhumation, were probably accommodated by brittle faulting
(Burkhard & Kerrich 1988; Herwegh & Pfiffner 2005). Some
fluids flowed along the thrust contact during deformation, but
there is little evidence of fluid transport within the internal por-
tions of the nappe (Kirschner et al. 1999).

3 Outcrop-scale structures

Three distinct lithologies outcrop at the study location (Swiss
Coordinates 578.950/113.500), where the peak metamorphic
temperature has been estimated as 358 + 15 °C (Dietrich &
Casey 1989; Marquer et al. 1994; Kirschner et al. 1995; Burkhard
& Goy-Eggenberger 2001; Ebert et al. 2007a) (Figs. 1-3). The
structurally highest lithology considered here is the limestone
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Fig. 2. The variation in grain size and temperature along the inverted limb of
the Morcles nappe, using data from Ebert et al. (2007a). The numbers preced-
ing temperatures correspond to the locations highlighted in figure 1.

of the lower Urgonian. Rocks in this formation are gray and, on
average, consist of greater than 95 vol% calcite. Below this unit
are outcrops of upper Urgonian limestone, ~5 m thick, contain-
ing greater than 95 vol% calcite, which are distinguished from
the lower Urgonian by their white colour. Structurally below
this is a section of Gault limestone, >7 m thick, green in co-
lour, and containing up to 50 vol% quartz and chlorite. The
autochtonous Triassic cover sediments of the Aiguille Rouge
massif do not outcrop at this location. Throughout the study
area, stratigraphic layering is parallel to the dominant foliation,
which dips at 35-40° towards the ESE.

Oblique to the main foliation are progressive generations
of meso-scale shear zones (denoted by “loc” in Table 1), re-
sulting in imbrication of (a) lower Urgonian and upper Urgo-
nian (Fig. 3b, ¢), and (b) upper Urgonian and Gault (Fig. 3d).
Progressive generations of these features cross-cut each other
(Fig. 3b,¢), and are associated with isoclinal folding of the main
foliation (Fig. 3¢c), indicating that these features formed while
distributed deformation was still occurring throughout the
shear zone, and thus, are probably not related to brittle defor-
mation associated with uplift.

4 Microstructures within the Morcles nappe

Heavily sheared marbles in the lower limb of the Morcles
nappe show clear evidence that crystal-plastic mechanisms op-
erated (Ramsay 1981; Schmid et al. 1981; Ramsay et al. 1983;

Dietrich & Song 1984; Dietrich 1986; Ebert et al. 2007a): coarse
vein calcite is heavily twinned and recrystallized; matrix calcite
exhibits elongation (Schmid et al. 1981) and shows character-
istic recrystallization microstructures (Ebert et al. 2007a). In
addition, near the thrust contact, the matrix calcite contains a
distinct CPO, with c-axes oriented normal to the main foliation,
which parallels the shear-zone boundary, consistent with for-
mation during shear, rather than during initial folding (Schmid
et al. 1981; Dietrich 1986; Ebert et al. 2007a). Calcite grain
sizes decrease non-linearly from the root zone of the Morcles
nappe to the fold hinge, even when there is no evidence that
additional phases influence the matrix grain size (Ebert et al.
2007a). In addition, CPO intensity decreases as peak tempera-
ture decreases. The presence of second phases (i.e. minerals
other than calcite) results in reduced matrix grain size, but this
effect is more pronounced for samples containing sheet sili-
cates than for those containing rounded quartz grains (Ebert
et al. 2007a). CPO is also weaker in samples containing large
volume fractions of second phases (Ebert et al. 2007a). Those
authors found elevated dislocation densities in calcite grains
in the vicinity of sheet silicates, in samples with a weak CPO,
compared to calcite grains distal to sheet silicates in rocks with
strong CPO.

5 Methodology of new observations

Sampling

Specimens were collected along a transect normal to the pri-
mary foliation, over a distance of 12.55 m. When heterogene-
ity in the formation existed, additional samples were selected
from regions that were cut by the meso-scale shear zones or
that contained anomalously high or low second-phase contents,
to supplement those from nearby regions apparently homoge-
neously deformed. In total, 27 samples have been analyzed as
part of this study (Table 1). Although the autochthonous Trias-
sic cover of the Aiguille Rouge Massif does not outcrop at the
study location, we believe that the structurally lowest sample
(MOG18N1) is <1 m from the contact between the inverted
limb of the Morcles nappe and the Triassic, based on the thick-
ness of Gault at thislocation and on the foliation intensity of that
sample. All distances are given relative to sample MOG18N1,
and are considered estimated distances to the thrust contact.
Oriented sections were prepared parallel to the dominant lin-
eation and perpendicular to the primary foliation (i.e. the shear
plane), and were etched in dilute hydrochloric acid and acetic
acid in order to highlight grain boundaries and create relief be-
tween the calcite grains and second phases (Herwegh 2000).

Grain size and second-phase content

Calcite grain sizes were determined using the linear-intercept
method on reflected-light micrographs of the oriented, etched
samples. Average intercept lengths were measured both parallel
and perpendicular to the foliation. A factor of 3/2 was used to
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Table 1. Sample names; distance from MOG18N1 normal to the thrust contact, which we considered the estimated distance to the thrust contact; average calcite
grain size from linear intercept measurements (D,.), including a stereological correction of 3/2; mineralogy of second phases in the given lithology (usual abbre-
viations, Sh.Sil refers generically to sheet silicates), and the M-Index (Skemer et al. 2005) from crystallographic orientations obtained by EBSD. All samples are
from the Saillon cave (Swiss Coordinates 578.950/113.500). Lithology is given in the sample name: MOG refers to the Gault, MOU refers to the upper Urgonian,
and MOUg refers to the lower Urgonian. Zones of apparent localization, including the boundaries of the meso-scale shear zones are denoted with “loc”.

Sample Distance relative Dcc V4 Second Phases M-Index
to MOG18NI1 (m) (um) (um) (calcite)

MOG18N1 0.00 43-8.9 38-pure Qtz 0.19-0.49

MOG18N2 0.25 9.5-10.3 43-pure Qtz + Chl 0.10

MOGI18N3 0.75 13.3-15.1 460-pure Qtz + Chl 0.11

MOG18N4 1.05 6.5 69 Qtz + Chl 0.15

MOGI18NS5 1.35 10.1-11.1 47-72 Qtz + Chl 0.09

MOG18N6 225 11.3-11.4 67-142 Qtz + Chl

MOGI18N7t 2.75 12.0-12.7 146-206 Qtz + Chl

MOG18NS8 4.85 14.5-15.9 73-101 Qtz + Chl

MOG18N9 5.65 20.6-22.0 pure 0.21

MOG18N10t 7.25 14.3-17.2 778-895 Qtz + Chl

MOU18N18 7.60 224 pure

MOU18N19 7.63 22.5-24.1 pure

MOU18N21t 7.95 14.5-21.6 85-pure Sh.Sil +/- Qtz

MOU18N22 8.65 19.6-20.8 1776-pure Sh.Sil +/- Qtz 0.14

MOU18N22 loc 8.65 7.6-9.9 58-441 Sh.Sil +/- Qtz 0.07

MOU18N23 8.65 20.6-24.6 pure 0.14

MOU18N23 loc 8.65 7.5 86 Sh.Sil +/- Qtz 0.04

MOUI18N11 8.90 23.2-25.1 pure 0.08

MOU18N25 9.35 21.9 pure

MOU18N12 9.50 19.2-21.5 pure

MOUI18N14 9.50 15.6-21.8 169-pure Sh.Sil +/- Qtz 0.16

MOU18N24 9.65 18.1 pure

MOU18N13t 10.00 15.4-20.8 125-pure Sh.Sil +/- Qtz 0.09

MOU18N15 10.00 14.6-23.6 236-pure Sh.Sil +/- Qtz

MOU18N27t 10.25 21.1-26.5 pure

MOU18N17t 10.30 14.5-23.2 86-pure Sh.Sil +/- Qtz

MOU18N30 11.05 13.9-20.8 110-pure Sh.Sil +/- Qtz 0.04

MOU18N30 loc 11.05 11.8-14.7 79-pure Sh.Sil +/- Qtz

MOU18N28b 11.25 18.5-21.3 272-pure Sh.Sil +/- Qtz

MOUg18N29 12.55 18.1-26.2 73-pure Sh.Sil +/- Qtz 0.16

correct the average intercepts (Underwood 1970; Exner 1972).
The average grain sizes we obtained using this technique are
consistent with those obtained by area weighting equivalent
circular diameters of measured grain areas on samples from
the outcrop we are investigating (Ebert et al. 2007a). The size
and area of second-phase grains were determined by tracing re-
gions of high relief, as observed in reflected light, and measur-
ing the tracings using NIH ImageJ®. When second-phase grains
were in direct contact, they were treated as a single grain, be-
cause we were primarily interested in the influence of second
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phases in pinning matrix grain boundaries. We characterized
the dispersion of second phases by calculating a Zener param-
eter (Z) (Smith 1948; Nes et al. 1985; Olgaard & Evans 1986;
Humphreys & Ardakani 1996)

z=% (1)

BB

Here, d, refers to the grain or aggregate size of second phases,
and f, refers to the areal fraction of those phases. The expo-
nent, k, varies between 0.33 and 1 depending on details of the



Fig.3. A) The outcrop (location 5 in figure 1) where all
the samples were obtained for this study. The lithological
contact between the Gault and the Urgonian, which par-
allels the shear-zone boundary, is highlighted. The low-
ermost sample (MOG18N1) was taken from the back of
the cave, at the lower right of image, and the uppermost
sample (MOUg18N29) was taken from the outcrop near
the bushes in the upper left of the image. These two loca-
tions are separated by a distance of 12.55 m normal to the
thrust contact. The dashed box highlights the region shown
in figure 3b. B) The contact between the upper Urgonian
(white) and the lower Urgonian (grey). Notice the discrete
bands of lower Urgonian within the upper Urgonian (high-
lighted with arrows). The box corresponds to the location
of figure 3c. C) Evidence of the contemporaneous activity
of folding (see arrow) and localized shear (white dashed
line) (hammer for scale). D) A band of Gault (highlighted
with white dashed lines) imbricated into the upper Urgo-
nian. The box shows the location of samples MOU18N22
and MOU18N23 (human for scale).
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dispersion of pinning phases. Based on extensive microstruc-
tural observations, Ebert et al. (2007a) suggested that k =1 is
the appropriate exponent for calcite mylonites in the Morcles
nappe. But even withstanding that conclusion, Z should serve
as a relative measure of the dispersion of the second phases, for
which purpose it is used here. Second-phase mineralogy was
determined by observation in both transmitted and reflected
light. Wherever possible, observations were made in adjacent
bands of nominally “pure” and “impure” matrix.

Analysis of crystallographic preferred orientation

Crystallographic preferred orientation (CPO) was measured
by Electron Back Scatter Diffraction (EBSD) on the oriented
sections previously used for measurement of matrix grain size
and second-phase content. In many samples, several areas
within a given section were analyzed for both CPO and grain
size. Analyses were performed using a JEOL JSM 840 SEM
with HKL Channel 5+ software at the Woods Hole Oceano-
graphic Institution (WHOI), with an accelerating voltage of
15 kV, tilt of 70° and working distance of 23 mm. The beam
current was varied between 3e-7 and 3e-8 A. For each region of
investigation, ~200 individual grains were manually selected by
ensuring that the diffraction pattern was significantly different
than neighboring analyses. Each analysis was indexed using the
HKL software, accepting only fits with a mean angular devia-
tion (MAD) < 1.3.1In addition, each indexed pattern was manu-
ally checked. Analyses from 200 individual grains have been
shown to be sufficient to quantify texture intensity (Skemer
et al. 2005). Several samples were also analyzed using a Zeiss
EVO 50 SEM with TSL-EBSD system (OIM 4.5 software) and
automated data acquisition of >1000 points (step sizes 1-5 um),
at the University of Bern. The resulting crystallographic ori-
entations were indistinguishable from those obtained manu-
ally at WHOI. Pole figures were created using the program
PFch5 (D. Mainprice, pers. comm., 2007). They are presented as
lower hemisphere projections with Gaussian smoothing of 8.5°,
and are contoured for each multiple of a uniform distribution
(MUD) up to global maximum of 15. The texture intensity is
quantified with the M-Index (Skemer et al. 2005).

6 Microstructural observations

Matrix grain size

Three distinct trends in grain size are observed in the deformed
marbles in the inverted limb of the Morcles nappe (Figs. 4-6).
Most striking is the reduction in calcite grain size (D,.) with
decreasing distance to the thrust contact (Fig. 6a). Secondly, it
is well known that second-phase content may influence the ma-
trix grain size, and this effect has been copiously documented in
naturally deforming rocks (Mas & Crowley 1996; Krabbendam
et al.2003; Herwegh & Berger 2004; Herwegh et al. 2005; Ebert
et al. 2007a; Ebert et al. 2007b). In this study, samples from all
three units appear to cluster into one of two groups, those with
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Z greater than or less than 500 pm, respectively (Fig. 6). Note
that Ebert et al. (2007a) suggested that the transition from a
pinned to unpinned microstructure should occur at Z~200 pm
at our study location, although this boundary is not sharply
defined. Apparently, chemical variations between lithologies
do not influence the calcite grain size, and, in fact, Ebert et al.
(2007a) found no measurable difference in calcite chemistry
(e.g. Mn, Mg, Fe, and Sr concentrations) between the Gault
and the lower Urgonian at the location of this study. There is,
however, substantial local variation in the calcite grain size in
samples within the Urgonian, at distances greater than 7 m
from the thrust contact and with Z > 500 um, sometimes even
when there are no readily apparent second phases (Fig. 6b,
Z =2000 um samples). Finally, samples from the meso-scale
shear zones (Fig. 3) within the upper Urgonian have a reduced
grain size compared to the host rock (<0.01 m away) (Fig. 4c—d,
Fig. 6a-b, samples labeled “loc”), and compared to the grain
size predicted by the Zener relation (eq. 1, Fig. 6b).

Second phases

The mineralogy and distribution of second phases varies as
a function of primary lithology, and thus also distance to the
thrust contact. In the upper and lower Urgonian, second phases
are sheet silicates (Fig. 4a—d), with minor quartz (Fig. Se—f).
Second phases may be rare and broadly spaced (e.g., Fig. 4c),
or closely spaced and aligned with the primary foliation (e.g.
Fig. 4b). Along the boundaries of the meso-scale shear zones,
within the upper Urgonian, sheet silicates are often intercon-
nected at the thin-section scale (Fig. 4d). Within the Gault, sec-
ond phases are predominantly quartz and chlorite (Fig. 5a-d),
frequently occurring as fine-grained elongate aggregates, par-
allel to, and often defining, the primary foliation. The sample
closest to the thrust contact (MOG18N1: Fig. 4e, f) is unique
in that it contains quartz but no chlorite. In this sample, quartz
is either homogeneously mixed with the calcite (Fig. 4f), segre-
gated into bands (Fig. 4e), or present as large porphyroblasts,
around which the calcite clearly flows (Fig. 5b). Some layers
within this sample are the most quartz rich of any studied
(Fig. 4f) whereas other layers contain very little visible quartz
(Fig. 4¢). In the Gault, coarse-graine d quartz porphyroblasts
exhibit undulose extinction (Fig. 5b, d, f), but, in both the Gault
and the Urgonian, fine-grained quartz embedded in a calcite
matrix frequently shows uniform extinction (Fig. 5a, ¢). Proxi-
mal to the thrust contact, coarse-grained quartz porphyroblasts
also appear to be fractured (Fig. 5b).

Crystallographic preferred orientation (CPO)

In all samples, calcite c-axes are preferentially oriented ap-
proximately normal to the thrust contact, and a-axes form a
girdle in the shear plane (Fig. 4). Samples from the upper and
lower Urgonian, with a range of second-phase contents, display
back rotation of the calcite c-axes and a-axes with respect to the
shear direction (Fig. 4a, b). Such rotations are not seen in finer-
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in figure 3d, at the tip of the imbricated layer of Gault within the upper Urgonian. C) Upper Urgonian, approximately 10 mm away from the imbricated Gault
layer, containing a very low proportion of second phases whereas D) is from the sheet-silicate rich contact between the imbricated layer of Gault and the upper
Urgonian. E) and F) are from the lowermost sample we collected, which is the nearest sample to the thrust contact (see main text). The dominant second phase
in this sample is quartz, and the difference between the images is the proportion of quartz.
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grained calcite near the thrust contact (Fig. 4e, f). The r-poles
are moderately inclined to the shear plane, and are sometimes
evenly distributed around the c-axes (Fig. 4a, ¢.f), but in those
samples with the strongest preferred orientation (MOG18N1),
they form 3 distinct point maxima (Fig. 4e, f). These patterns
are similar to those observed by Bestmann et al. (2000) in de-
formed marbles on Thassos, Greece.

The samples taken from closest to the thrust contact have
a stronger preferred orientation, quantified using the M-Index
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Fig. 5. Transmitted light micrographs of second
phases within fine-grained, recrystallized calcite,
all shown with a top to the right sense of shear.
A-B) Quartz (Q) within sample MOGI18NI,
from closest to the thrust contact, C) Quartz
(Q) and chlorite (Chl) within MOG18N2,
0.25 m above MOG18N1, D) Quartz (Q) within
MOG18N4, from 1.05 m above MOG18NI1, E)
Quartz (Q) within MOU18N14, from 9.50 m
above MOGI18N1, and F) Quartz (Q) within
MOU18N17t from 10.30 m above MOG18N1.

(Figs. 4,7a) compared to all samples from distal to the thrust
contact. The degree of preferred orientation is reduced with
decreasing calcite grain size (Fig. 7b). However, there are two
distinct trends: (a) the samples from <1.05 m above the thrust
contact, and (b) all remaining samples. The former gives rise
to the increase in CPO intensity proximal to the thrust con-
tact. In samples distal to the thrust contact, the fine-grained
regions bounding the meso-scale shear zones have a reduced
CPO intensity compared to the coarser-grained calcite which
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Fig. 6. Variations in grain size as a function of A) estimated distance to the thrust contact, and B) Zener parameter (see section 5.2). The shaded boxes in A)
represent the lithologic variations, and the corresponding variations in second phase mineralogy. Samples in A) are distinguished based on Z, using a cutoff of
Z =500 pm, while in B), distances to the thrust contact are highlighted. In both plots, samples obtained from meso-scale shear zones (labeled “loc”), based on
field observations, are also highlighted. Z = 2000 um refers to samples with no second phases visible in the micrographs that were analyzed.
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bounding the meso-scale shear zones.

hosts them (Fig. 4c, d). The trend of these features on a plot of
M-Index vs. calcite grain size (Fig. 7b) is similar to that for all
samples distal to the thrust contact. The sample from closest
to the thrust contact, and that from 0.8 m away, also exhibit
reduced CPO intensity with decreasing grain size (Fig.4e, f,
7b). However, despite having grain sizes similar to the fine-
grained regions bounding the meso-scale shear zones (Fig. 6b,
7b), these samples have dramatically stronger CPO’s (M-Index
up to 0.5 compared to <0.05 for the samples from the meso-
scale shear zones) (Fig.4,7). Note that the sample from 0 m
(MOG18N1) contains quartz, but no sheet silicates, whereas
all other fine-grained samples contain sheet silicates (including
chlorite) + quartz (Fig. 7).

7 Discussion

Deformation mechanisms

At the Saillon cave, at all distances from the thrust contact of
the Morcles nappe, matrix-calcite grains have crystallographic
preferred orientations (CPO) with c-axis maxima normal to, or
slightly antithetically rotated from, the shear plane, and with
a-axes distributed within the shear plane. Antithetic rotation
of calcite c-axis maxima has also been observed in the Morcles
nappe, near Saillon, by Schmid et al. (1981), a pattern that has
been attributed to e-twinning, resulting in the alignment of cal-
cite c-axes with the greatest compressive stress (c;) (Schmid
et al. 1987). Pieri and coworkers (Pieri et al. 2001a; Pieri et al.

2001b) suggested that calcite c-axes progressively rotate during
shear deformation, becoming perpendicular to the shear plane
with increasing strain. Grains with c-axis maxima normal to the
shear plane are preferentially oriented for basal slip (Barber
& Wenk 1979; Paterson 1979; De Bresser & Spiers 1993; De
Bresser & Spiers 1997; Bestmann et al. 2000; Barber et al. 2007),
and the spread of a-axes within the shear plane may be caused
by duplex slip in the basal plane (De Bresser & Spiers 1997,
Bestmann et al. 2000; Barber et al. 2007). The strong preferred
orientation of r-poles (particularly in sample MOGI18NT1;
Fig.4) can result from simultaneous activation of all three of
c-slip, r-slip, and e-twinning as observed in calcite single crystals
deformed in both compression and torsion (Wenk et al. 1973;
Paterson 1979; De Bresser & Spiers 1990; Wang et al. 1996; Bar-
ber et al. 2007). However, we did not quantify the densities of
twins, which are not common, particularly in the finest-grained
samples (Fig. 4e).

There are two trends of CPO intensity: at a given distance
from the thrust contact, M-Indices increase with increasing
grain size, particularly in samples distal to the thrust contact
and from rocks bearing sheet silicates (Fig. 6). As the distance
from the thrust contact varies, the M-Indices, while quite scat-
tered, are roughly constant, except for samples closest to the
thrust contact, which exhibit M-Indices between 0.25 and 0.5.
The former trend may indicate that a greater proportion of the
bulk strain rate was accommodated by grain-boundary sliding
in finer grains, that the fine grains, on average, record smaller
strains, or that the correlation between total strain and M-Index
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Table 2. Grain-size evolution relationships and parameters used to model the Morcles nappe. Labels correspond to those used in the text and in figures. K,
Q,, and p are the constants in the normal grain-growth equation, y is the average grain-boundary energy, c is geometrical constant, and A is the proportion of
mechanical work associated with dislocation creep that is not dissipated, and is thus stored in the microstructure.

Label Grain Size Reference Parameters Reference
(Scaling Relationship) (Scaling Relationship) (Parameters)
-0, ) _
K exp| —=|pTcy .
AE07 g ¢ RT (Austin & Evans 2007) K, =2.5¢9 (umrs) (Covey-Crump 1997)
' proé,,
Q, =175 kJ/mol
&,
ﬁ — .dIS p= 3
gto!
y=1Jm? (Austin & Evans 2007)
c=T7
A=0.1
$1980 d,=Bc™ (Twiss 1977) B =10%% (Schmid et al. 1980)
(um MPa™)
q=0.9767
R1995SG d,=Bc™ (Twiss 1977) B =103 (Rutter 1995)
(um MPa™)
q=114

differs between coarse and fine-grained rocks. In close proxim-
ity to the thrust contact, the carbonates are quartz-bearing; and
these, the finest-grained rocks, have the highest CPO intensi-
ties. If dislocation activity and CPO intensity are positively cor-
related (Rutter et al. 1994; Barnhoorn et al. 2004; Warren &
Hirth 2006; Mehl & Hirth 2008), deformation within the finest-
grained rocks cannot be supposed to have been dominated by
diffusion creep, however, we cannot rule out some component
of grain-boundary sliding (e.g. Schmid et al. 1987). Measure-
ments of misorientation between neighbouring grains may be
used to gain insight into the role of grain-boundary sliding, as
well as active slip systems (Bestmann & Prior 2003), but owing
to the fine grain size of the Morcles samples, we were unable to
perform correlated misorientation measurements.

Pore fluids

To this point, we have neglected the role of pore fluids. As has
been well documented by Kirschner et al. (1999), fluid flow was
focused along the thrust contact of the Morcles nappe for most
of its deformation history. Several authors suggest that water
fugacity has little influence on the kinetics of dislocation creep
in calcite, both in the laboratory (Rutter 1972; De Bresser et al.
2005) and in natural mylonites (Schenk et al. 2005). But high
water pressures will influence pressure solution/fluid-assisted
mass-transfer processes (Paterson 1995). At the Saillon cave,
the role of fluids likely influenced the formation of the meso-
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scale shear zones (Fig. 4c, d), which are frequently associated
with variably recrystallized veins, have elevated concentrations
of sheet silicates, and have the lowest CPO’s we observe. Mass
transfer in fluids also occurred near the thrust contact, as both
quartz and calcite veins are present in the Gault. However,
the strong CPO’s near the thrust contact at our study location
probably indicate that dislocation creep, rather than pressure
solution, was the dominant deformation mechanism.

Power dissipation and strain-rate estimates

From grain-size to strain-rate: The paleowattmeter

Grain-size responds to thermodynamic driving forces through
the processes of dynamic recrystallization, normal and ab-
normal grain growth, and chemically induced grain-boundary
migration (Urai et al. 1986; Atkinson 1988; Drury et al. 1989;
Humphreys & Hatherly 1995; De Bresser et al. 1998; Evans et
al. 2001). Many studies suggest that the average grain size at
steady state during dynamic recrystallization (d,) is indirectly
related to differential stress (G) to a power (g) that is of or-
der of unity (Table 2, eq. S1980, R1995SG) (Twiss 1977; Twiss
& Sellars 1978; Guillope & Poirier 1979; Karato et al. 1980;
Schmid et al. 1980; Gleason et al. 1993; Rutter 1995; Stipp et
al. 2001). The mechanism by which steady state is achieved is
a topic of some discussion (Guillope & Poirier 1979; Karato et
al. 1980; Etheridge & Wilkie 1981; Sakai & Jonas 1984; Urai et



al. 1986; Derby & Ashby 1987; Derby 1991, 1992; Van Der Wal
et al. 1993; Rutter 1995; De Bresser et al. 1998; Shimizu 1998;
De Bresser et al. 2001; Ter Heege et al. 2002; Hall & Parmen-
tier 2003; Montesi & Hirth 2003; Ter Heege et al. 2005). Some
authors have suggested that the stable average grain size rep-
resents a balance between the rates of reduction by dynamic
recrystallization and of normal grain growth (Derby & Ashby
1987; Derby 1991, 1992; Kameyama et al. 1997; Shimizu 1998;
Braun et al. 1999; Shimizu 1999; Hall & Parmentier 2003). De
Bresser and coworkers (De Bresser et al. 1998; De Bresser et
al.2001) concluded that this balance might cause the aggregate
grain-size to stabilize at a value for which the strain rates owing
to dislocation creep and to diffusion creep are equal.
Recently, Austin & Evans (2007) suggested that the grain-
size reduction rate during deformation is controlled by the rate
that mechanical work is done, and the ability of the rock to
either dissipate or store this energy. During deformation, the
rate that mechanical work is done per unit volume (power) is
the product of stress and strain rate (note that “stress” refers to
“differential stress”). The rate of energy input into the system
must be balanced by the rate of increase in the internal energy
of the system plus the rate that energy is dissipated, which is
largely related to heat production and/or other increases in en-
tropy. Because decreased grain size implies increased stored in-
terfacial free energy, Austin & Evans (2007) suggested that the
magnitude of d,,y,.;,, is proportional to the rate of mechanical
work done on the deforming rock. The existing laboratory data,
although sparse (e.g. Karato et al. 1980; Walker et al. 1990) sug-
gest that all of the power input during diffusion creep is com-
pletely dissipated, whereas some fraction of the power input
during dislocation creep (M) is stored in the material. Grain-
size reduction rates will be enhanced by the increased effi-
ciency of storage, as well as by the relative partitioning of the
total strain rate between dislocation creep and diffusion creep.
As suggested previously (Kameyama et al. 1997; Braun et al.
1999; Hall & Parmentier 2003), we assume a balance between
the rates of static grain growth and reduction by dynamic pro-
cesses: d,y, = dg,,,mh —d s gucion> Where d.oeion 1S explicitly nega-
tive. The scaling relationship that results, a paleowattmeter,
predicts a stabilized grain size (Table 2,eq. AE07) that is a func-
tion of: vy, the specific grain-boundary energy, B, the fraction
of the work partitioned into dislocation creep (o€,,/G¢,,); A,
the fraction of that mechanical work stored as internal energy;
and K,, Q,, p, the constants in the normal grain-growth law

(d"—-d’ =K exp < At, Table 2) (Evans et al. 2001;
’ # RT

Austin & Evans 2007).

Thus, in this model, recrystallized grain sizes provide infor-
mation regarding the rate that mechanical work is done dur-
ing deformation, or the product of stress and strain rate, rather
than stress alone. By incorporating the appropriate flow laws
into the paleowattmeter (Table 2, eq. AE07), stress and strain
rate are simultaneously obtained from the measured grain sizes
and measured/estimated thermal conditions during deforma-

tion. When published grain-growth laws and dislocation creep
flow laws are incorporated into the paleowattmeter, grain sizes
obtained in laboratory deformation experiments on calcite,
quartz, and olivine are successfully predicted. In the following
sections, we will test predictions from the paleowattmeter and
paleopiezometers against our observations from the Morcles

nappe.

Are microstructures indicative of deformation conditions?

For samples deformed in the laboratory at high temperatures,
it is sometimes difficult to distinguish microstructures formed
during static grain growth from those formed during defor-
mation. So, before applying the paleowattmeter and paleopi-
ezometers to the natural microstructure data, we consider the
possibility that grain sizes have been influenced by annealing
and grain growth after deformation. Fine recrystallized grains
are universally present, particularly in the coarsest-grained
samples (Fig.4a, c). Further, Herwegh and coworkers (Her-
wegh & Berger 2003; Herwegh et al. 2005; Ebert et al. 2007b)
argue that the grain size of rocks with varying second-phase
content, if annealed at similar conditions, will exhibit a positive
slope in d, — Z space (where d,is the stable grain size), for all Z
values, because grains will grow until they interact with a pin-
ning phase. The average grain size of our samples and those of
Ebert et al. (2007a) from this study location, do not vary with
Z when Z > 500 um (Fig. 6b). However, we cannot rule out the
possibility that some coarsening related to annealing occurred;
thus, incomplete coarsening might be responsible for some of
the scatter observed in calcite grain size for samples with no
visible second phases (Fig. 6b, Z = 2000 pm). Such coarsening,
if present, did not, however, proceed to the fully pinned state.
The strong correlation between grain size and distance to the
thrust contact also indicates that there has not been extensive
annealing.

An additional possibility is that the matrix grain size has
not reached a steady state, due to incomplete recrystallization.
However, two lines of evidence suggest that the measured re-
crystallized grain sizes are representative of the deformation
conditions. First, where calcite veins are present they exhibit
incomplete recrystallization, with recrystallized grains having
the same grain size as the matrix calcite (Fig.5). Herwegh et
al. (2005) made similar observations on the Doldenhorn nappe
and Gellihorn and Wildhorn nappes, and drew the same con-
clusion as we do here: measured grain sizes are indicative of
deformation conditions. Further, in the fine-grained, micritic
limestones of the Doldenhorn nappe (the eastern extension of
the Morcles nappe) grain growth seems to have occurred in
the matrix as grains in nearby veins were reduced with both
reaching similar final grain sizes (Herwegh et al., 2005). The
suggestion is that, not only are microstructures indicative of
the deformation conditions, but also that these microstructures
result from competing grain-growth and grain-size reduction
processes; an inherent assumption of the paleowattmeter. Sec-
ond at all distances from the thrust contact, the primary folia-
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Table 3. Calcite flow laws and parameters used to model the Morcles nappe. Equation labels correspond to those used in the text and in figures.

Label Flow Law Type Parameters Reference
. o . .
Rp £, = Ap0'2 exp| — exp(— Q”j Dislocation A, =2704 (Renner et al. 2002)
o, RT Creep (MPa?2s)
c=[,,+K,d"|[Tm-T]| (Peierls Q, =200 ki/mol
Law)
m, =05
K,=115
(MPa pm™ kK1)
5.=78
(MPa kK1)
Tm = 1600 (K)
Sdis & = A0 exp[— %J Dislocation Ay, =2511.9 (Schmid et al. 1977)
RT Creep (MPadis g-1)
ower Ny = 4.
(P as =47
Law)
Qgis = 297 kJ/mol
Sdif Eyp = Ay d" exp[— Q”J Diffusion Ay = 19952.6 (Schmid et al. 1977)
RT Creep (MPafndifs “mfmdifs Sfl)
Ngirs = 1.66
My, =—2.5
0 Qi = 209 kJ/mol
Wdif £y = Ayod " exp(— 4 J Diffusion Ay = 79432.8 (Walker et al. 1990)
’ RT Creep (MPa-ndity |ym-mdifw g-1)
Ny, = 1.7
Mg, = 1.9
0 Qui = 190 kJ/mol
Hdif Euyr = Ay o rd " exp[— WJ Diffusion Ay = 4.3¢7 (Herwegh et al. 2003)
' ’ RT Creep (MPa—ndifh pm-mdifh S—l)

ngp = 1.1
My, =-3.3
Quim = 200 kJ/mol

tion is approximately parallel to the shear zone, consistent with
the observations of Ramsay (1981), Schmid et al. (1981), and
Ebert et al. (2007a) that all of the limestones in the inverted
limb of the Morcles nappe are highly sheared, frequently exhib-
iting axial ratios of >90:1. Based on laboratory studies (Pieri et
al. 2001a; Pieri et al. 2001b; Barnhoorn et al. 2004), we expect
to find complete recrystallization at shear strains greater than
~10, well below the minimum strains in all of our samples. From
these constraints, we infer that variations in calcite grain size
correspond to variations in the conditions of deformation.

Stresses and strain rates along the inverted limb
of the Morcles nappe

We applied the paleowattmeter and paleopiezometers (Egs.
AEQ07,S1980, R1995SG, Table 2) to the data from samples with
Z > 500 pm from the upper Urgonian at various positions along
the Morcles nappe (Ebert et al.2007a) (Figs.2 and 8a). We limit
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our analysis to flow laws for fine-grained carbonates (Schmid
et al. 1977; Walker et al. 1990; Renner et al. 2002; Herwegh et al.
2003) (Table 3), as these are most applicable to the microstruc-
tures observed in the Morcles nappe. Note that the parameters
in these flow laws were obtained from experiments run to rela-
tively low strains in triaxial compression: we will address the
role of strain softening, as observed by Barnhoorn et al. (2004)
during high-strain torsion experiments on coarse-grained Car-
rara marble, in the next section.

If grain-growth parameters from Covey-Crump (1997) and
dislocation creep flow laws for synthetic marbles (Renner et
al. 2002) (Table 3, Rp) or for Solnhofen limestone (Schmid et
al. 1977) (Table 3, Sdis) are used, equation AEQ7 predicts val-
ues of o€, consistent with strain rates from dislocation creep
between 10-1° and 10-'? s~! (Fig. 8a, b). The total strain rate may
be estimated by using diffusion creep and dislocation creep
laws, and the assumption that £, = €,,+ €, (Ter Heege et al.
2004; Herwegh et al. 2005). For the dislocation and diffusion
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creep flow laws in table 3, the strain-rate profiles in figure 8b
are predicted for the length of the nappe. The predicted strain
rates are slightly faster (~10-!!' s™'), but still roughly consistent
with values constrained by the field structural data (Ebert et
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Fig.8. A) Calculated power (c¢,,) along the inverted limb of the Morcles
nappe, determined using the paleowattmeter (Austin & Evans 2007), based
on the peak metamorphic temperatures and measured calcite grain sizes from
samples with Z > 500 um from Ebert et al. (2007a), shown in gray diamonds.
The contours show predictions for constant dislocation creep strain rates of
1019, 10", and 10-'2 s at all locations, based on the flow laws of Renner et
al. (2002) (Rp) and Schmid et al. (1977) (Sdis). B) Total strain rates, predicted
along the inverted limb of the Morcles nappe, based on the average o€,
determined for each location using the paleowattmeter (eq. AE07) and the
flow laws listed in the legend (see Tables 2 & 3). C) The proportion of the
total strain rate that is accommodated by dislocation creep along the Morcles
nappe, based on the flow laws listed in the legend and in table 3,and the paleo-
wattmeter (AE07).

al., 2007a; 10" to 103 s'). The dislocation creep flow laws
of Renner et al. (2002) (Rp) and Schmid et al. (1977) (Sdis),
when coupled with a diffusion creep flow law for the same
material, Herwegh et al. (2003) (Hdif) and Schmid et al. (1977)
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(Sdif), respectively, both suggest that the total strain rate is
dominated by dislocation creep (Fig. 8c), consistent with the
CPO observations of Ebert et al. (2007a), particularly in the
higher temperature portions of the shear zone. But, if the dif-
fusion creep parameters from Walker et al. (1990) (Wdif) are
used with either dislocation creep flow law, diffusion creep is
predicted to dominate.

The paleowattmeter suggests that the power increased
from the root zone, reached a peak at distances of 12-14 km
from the fold hinge, and then progressively decreased towards
the hinge (Fig. 8b). Field relations indicate that the total dis-
placement accommodated across the inverted limb of the
Morcles nappe decreased progressively from ~12km at the
Saillon cave to 0 km at the fold hinge, and that the shear zone
narrows. Thus, strain rates are believed to remain roughly con-
stant along the shear zone (Ebert et al. 2007a). But, without
denser sampling along the shear zone, it is difficult to be more
precise.

At the lower temperatures estimated near the toe of the
nappe, it may be that deformation occurred, at least in part,
by other mechanical processes, e.g., granular flow, fracture,
or pressure solution. None of these processes are included in
the paleowattmeter or the composite flow law that we have
considered, so their presence might be responsible for the ap-
parent decrease in power and strain rate as recorded in the
grain sizes. CPO intensities also decrease towards the frontal
portions of the nappe (Ebert et al. 2007a), as might be con-
sistent with partitioning of strain into cataclastic mechanisms;
however, this decrease might also be caused by variations in
total strain. Also note that, at the temperatures and grain sizes
investigated in the Morcles nappe, the paleopiezometer cali-
brations of Schmid et al. (1980) and Rutter (1995) bound the
predictions of the paleowattmeter, when the dislocation creep
flow law of Renner et al. (2002) (Rp) is used. Variations in
the stress predicted by the several piezometers may arise ow-
ing to differences in technique used to the measure grain size
(Rutter 1995; De Bresser 2002). In this study, we simply use
the reported grain-size values, without attempting to resolve
differences in techniques.

Stress and/or strain rate variations normal
to the thrust contact

At the Saillon cave, in carbonate samples where grain-bound-
ary pinning is unlikely (Z > 500 pm), the paleowattmeter sug-
gests that significantly more power was dissipated near the
thrust contact (Fig. 9a). The fine-grained samples nearer to the
thrust contact also have the strongest CPO’s of any samples we
investigated (Fig. 4e, f, 7a), and, on average, the highest quartz
contents (Fig. 4-6).The reduced grain size, and increased power
closest to the thrust contact can be explained in two ways: 1)
there may have been temporal and spatial variations in stress,
or 2) the limestones nearest the thrust contact may have strain
weakened, resulting in progressive strain localization and in-
creased strain rates at constant stress.
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Using any of the flow laws (Table 3) and the paleowattme-
ter, we predict both elevated stresses and strain rates in the
finest-grained rocks closest to the thrust contact (Figs. 9b, c).
If this scenario is correct, stress must have varied temporally,
as mechanical considerations preclude contemporaneous stress
variations normal to the thrust contact in a simple thrusting
geometry. Stress variations may have occurred if there were
significant variations in the orientation of the lithological con-
tact between the inverted limb of the Morcles nappe and the
Triassic cover of the Aiguille Rouge massif, however, in outcrop
we see no evidences of any deviation from a simple, relatively
flat, thrust-fault geometry.

As with the variations along the inverted limb of the Mor-
cles nappe, the stresses along a profile normal to the thrust con-
tact predicted by the paleowattmeter and the dislocation creep
flow law of Renner et al. (2002) (Rp) are bound by the predic-
tions of the paleopiezometers of Schmid et al. (1980) (S1980)
and Rutter (1995) (subgrain: R1995SG). If, instead, the pale-
owattmeter, and the dislocation creep flow law from Schmid et
al. (1977) (Sdis) are used, stresses are approximately a factor
of 2-3 higher. Rutter’s grain boundary migration piezometer
(Rutter 1995) (not shown) predicts stresses of ~180 MPa in the
upper Urgonian, and stresses >450 MPa closest to the thrust
contact, in the Gault.

The limestones nearest the thrust contact are quartz-rich.
Experimental studies have shown that the addition of as little
as 5vol% uniformly dispersed quartz to fine-grained calcite
aggregates increases the strength of the material (Dresen et
al. 1998; Rybacki et al. 2003; Xiao & Evans 2003; Renner et al.
2007). However, it is difficult to envision this strength variation
resulting in contemporaneous stress variations across the shear
zone, when quartz-rich limestones (Gault) are juxtaposed with
pure limestones (Urgonian).

Temporal variations in loading geometry are mechanically
admissible. An alternative explanation might be that stresses
increased as temperature decreased (Kirschner et al. 1996).
Ebert et al. (2007a) have suggested that progressive localiza-
tion occurred under retrograde conditions. However, again
considering the juxtaposition of relatively pure and impure
limestones, we would expect elevated stresses to be recorded
in all microstructures, particularly in the pure limestones of the
Urgonian. Thus stress variations of a factor of ~3 recorded over
a spatial scale of less than 15 m seem unlikely.

We now consider a second, more plausible, scenario: the
increase in power closest to the thrust contact resulted from
strain weakening of the material, leading to an increase in
strain rate at constant stress. This hypothesis is consistent with
theoretical and experimental considerations of strain local-
ization (Hobbs et al., 1990; Rutter, 1999). If we assume that
stresses were constant in sections normal to the thrust contact,
then a >10-fold enhancement in strain rate in the rocks closest
to the thrust contact would be required to explain the power
predictions from the paleowattmeter (Fig.9a), regardless of
which dislocation creep flow law is chosen. For example, if the
stress was 35 MPa throughout the shear zone, the paleowatt-
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Fig. 9. A) Variations in the power associated with dislocation creep (o¢,;,) perpendicular to the thrust contact, based on predictions from the paleowattmeter
(AEO07) and the measured calcite grain sizes reported in table 1. The contours show the predictions for constant differential stress (as labeled) normal to thrust
contact using the dislocation creep flow laws of Renner et al. (2002) (Rp) and Schmid et al. (1977) (Sdis). B) Differential stress variations normal to the thrust
contact, based on the predictions of the relationships in table 2 (AE07, S1980, R1995SG). Stresses were determined from the paleowattmeter (AE07) using the
dislocation creep flow laws of Renner et al. (2002) (Rp) and Schmid et al. (1977) (Sdis) and from the paleopiezometers (S1980, R1995SG). The only plausible
mechanical explanation for this scenario is a temporal evolution in stress (though see text for a further discussion). C) Strain rate variations normal to the thrust
contact based on the paleowattmeter (AE07) and a composite flow law using either the parameters from Renner et al. (2002) (Rp) & Herwegh et al. (2003)
(Hdif) or Schmid et al. (1977) (Sdis & Sdif). The grey boxes correspond to the shear-zone thickness required, for the corresponding strain rate, to accommodate
the average regional displacement rate while the Morcles nappe was actively deforming. D) The proportion of the total strain rate that is accommodated by
dislocation creep perpendicular to the contact between the inverted limb of the Morcles nappe and the Triassic cover of the Aiguille Rouge massif, based on the
flow laws listed in the legend and in table 3. All calculations were performed assuming a peak metamorphic temperature of 358 °C.
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meter predicts strain rates nearly equivalent to those labelled
AEQ7RpHdif in figure 9¢c, whereas if the stress was 125 MPa,
the predicted strain-rate distribution is closer to that labelled
AEQ7SdisSdif.

Multiphase materials might weaken, particularly if the
stronger phase reorganizes into a foliation plane (Handy 1990,
1994; Ji et al. 2004; Barnhoorn et al. 2005), or if a strong CPO
is formed (Pieri et al. 2001a; Pieri et al. 2001b; Barnhoorn et al.
2004). In those studies on coarse-grained marbles, a 20-25%
weakening was observed at constant strain rate, equivalent to
a 3-4-fold enhancement of strain rate under constant stress
conditions. The rocks in the Morcles nappe have undergone at
least 5-10 times more total strain than even the highest-strain
experiments in the studies discussed above, and considering the
strength of the CPO’s in the samples from closest to the thrust
contact of the Morcles nappe, a 10-fold strain-rate enhance-
ment may not be unreasonable (Fig. 7a).

Based on the assumption that strong CPO’s indicate defor-
mation was dominated by dislocation creep, weakening cannot
have been related to a switch in deformation mechanism from
dislocation creep to diffusion creep, associated with grain-size
reduction. Both sets of flow laws we investigated also suggest
that deformation was dominated by dislocation creep (Fig. 9d)
even withstanding any assumptions regarding geometric weak-
ening.

Estimating the temporal and spatial evolution of strain

If the shear zone initially had a thickness of 50 m, and was de-
forming at a strain rate of 10->s™! (Ebert et al. 2007a), then the
regional displacement rate was ~1.6 mm/yr. This average slip
rate could accommodate the ~12 km of offset estimated for the
Saillon cave (Ebert et al. 2007a) in the ~8 ma that the inverted
limb of the Morcles nappe was actively deforming (Loup 1992;
Kirschner et al. 1999). Using the paleowattmeter (Austin &
Evans 2007), the dislocation creep flow laws of Renner et al.
(2002) (Rp) or Schmid et al. (1977) (Sdis), and the diffusion
creep flow laws of Herwegh et al. (2003) (Hdif) or Schmid et al.
(1977) (Sdif), the strain rates calculated at each distance from
the contact between the inverted limb of the Morcles nappe
and the Triassic cover of the Aiguille Rouge massif are consis-
tent with the shear-zone thicknesses required to accommodate
the regional displacement rate (Fig. 9c). Assuming the regional
displacement rates remained approximately constant during
thrusting of the Morcles nappe, this suggests that, in agreement
with Ramsay et al. (1983), with progressive thrusting, the active
zone of intense shear became narrower, and the microstruc-
ture is thus recording the peak strain rates at a given posi-
tion. If temperatures were lower than the peak metamorphic
temperatures, lower strain rates would be predicted from the
observed microstructure, thus requiring a broader shear zone
to accommodate the same displacement rate. For example, at
308 °C the AEO7RpHdif composite flow law predicts similar
total strain rates to the AE07SdisSdif composite flow law at
358 °C (Fig. 9¢).
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Several key uncertainties will influence this analysis. First,
as discussed above, there is significant uncertainty in the ab-
solute values of the temperature estimates for each location,
although the relative temperatures appear to be robust (Ebert
et al. 2007a). Secondly, the regional displacement rate might
have varied over time. Lastly, we do not, at present, have good
constraints on the total displacement accommodated by the
meso-scale shear zones, so we cannot quantify the fraction of
the regional displacement rate that these features accommo-
dated. Despite these uncertainties, the agreement between the
predicted distribution of strain rate and that required to ex-
plain the tectonic environment during nappe emplacement is
striking.

Implications for the emplacement of the Helvetic nappes

Reduced grain sizes are frequently observed in association
with mylonite shear zones, including in deformed limestones
throughout the Helvetic zone. For example in the Doldenhorn
nappe and Glarus thrust, Herwegh & Pfiffner (2005) and Ebert
et al. (2007b), respectively, documented similar grain-size pro-
files with decreasing distance to the thrust contact as we have
observed in the Morcles nappe. However, unlike in the present
study on the Morcles nappe where the strongest CPO intensi-
ties were found in the finest-grained limestone mylonites clos-
est to the thrust contact, these previous studies documented
reduced CPO intensities in the finest-grained rocks closest to
the thrust contact in both the Doldenhorn nappe (Herwegh &
Pfiffner 2005) and Glarus thrust (Ebert et al. 2007b). Earlier
workers have made similar observations on the Glarus thrust
(Schmid et al. 1977, Pfiffner 1982). All of these previous studies
attributed the correlation between fine grain sizes and weak
CPO intensities to a transition from dislocation creep domi-
nated deformation at coarse grain sizes to grain size sensitive
diffusion creep and/or dislocation creep accommodated grain
boundary sliding at finer grain sizes. However, both along the
Glarus thrust (Ebert et al. 2007b) and in the Gellihorn nappe
(Herwegh & Kunze 2002; Herwegh et al. 2005) fine-grained
layers with a strong CPO are found juxtaposed with layers hav-
ing a similarly fine grain size and a weak CPO. More detailed
work is necessary to quantitatively relate CPO intensity with
deformation mechanisms and mechanical properties; however,
these observations suggest that the mechanical evolution of
limestone mylonites may have differed between the different
Helvetic nappes, possibly resulting in variations in the temporal
evolution of the distribution of strain. If so, the mechanical his-
tory of the various Helvetic nappes may have been markedly
different, thus influencing the overall evolution of the Helvetic
zone, although much more work is required to quantify this
statement.

8 Conclusions

In samples where there is no evidence of second-phases influ-
encing the calcite grain size (Z > 500 um), there is a signifi-



cant reduction in calcite grain size, and concomitant increase
in CPO intensity with decreasing distance to the thrust con-
tact. When second phases are present (Z < 500 um), these
poison calcite grain-growth, resulting in a finer calcite grain
size.

We have used the paleowattmeter to estimate strain rates
within the inverted limb of the Morcles nappe. When the pal-
eowattmeter is applied to samples with Z > 500 um collected
previously from several locations along the nappe, the strain-
rates predicted using published flow laws are consistent with
estimates based on geologic observations. If the grain size along
a transect perpendicular to the thrust contact is interpreted by
the paleopiezometers, stresses are predicted to vary, and to be
higher closer to the thrust contact. However, due to mechani-
cal considerations, this scenario seems unlikely. If stresses are
assumed to be constant along the transect, the paleowattmeter
suggests material weakening, which is consistent with theoreti-
cal considerations pertaining to strain localization. Such weak-
ening might be associated with the formation of CPO and a
strong foliation, both of which are observed close to the thrust
contact. Further, our CPO observations suggest that deforma-
tion was accommodated by dislocation creep, despite the fine
grain size.

To fully understand strain localization in multiphase rocks,
more work needs be done investigating the coupling between
CPO formation, grain-size evolution, foliation development,
and rheological properties. Despite these uncertainties, the
deformation conditions predicted using the paleowattmeter
and calcite flow laws are in good agreement with both micro-
structural and regional scale observations along the Morcles

nappe.
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