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[1] We performed high‐strain torsion experiments on fine‐grained (≈4 mm) anorthite
aggregates in a Paterson‐type gas deformation apparatus. The dense hydrous (≈0.1 wt%
H2O) samples contain < 3 vol% Si‐enriched residual glass located at triple junctions.
Specimenswere twisted at constant rate to amaximum shear strain of about 5 at experimental
conditions of 100–400 MPa confining pressure, temperatures of 950°C–1200°C, and shear
strain rates of ≈2 × 10−5, 5 × 10−5, and 2 × 10−4 s−1. Resulting maximum shear stresses
at the sample periphery were in the range of ≈2–80 MPa. The samples showed strain
hardening at slow deformation rate and strain weakening at fast strain rate, respectively.
Fitting the stress strain rate data to a power law yields linear viscous behavior. Microstructural
analysis shows locally enhanced dislocation density, suggesting diffusion‐assisted and/or
dislocation‐assisted grain boundary sliding as the dominant deformation mechanism.
Deformed samples exhibit abundant cavities, nucleatedmostly at grain triple junctions and at
grain boundaries in response to cooperative grain boundary sliding. At shear strains ≥ 2,
growth and coalescence of the cavities form an anastomozing network of regularly spaced
strings oriented at about 30° to the direction of maximum compressive stress and ∼15° to the
shear plane. Strain is localized along these shear bands associated with a shape‐preferred
orientation of high‐aspect ratio feldspar grains and with segregation of initial pore fluids
(residual glass) into the bands. More than one third of the samples were deformed to terminal
failure that occurred suddenly at shear strains of ≈3–5. The experiments indicate that
cavitation damage may facilitate fluid flow and deep seismicity in highly strained shear
zones.

Citation: Rybacki, E., R. Wirth, and G. Dresen (2010), Superplasticity and ductile fracture of synthetic feldspar deformed
to large strain, J. Geophys. Res., 115, B08209, doi:10.1029/2009JB007203.

1. Introduction

[2] Creep tests performed on metals and ceramics at
ambient pressure are often terminated by fracturing. Fracture
mechanisms depend on temperature and applied stress and
may be depicted in fracture mechanism maps analogous to
creep deformation mechanism maps [Ashby et al., 1979;
Gandhi and Ashby, 1979]. At low temperature and high
stress, the micromechanism of (brittle) fracture is dominated
by cleavage and intergranular fracture associated with the
nucleation and propagation of (preexisting) microcracks. At
high temperature, the nucleation and growth of voids and
cavities coupled with intracrystalline plasticity or diffusion
processes lead to transgranular or intergranular creep frac-
tures. Commonly, voids form at inclusions and second‐phase
particles, and cavitation refers to the formation of small pores
along grain boundaries. The interaction of varying dam-
age mechanisms leading to unstable rupture during high‐
temperature creep is still poorly understood in metals and

ceramics and has not yet been investigated in detail in geo-
logical materials.
[3] Despite widespread evidence for dilatant crack damage

and channeling of fluids in the deep crust and upper mantle
[Huenges et al., 1997], it is commonly assumed that elevated
pressures suppress cavitation in mylonite shear zones
[Paterson, 1990; Landuyt and Bercovici, 2009]. This infer-
ence is based on the observation on metal alloys where cavity
nucleation and growth are suppressed at hydrostatic pressures
on the order of the flow stress [Bampton and Raj, 1982;
Nicolaou and Semiatin, 2003; Pilling and Ridley, 1988; Zaki,
1998]. In silicates, cavitation was observed in compression
experiments performed at atmospheric pressures to axial
strains > 10–20% [e.g., Nair et al., 2001]. Cavitation at
pressures significantly higher than the flow stress was first
observed in synthetic fine‐grained calcite samples using the
split cylinder technique [Walker et al., 1990] and in synthetic
fine‐grained anorthite‐diopside aggregates, deformed by
grain boundary sliding in torsion [Dimanov et al., 2007].
[4] In nature, locally dilatant creep damage has been

repeatedly suggested to occur in fine‐grained high‐strain
ultramylonites [White and White, 1983; Behrmann, 1985;
Behrmann and Mainprice, 1987; Mancktelow et al., 1998;
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Zavada et al., 2007]. It is conceivable that cavitation may
contribute to an enhanced permeability and fluid flow local-
ized in shear zones that is frequently observed [Rutter and
Brodie, 1985]. Unstable ductile failure in mylonite shear
zones at the base of the seismogenic upper crust has been
suggested as a possible source mechanism for earthquakes
[Hobbs and Ord, 1988] and pseudotachylytes at great depth
[Austrheim and Boundy, 1994; Hobbs et al., 1986; White,
1996; Renshaw and Schulson, 2004]. Failure is often attrib-
uted to shear heating and/or dehydration reactions and pos-
sibly transient fluid pressure pulses. Strain‐dependent
accumulation of locally dilatant creep damage leading to
failure may provide an alternative mechanism.
[5] Here we focus on the rheology of feldspar aggregates.

Feldspar forms the major mineral constituent of rocks in the
lower continental crust. Several experimental studies were
recently conducted to examine the high‐temperature rheol-
ogy of fine‐grained pure feldspar aggregates [Tullis and
Yund, 1991; Tullis et al., 1996; Dimanov et al., 1998;
Dimanov et al., 1999; Rybacki and Dresen, 2000; Rybacki
et al., 2006]. These previous experiments were performed
in triaxial compression at low axial strain < 30%. At these low
strains, cavitation or ductile failure was never observed.
However, highly strained feldspar samples show strong
cavitation and rearrangement of pore fluids leading to cata-
strophic failure [Rybacki et al., 2008]. Here we describe
in detail the results of torsion experiments on fine‐grained
synthetic anorthite aggregates, deformed to high strain com-
parable to those attained in natural mylonites.

2. Starting Material

[6] Samples were fabricated using a commercially avail-
able, fine‐grained anorthite (An99) glass powder (grain size
d < 11mm) containing less than 1% impurities (Schott‐

Glaswerke, Germany). The predried powder (dried for 60 h at
800°C in air) was first cold‐pressed at 170 MPa axial stress
into iron canisters of 14 mm diameter and 30 mm length.
Pellets (Pl01, Pl02, Pl09–Pl12, and Pl38) were then isostati-
cally hot‐pressed at P = 300 MPa confining pressure and T =
880°C temperature for 0.5 h and subsequently at T = 1100°C
for 24 h. A second sample batch (PlT6) was first hot‐pressed
at 900°C for 2 h, followed by 20 h at 1150°C, using powder
predried for 60 h at 800°C in argon. This glass‐ceramics
approach resulted in fine‐grained and dense aggregates
(porosity ≈ 1%). After removing the jacket by dissolving in
acid, the aggregates were ground and polished to obtain
cylindrical samples of 10 mm diameter and a length between
1 and 10 mm (Table 1).
[7] The grain size of undeformed specimens was measured

with the line intercept method on thermally etched sections
(1100°C for 60 h) and analyzed with a scanning electron
microscope (SEM, Zeiss DSM 962). Grains are often pris-
matic with an aspect ratio of about 2.5. The mean grain size is
d = 3.7 ± 0.7 mm, calculated from mean intercept length and
using a stereological correction factor of 1.9 [Underwood,
1970]. Ultrathin sections show a homogeneous distribution
of grains within samples Pl01, Pl02, and PlT6, while samples
Pl09–Pl12 and Pl38 reveal a shape‐preferred orientation of
grains in spherulite‐like domains of about 1–2 mm in
size. Optical inspection of these domains with crossed
polarizers and compensated by a gypsum plate indicates a
crystallographic‐preferred orientation (texture) within the
domains. Transmission electron microscope (TEM, Fei
Tecnai™G2 F20 X‐twin) observations on focused ion beam
(FIB) thinned sections show twins, low dislocation densities
(<1012 m−2) including some subgrain boundaries formed by
dislocation arrays, locally antiphase boundaries, and few
fluid inclusions. Less than 3 vol% Si‐enriched residual glass
containing typically > 90 wt% SiO2 is located in grain triple

Table 1. Mechanical Dataa

Sample L0 (mm) DL (%) T (°C) P (MPa) _� (s−1) gmax tmax (MPa) n Q (kJ mol−1) Comment

Pl12_1 6.5 3.2 950 400 1.7 ± 0.3 × 10−5 4.0 54 1.1 ± 0.6 257 ± 5 failure
Pl11_3 6.5 11.2 1000 400 1.5 ± 0.3 × 10−5 4.0 22 0.8 ± 0.3 340 ± 62
Pl38_1 6.5 2.3 1000 400 1.7 ± 0.1 × 10−5 2.8 22 failure, 1 × back twist
Pl38_3 6.5 0.8 1000 400 1.7 ± 0.1 × 10−5 2.8 32 failure, 2 × back twist
Pl11_2 6.5 16.5 1050 400 1.4 ± 0.3 × 10−5 3.9 12 0.9 ± 0.2 282 ± 32
Pl01_b 10 1.6 1050 400 5.9 ± 0.1 × 10−5 4.3 70 0.9 failure
Pl10_1 6.5 9.5 1100 400 1.6 ± 0.1 × 10−5 4.2 11 1.0 ± 0.1 425 ± 52
Pl12_3 6.0 4.2 1100 400 4.5 ± 0.3 × 10−5 3.4 24.5 0.8 ± 0.1 401 ± 28 failure
Pl10_3 6.5 1.2 1100 400 2.3 ± 0.0 × 10−4 3.2 55 0.8 ± 0.1 321 ± 18 failure
Pl01_a 10 0.6 1100 400 2.0 ± 0.1 × 10−4 3.3 59 0.8 ± 0.1 328 ± 25 axial deformation
Pl02_b 10 0.5 1100 400 2.0 ± 0.1 × 10−4 3.4 77 1.1 ± 0.1 378 ± 53 axial deformation
PlT6_3 5.0 2.1 1100 100 1.7 ± 0.1 × 10−5 2.3 73 failure
PlT6_2 5.0 2.0 1100 250 1.7 ± 0.1 × 10−5 4.4 73 failure
PlT6_1 5.0 2.1 1100 400 1.7 ± 0.1 × 10−5 2.2 63 slipped
PlT6_4 5.0 2.2 1100 400 1.7 ± 0.1 × 10−5 3.4 78 failure
Pl09_1 6.5 16.5 1125 400 1.5 ± 0.5 × 10−5 3.8 7.2 1.4 ± 1.1 378 ± 58
Pl09_2 4.0 15.0 1125 400 1.4 ± 0.3 × 10−5 4.1 5.9 0.8 ± 0.2 436 ± 20
Pl09_3 3.0 8.7 1125 400 1.6 ± 0.3 × 10−5 4.4 3.9 0.8 ± 0.1 485 ± 40
Pl09_4 2.0 4.0 1125 400 1.7 ± 0.1 × 10−5 4.8 6.7 0.7 ± 0.1 264 ± 21
Pl09_5 1.0 −3.0 1125 400 1.8 ± 0.1 × 10−5 2.7 14 1.1 ± 0.1 262 ± 23
Pl38_2 1.0 −7.0 1125 400 1.9 ± 0.1 × 10−5 5.6 5.3 0.9 ± 0.2 330 ± 13
Pl10_2 6.5 8.3 1150 400 1.5 ± 0.1 × 10−5 4.3 5.5 0.8 ± 0.2 404 ± 81
Pl12_2 6.5 0.0 1150 400 1.5 ± 0.0 × 10−4 3.4 27 0.8 ± 0.1 461 ± 13 failure
Pl11_1 6.5 5.1 1200 400 1.6 ± 0.1 × 10−5 4.3 1.5 0.9 ± 0.3 438 ± 34
Pl02_a 10 1.3 1200 400 2.0 ± 0.1 × 10−4 4.4 35 1.0 ± 0.1 480 ± 40

aL0 is initial length,DL is maximum elongation, T is temperature, _� is maximum shear strain rate, gmax is maximum strain, n is average stress exponent, and
Q is average activation energy calculated from twist rate and temperature steppings.
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junctions and surrounding some fluid inclusions. Within
spherulitic domains, the glass partially wets grain boundaries.
The water content of samples predried in air is ≈0.17 ±
0.04 wt% H2O and that from the second batch predried in
argon is ≈0.08 ± 0.02 wt%H2O.Water content was estimated
with Fourier‐transformed infrared spectroscopy (FTIR,
Bruker IFS‐66v) using a molar extinction coefficient of
32 l(H2O) mol−1cm−1. The broad absorbance spectra indicate
water incorporated mainly as molecular H2O and hydroxyl
groups. The spot size of the infrared beam is about 60 mm
diameter and larger than the average grain size. This pre-
cludes estimating water content in the grain interior. We
expect higher water content along grain boundaries based on
measurements of embedded anorthite single crystals in sim-
ilar startingmaterial [Rybacki et al., 2006]. “Wet” samples are
assumed to be water‐saturated at experimental conditions.
Further details of sample preparation and characterization
are described in the works of Rybacki and Dresen [2000]
and Rybacki et al. [2006]. The water content of starting
material and deformed samples was similar within error
bars, indicating that no water was lost during the runtime
of the experiments.

3. Experimental Procedure

[8] We performed high‐strain torsion experiments on 26
samples at constant twist rate in a Paterson‐type gas defor-
mation apparatus at 100–400MPa confining pressure. A total
of 19 specimens was twisted at a peripheral shear strain rate
of ≈1.7 × 10−5 s−1, two samples at ≈5 × 10−5 s−1, and five
samples at ≈2 × 10−4 s−1 in a temperature range of 950°C–
1200°C (Table 1).
[9] The calculation of maximum shear stress and shear

strain (rate) at the outer sample surface from measured torque
and twist data taking into account sample elongation follows
the procedures described by Paterson and Olgaard [2000]
and Rybacki et al. [2003]. We estimated stress exponent n
and activation energyQ from stress and temperature stepping
tests, respectively. We assume that the deformation behavior
of the water‐saturated rocks can be fit to a power law of the
form

_� ¼ A�n exp �Qþ pV

RT

� �
d�mf pH2O

; ð1Þ

where _� is shear strain rate (s−1), A is a material‐dependent
constant (MPa−n−p mmm s−1), t is shear stress (MPa), n is
stress exponent, Q is activation energy (kJ mol−1), p is pres-
sure (MPa), V is activation volume (mm3 mol−1), R is molar
gas constant (kJ mol−1 K−1), T is absolute temperature (K),
d is grain size (mm), m is grain size exponent, fH2O is water
fugacity (MPa), and p is fugacity exponent.
[10] To calculate stress and temperature sensitivity n andQ,

respectively, we performed one to three twist rate and tem-
perature steppings during most runs. Twist rate was increased
or decreased three to four steps up to a factor of 4, and tem-
perature was stepped up or down 2–4 times in intervals of
10°C–20°C. In addition, most samples were unloaded and
reloaded 1–5 times per run at a given strain rate to correct
data for a latent zero‐drift of the torque cell and to measure
axial hit points to determine changes of sample length.
Six specimens with initial lengths between 1 and 6.5 mm

(Pl09_1.5, Pl38_2) were deformed at similar conditions to
evaluate a potential effect of specimen length on elongation
and localization. Two samples (Pl38_1 and Pl38_3) were
twisted back and forth, respectively, to study the evolution
of stress and microstructure upon reversing the shear
direction. To compare sample strength under different
loading conditions, two other samples (Pl01_a, Pl02_b)
were deformed axially after twisting.
[11] All samples were jacketed in iron sleeves with

≈0.34 mm wall thickness. Measured torque and angular dis-
placement (axial force and displacement) were corrected for
jacket strength and system compliance by means of calibra-
tion experiments on dummy specimens from similar material.
The error in the measurement of the stress is about 4%, of the
strain ≈1%, and of the temperature ≈0.3%, owing to preci-
sion of sensors and conversion procedures. The strain rate
decreases with increasing strain due to sample elongation.
The decrease in strain rate varies from ≈3% for specimens
with a total elongation of ≈1% to about 40% for a sample
with 16.5% elongation. Heating and cooling rates were
30°C/min, and samples were cooled to room temperature
under torque for microstructural investigations.

4. Results

4.1. Stress‐Strain Behavior

[12] Samples were deformed to maximum shear strains
between 2.8 and 5.6, supporting maximum shear stresses
between 1.5 and 77 MPa (Table 1). For conversion of mea-
sured torque to shear stress we used a mean stress exponent of
n = 1.1 as determined from twist rate stepping tests (Table 1).
About 40% of the samples were deformed to terminal failure.
No strain weakening was observed prior to failure. At tem-
peratures < 1200°C, specimens deformed at low strain rate
(≈1.6 × 10−5 s−1 and ≈5 × 10−5 s−1) show continuous hard-
ening with increasing strain (Figures 1a, 1b, and 1f). Samples
deformed at high strain rate (≈2 × 10−4 s−1) commonly reveal
steady state behavior or a slight weakening with increasing
strain (Figure 1c). Strength and strengthening/weakening rate
decrease with increasing temperature.
[13] As expected, for all but one sample, the mechanical

behavior was not affected by the initial sample length, sug-
gesting that end effects (friction, elastic distortion [e.g.,
Paterson and Wong, 2005]) are negligible for fine‐grained
specimens with length > 1 mm (Figure 1d). Reversing the
shear sense after a shear strain of about 2.8 results in a con-
siderable increase of strength and hardening rate (Figure 1e,
dashed line, sample Pl38_1). This effect is even more pro-
nounced upon repeated twist reversal (solid line, sample
Pl38_3). Sample strength and the shape of stress‐strain curves
do not depend on the applied confining pressure in the range
of 100–400MPa (Figure 1f). Note that samples prepared from
the second batch containing less water (PlT6_1–PlT6_4) are
noticeably stronger than those fabricated from the first batch.
[14] Two cylindrical samples (Pl01_a, Pl02_b) of 10 mm

length × 10mmdiameter were deformed in axial compression
subsequent to twisting to a shear strain of g ≈ 3.4. At first,
samples were axially shortened at constant load to ≈7% axial
strain and then at constant displacement rate to ≈32% total
axial strain until steady state stresses were achieved. To
compare data from axial compression and torsion tests, shear
stress and shear strain measured in torsion were converted to
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equivalent stress and strain assuming a von Mises yield cri-
terion [e.g., Paterson and Olgaard, 2000]. The data from the
two samples deformed both in torsion and compression are in
good agreement within sample to sample variation and indi-
cate a stress exponent of n ≈ 1 (Figure 2).

4.2. Flow Law Parameters

[15] Mean stress exponent n and activation energy Q
(Table 1) were determined from twist rate and temperature

steppings. Values represent an average of three to four indi-
vidual steps at low, intermediate, and high strain, respec-
tively. The low standard deviations for n (±20%) and Q
(±10%) show that these parameters remained rather
unchanged with increasing strain. However, the activation
energies estimated from temperature steps show a large
scatter between samples, ranging from 257 to 485 kJ mol−1

(Table 1). The Q values appear to increase with temperature
by about 75 kJ mol−1 per 100°C. This may reflect an

Figure 1. Smoothed stress‐strain curves of anorthite samples deformed in torsion at 400 MPa confining
pressure. The variations of strength with (a–c) temperature at three different strain rates, (d) sample length,
(e) reversal of twist sense, and (f) confining pressure. Samples that failed before deformation was stopped
are indicated by underlined temperature labels at each curve. All stress‐strain curves shown represent
smoothed curves for which the twist rate, temperature, and unloading cycles are erased for legibility. An
example of a complete curve including twist rate and temperature steppings is shown in thin dashed line
in Figure 1c. Test conditions are labeled in each plot. Samples shown in Figure 1f contain less water than
other samples.
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increasing contribution of grain boundary dislocation activity
with increasing temperature, although the stress exponent
remains close to 1. Significant dislocation accommodation at
high strains was observed in linear viscous creep of anorthite‐
diopside mixtures [Dimanov et al., 2007]. The mean stress
exponent of all samples is 0.9 ± 0.3 and the mean activation
energy is 371 ± 76 kJ mol−1.
[16] We estimated n and Q also by comparing torsion test

data from different samples at a similar strain of g = 3
(Figure 3). The resulting mean stress exponent is n = 1.1 ±
0.2, which is similar to the value obtained using stepping tests
performed on individual samples (Figure 3a). The mean
activation energy is Q = 202 ± 47 kJ mol−1, which is in good
agreement with the value of 170 ± 6 kJ mol−1 obtained by
Rybacki and Dresen [2000] on similar material in triaxial
compression tests (Figure 3b).

4.3. Sample Elongation

[17] For plastic deformation in torsion, the geometry of
samples should remain constant to large strain. However,
microstructural effects like a change of porosity, metamor-
phic reactions, or the evolution of a lattice‐ or shape‐preferred
orientation may affect the sample shape with progressive
strain. In most experiments, we measured the length of sam-
ples in strain intervals of g ≈ 1.5 by unloading and deter-
mining the axial touch point and final length after
deformation. Samples with initial length ≥ 6.5 mm elongate
up 16.5% with strain, in particular beyond g ≥ 1.5–2.0
(Figure 4 and Table 1). The increase of length appears less
pronounced at high strain rate and high stress irrespective of
temperature (Figures 4a and 4b), associated with minor strain
hardening at high strain rate. Sample elongation decreases
with decreasing initial length of < 4 mm. For 1 mm thick
samples, we observed up to 7% shortening (Figure 4c). Sam-
ples also shorten upon reversal of the shear sense (Figure 1e)
and when subjected to a small axial load of ≤ 1 MPa during
twisting (Figure 4d).

4.4. Macroscopic Deformation

[18] During deformation the diameter of most samples was
progressively reduced with increasing elongation. Volumet-
ric strain was not recorded during deformation, but matrix
porosity of samples measured after deformation remained
similar to the starting porosity. Sample deformation is
heterogeneous, marked by local necking and formation of
grooves parallel to the shear‐induced foliation on the sample
surfaces (Figures 5a and 5b). The foliation plane is defined
by the preferred orientation of the lath‐shaped grains that
developed with increasing shear strain. These features indi-
cate localization of strain that was previously observed in
high‐temperature torsion tests on two‐phase aggregates of
calcite‐quartz [Rybacki et al., 2003] and calcite‐anhydrite
[Barnhoorn et al., 2005].
[19] About 40% of the samples were deformed to final

failure at shear strains of < 5. The remaining samples were
used to monitor evolution of the microstructure prior to
failure. Fracture surfaces are typically helicoidal shaped,

Figure 3. (a) Apparent stress exponent n and (b) activation energyQ for anorthite twisted at different tem-
peratures and strain rates. Stress data are plotted at a shear strain of 3. For comparison, the short solid lines
show the results of axial (low strain) compression tests [Rybacki and Dresen, 2000], which are in excellent
agreement. Error bar is less than symbol size.

Figure 2. Steady state equivalent stress–equivalent strain
rate values in log‐log scale for two samples deformed at first
in torsion, then at constant load in triaxial compression, and
finally at constant axial deformation rate (solid symbols,
sample Pl01_a; open symbols, sample Pl02_b). Dashed line
indicates a stress exponent of 1.
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sometimes rupturing also the adjacent ceramic pistons. The
orientation b of these macrofractures varies from 5° to 32°
with a mean value of 20° ± 11° to the maximum principal
stress s1 and 25° ± 11° to the shear plane (Figure 5b). One
sample (Pl01_b) shows a fracture oriented parallel to s1 that
formed during a temperature decrease step (Figure 5c). In
contrast, thin samples show smaller cracks parallel to the
foliation (Figure 5d).

4.5. Microstructure

[20] The mean grain size (3.7 ± 1.2 mm) and estimated
average grain aspect ratio (≈2.5) remain relatively similar to
the starting microstructure. Samples Pl01 and Pl02 show a
slight bimodal grain size distribution where the size of large
and serrated grains is about twice the size of small grains. The
matrix porosity, measured on SEMmicrographs, is about 1%,
irrespective of strain, temperature, and strain rate.
[21] In torsion shear strain g increases linearly from zero at

the center of the solid samples toward the periphery. SEM
analysis of sections cut midway through the entire sample
parallel to their axis shows development of regularly spaced
higher‐porosity bands at g > 2 (Figure 6a). Sections parallel
to the sample axis close to the sample periphery (g ≈
0.94 gmax) show that these anastomozing bands are inclined
by about 10°–20° to the shear plane and 25°–35° to the

maximum compressive stress s1, respectively (Figure 6b). At
similar shear strain, bands appear less frequently in samples
deformed at high temperature, probably due to more efficient
diffusional mass transfer and accommodation [Dimanov
et al., 2007]. The orientation is almost independent of strain
revealing continuous rearrangement with progressive defor-
mation. At high strain, pores and cavities form at grain triple
junctions and grain boundaries (Figure 6d). Rotation of high‐
aspect ratio grains within the bands indicates progressive
shearing along the bands (Figures 6c and 6e). Outside the
bands the strain‐induced preferred alignment of the high
aspect ratio grains defines a strong foliation. The spherulitic
domains initially present in some samples progressively
disappear within increasing strain but slightly disturb the
regular spacing of porosity bands at lower strain. The for-
mation of a shape‐preferred orientation at constant grain
shape in combination with the occurrence of cavities suggests
cooperative grain boundary sliding [Zelin and Mukherjee,
1996]. In our experiments, the shear bands show an orienta-
tion and kinematics that are similar to those of C′‐type or
ECC (extensional crenulation cleavage) shear bands from
natural mylonite zones [Passchier and Trouw, 1996]. In
contrast, short samples with initial length of ≤ 3 mm show
almost no shear bands and less cavity damage.

Figure 4. Influence of strain on sample elongation during torsion deformation. The dependence of elon-
gation on (a and b) temperature at various shear strain rates, (c) initial sample length, and (d) twist reversal.
Arrows indicate twisting path. A small axial stress of ≤ 1 MPa was applied in two strain intervals indicated
by solid lines. Underlined labels denote final failure of sample.
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[22] Since the preparation and thermal etching of SEM
sections enhance cavity damage, we inspected ultrathin
sections of the shear bands using optical microscopy. SEM
observations on thermally etched samples revealed cavities at
grain boundaries and grain triple junctions. Ultrathin optical
sections and TEM observations show the presence of an
amorphous phase in many pores (Figures 6e and 6f). TEM‐
EDX analysis indicates that the pores are mainly filled with
Si‐enriched residual glass. In the undeformed samples, the
glass (<3 vol%) is homogeneously distributed but not wetting
grain boundaries (Figure 7a). In deformed samples, the glass
is segregated into the shear bands forming interconnected
tubules (Figure 7b). The boundary between the solid and the
glass phase is very sharp (Figure 7c) and often enriched in Si.
Open pores exist (Figure 7d) but are less frequent.
[23] The mean dislocation density is comparable to that of

the starting material. Locally dislocation densities are rela-
tively high (up to 5 × 1013 m−2). Similarly, recrystallized
grains form small clusters. Occasionally, subgrains are formed
by dislocation arrays (Figures 7d and 7e), which are often
limited by twin domains (Figure 7f). Similar to the starting
material, fine twins are abundant.

5. Discussion

5.1. Deformation Mechanism

[24] The flow stresses measured in high‐strain torsion
experiments at constant twist rate are in good agreement with
stresses measured in low‐strain axial deformation tests at
constant strain rate and constant load. The torsion tests
allowed to constrain the stress exponent to be n ≈ 1, indicating

that samples deformed by linear‐viscous creep (Figures 2
and 3).
[25] The mean activation energy of 202 ± 47 kJ/mol

(Figure 3b), estimated from tests covering a temperature
range of almost 250°C, is in good agreement with Q ≈ 170 ±
6 kJ mol−1 determined in axial compression tests on similar
material [Rybacki and Dresen, 2000; Rybacki et al., 2006].
Temperature steps of 10°C–20°C performed on individ-
ual samples yield a significantly higher mean value of 371 ±
76 kJ mol−1 and an increase ofQwith increasing temperature.
This activation energy is close to the value of ≈350 kJ mol−1

obtained for dislocation creep of wet fine‐grained anorthite
aggregates [Rybacki and Dresen, 2000; Rybacki et al., 2006].
However, the dislocation density after deformation is similar
to the starting material. It remains unclear why Q estimated
from temperature stepping is higher than the sample average.
It is conceivable that temperature steps induce a transient
period of enhanced dislocation activity. Possibly, the high
activation energy may be attributed to cavitation since the
formation of new surface requires additional energy as sug-
gested by Nair et al. [2001]. These authors deformed tabular‐
shaped anorthite mullite ceramics and found a high creep
activation energy and extensive cavitation.
[26] The mechanical data indicate that the fine‐grained

anorthite aggregates deform by Newtonian‐viscous creep
(n ≈ 1). The observed shape‐preferred orientation, constant
aspect ratio of the grains, and cavitation suggest that grain
boundary sliding contributed significantly to deformation.
The good agreement between the mechanical data from high‐
strain torsion tests and low‐strain axial compression tests
suggests that the dominating deformation mechanisms are
similar in both tests. The triaxial deformation experiments
revealed grain boundary diffusion‐controlled creep [Rybacki
and Dresen, 2000] with an assumed grain size exponent of
m ∼ 3 that is based on high‐temperature creep experiments on
synthetic plagioclase aggregates [Wang et al., 1996;Dimanov
et al., 1998]. Consequently, we assume that this mechanism
controls sample deformation also in torsion tests. Synchro-
tron X‐ray diffraction measurements on some twisted sam-
ples [Gomez Barreiro et al., 2007] showed the evolution
of a strong texture that may be explained by formation
of a shape‐preferred orientation, possibly assisted by grain
boundary dislocation activity.
[27] It is generally assumed that creep accommodated by

diffusion requires grain boundary sliding (GBS) to accom-
modate high‐strain deformation [Mori et al., 1998; Sahay and
Murty, 2001; Wang, 2000]. Models assuming diffusion‐
assisted GBS generally predict that the strain rate is
linearly proportional to the applied stress, whereas models
for dislocation‐accommodated GBS generally predict a
stress exponent n > 1 [Ashby and Verrall, 1973; Chokshi
and Langdon, 1991; Gifkins, 1977; Langdon, 1970; 2000;
Paterson, 2001].

5.2. Comparison With Other Studies on Cavitation
and Fluid Redistribution in Experimentally Deformed
Rocks

[28] The empirical Goetze criterion [Kohlstedt et al., 1995]
predicts that crack‐induced dilatancy is suppressed when the
differential stress is less than the effective confining pressure.
Walker et al. [1990] observed the formation of voids in HT‐
HP deformation experiments on fine‐grained synthetic calcite

Figure 5. Photographs of twisted anorthite aggregates.
(a) Inhomogeneous foliation of an intact sample (Pl10_1).
(b) Ductile failure of sample PlT6_4 that formed a macrofrac
oriented at an angle b of about 30° to the direction of maxi-
mum compressive stress s1. (c) Helicoidal shape of a fracture
plane that extended into the adjacent alumina pistons (sample
Pl_01b). (d) Foliation‐parallel mesocracks developed in
a deformed short sample (Pl09_4) with an initial length of
2 mm. Shear sense is dextral as indicated by arrows. Defor-
mation conditions are given Table 1.
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Figure 6. SEM (Figures 6a–6d) and optical (Figures 6e and 6f) micrographs of twisted anorthite samples.
(a) Longitudinal‐axial section showing the right half of a deformed sample. Cavity damage increases with
strain visualized by the onset of strings (whitish lines) at a shear strain above ≈2. Open (dark) cracks result
from decompression and cooling of sample. Figures 6b–6f show tangential‐longitudinal section close to the
sample surface. (b) At high strain anastomozing, regularly spaced cavity strings develop that are oriented
about 15° to the shear plane. The appearance of strings is enhanced by thermal etching, polishing, and
depressurization after testing. (c) Rotation of grains occurs in narrow synthetic shear bands (indicated by
dashed lines), which show abundant cavities that evolve at grain boundaries, and (d) grain triple junctions.
Comparison of a shear band (arrow) inspected with (e) crossed nicols and (f) transmitted light shows that the
string‐forming pore volume contains redistributed residual glass of the starting material (whitish spots in
Figure 6f). Scale bars and experimental conditions are labeled at the bottom of each figure. Shear sense
is indicated by arrows. Figures 6a, 6c, 6e, and 6f are for sample Pl12_1. Figure 6b is for sample Pl10_3.
Figure 6d is for sample Pl10_2.
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aggregates at high strain, which they attributed to grain
boundary sliding. The measured flow stress was about 5–
20 times lower than the confining pressure of ≈200 MPa.
[29] Plagioclase aggregates similar to the material of this

study were deformed at high temperature in linear viscous
creep and showed no significant cavitation at axial strains
up to about 15% shortening at 0.1 and 300 MPa pressure,
respectively [Wang et al., 1996; Dimanov et al., 1999;
Rybacki and Dresen, 2000]. Nair et al. [2001] observed
strong cavitation in synthetic anorthite aggregates with ≈10%
mullite added when deformed at ambient pressure. Cavitation
was suppressed at elevated pressures of 300 MPa. The
authors also found that cavitation was more pronounced for
aggregates with elongated grains compared to equiaxed
grains. Fine‐grained anorthite‐diopside aggregates with less
than 1 vol% residual glass deformed in torsion at low stresses
and a confining pressure of 400 MPa showed cavitation and
their coalescence leading to sample failure [Dimanov et al.,
2007]. Open voids and cavities formed preferentially at
interphase and diopside‐diopside boundaries. TEM obser-
vations suggest that grain boundary sliding was associated
with dislocation activity. The results suggest that cavitation
is enhanced in the presence of a second phase [Dimanov
et al., 2007].
[30] Redistribution of aqueous fluids from isolated pores

to grain boundaries was observed in triaxial compression
experiments at 1.4 GPa confining pressure on water‐added,
fine‐grained albite aggregates that deformed by fluid‐assisted
grain boundary diffusion creep and grain boundary sliding
[Tullis et al., 1996]. Flow stress was estimated to be less than
25 MPa. Torsion experiments on fine‐grained wet Dover
flint [Schmocker et al., 2003] showed evidence for granular
flow at shear stresses of about 1/3 to 1/2 of the confinement
(350 MPa). The authors suggested that deformation was
accommodated by diffusive mass transfer through the liquid.
At high strain a redistribution of pores along anastomozing
shear bands occurred. The bands were oriented about ± 25° to
the maximum principal stress direction. Previously, Holtzman
et al. [2003a, 2003b] and Kohlstedt et al. [2009] observed
melt migration into shear bands in deformation experiments
on synthetic olivine and anorthite aggregates containing
< 12% melt of MORB composition. The bands were oriented
about 15°–20° to the shear plane and ∼25°–30° to the maxi-
mum principal stress and formed at shear stresses between
50 and 150 MPa at 300 MPa confining pressure. The authors
suggest that melt segregation was driven by a fluid pressure
gradient. The low‐viscosity melt assisted in relaxation of
local stress concentrations, thus suppressing cavitation [Hier‐
Majumder et al., 2004; Kohlstedt et al., 2009]. In contrast,
we estimate the viscosity of the residual glass in our samples
to be about 3 orders (for anorthitic melt) to 10 orders (for

Si‐enriched melt) of magnitude higher than MORB at exper-
imental conditions [Hui and Zhang, 2007].
[31] Our experiments indicate that cavitation evolves

during high‐temperature creep of geologic materials at flow
stresses that are significantly smaller than the effective
confining pressure. This is in striking contrast to observations
on metals and alloys. For these materials, application of a
hydrostatic pressure on the order of the flow stress is found
to effectively suppress cavitation [Bampton and Raj, 1982;
Pilling and Ridley, 1988; Zaki, 1998; Nicolaou and Semiatin,
2003]. Grain boundary sliding likely contributes more sig-
nificantly to strain accommodation in rocks as more slip
systems are available in metals and alloys. In addition, the
presence of a pore fluid, second phases, or high‐aspect ratio
grains may prevent closure of newly created pores.

5.3. Sample Hardening and Elongation

[32] Samples deformed at slow strain rate (≈10−5 s−1)
show continuous hardening and elongation with increasing
strain. The hardening rate decreases above g ≈ 1 by 1 order
of magnitude with temperature increasing from 950°C to
1200°C. At constant torque, shear stress increases with
decreasing sample diameter cubed. Assuming constant sam-
ple volume, about 5–15% of the hardening may be attributed
to sample elongation and associated reduction of the sample
diameter.
[33] Although we were not able to record change of

porosity during deformation, measurements on deformed
samples indicate a total porosity of < 3%. Also, the matrix
porosity measured on some SEM sections in between cavity
bands remains at about 1% after testing. The resistance to
deformation can be expressed as tw = t − P·(d’/dg), where
P is the effective confining pressure and d’ is change in
porosity per increment in shear strain dg [Edmond and
Paterson, 1972; Fischer and Paterson, 1989]. A porosity
increase between ≈30% at 950°C and ≈1% at 1200°C would
be required to fully account for the measured hardening at
10−5 s−1 strain rate. This rules out that the observed hard-
ening is related to cavitation‐induced dilatancy, at least at
low temperatures.
[34] Grain growth during deformation will result in a

strengthening of the aggregates. The average grain size of
deformed specimens remains similar to the starting material,
but the statistical error is about 30%. An increase in grain size
between 40% and 60% would be required to account for
the hardening observed at slow strain rates, assuming a grain
size sensitivity of m = 2–3 [Gifkins, 1977; Dimanov et al.,
1999; Wang, 2000]. This suggests that only a fraction of
the observed hardening may be due to grain growth. Reversal
of the shear sense during the tests results in a significantly

Figure 7. TEMmicrographs of undeformed and deformed feldspar samples. (a) Si‐enriched residual glass (white arrows) of
the starting material that is homogeneously distributed at three and four grain junctions in undeformed and low strain regions
(b) rearranged in interconnected channels along the cavity strings in the highly strained shear bands. Dark glass area is nearly
pure Si, and white parts contain additionally Fe and Mn. (c) The interface between glass and An crystal is usually sharp and
enriched in Si (bright band). (d) Intergranular small open pores (black arrows) are also present at high strain. (e) Subgrains
decorated by dislocation arrays (white arrows) are created in some regions of relatively high dislocation density (also
Figure 7d). (f) Dislocations are often bound by twin domains. Scale bars and experimental conditions are labeled at the bottom
of each figure. Figures 7a, 7b, 7c, and 7e are for sample Pl12_1. Figure 7d is for sample Pl11_1. Figure 7f is for sample Pl10_3.
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enhanced hardening rate (Figure 1e). This cannot be
explained exclusively by grain growth.
[35] The samples develop a shape‐preferred orientation of

the high aspect ratio of feldspar grains resulting in a pro-
nounced foliation. The long axis of the grains is oriented at
10°–35° to the shear plane (Figure 6). A component of grain
boundary sliding along the foliation direction will result in
sample elongation. The mechanism is reminiscent of the
Swift effect found in metals deformed to high strain [Swift,
1947]. The Swift effect relates a change in axial dimension
during torsion to the orientation of dislocation glide planes
with respect to the macroscopic shear plane. For crystals with
slip planes oriented parallel to the shear direction sample
length is expected to remain constant. However, a finite
elongation/shortening may develop if slip is preferably
activated on glide planes inclined to the shear direction
(Figure 8). The Swift effect was also observed in high‐
temperature torsion experiments on calcite rocks [Rybacki
et al., 2003] and metal alloys [Klöden et al., 2007], where
dislocation creep was dominant. It is conceivable that pref-
erential sliding along grain boundaries subparallel to the
foliation may impose kinematic constraints similar to those
of the Swift effect. This is supported by the observation that
previously elongated samples shorten when the shear sense
is reversed (Figure 4d).
[36] An intriguing observation is that hardening and sample

elongation are only observed at lower strain rates. Samples
deformed at higher strain rates and high stress show slight
weakening and almost no elongation (Figure 1c), which is
likely linked to the increased density of porosity bands
observed at lower temperature (higher stress). Shearing along
these conjugate bands may compensate for the foliation‐
related elongation and also reduce strain hardening by
localized stress relaxation.

5.4. Cavitation and Ductile Failure

[37] Ductile failure is commonly observed in high‐strain
tensile testing of metals and ceramics at ambient pressure.
Depending on temperature and stress/strain rate, fracture
modes may be distinguished into (1) cleavage fracture, i.e.,
breaking of atomic bonds; (2) void growth and coalescence
by plastic flow, often resulting in transgranular fracture;

(3) cavity growth and coalescence by diffusive and/or
plastic processes resulting in intergranular creep fracture; and
(4) stress corrosion cracking under certain chemical environ-
ments [Ashby et al., 1979; Gandhi and Ashby, 1979; Riedel,
1986]. In tension, dynamic recrystallization may also result
in rupture.
[38] Reviews of high‐temperature creep damage mechan-

isms are given by Kassner and Hayes [2003], Riedel [1986,
1993], and Stowell [1983]. The theoretical approaches
involve nucleation of cavities and voids or wedges and
subsequent growth, either of them possibly rate controlling
[Kassner and Hayes, 2003; Riedel, 1986, 1993; Tvergaard,
1990; 2009]. Mechanisms of cavity nucleation are still
poorly understood. Nucleation may occur in response to grain
boundary sliding, accumulation of vacancies, or due to the
pileup of dislocations. Preferred nucleation sites are triple
points and grain boundary ledges and high‐stress regions
along grain boundaries. Second‐phase particles and pores are
also potential nucleation sites (Figure 9). Cavity growth may
be controlled by grain boundary sliding, dislocation activity,
grain boundary and surface diffusion or any combination of
these. In our experiments, we did not observe appreciable
acceleration or weakening before failure finally occurred.
In our samples, formation and coalescence of cavities and
voids are associated with a redistribution of porosity and
minor amounts of residual melt. A significant change in total
porosity could not be measured. Finally, linkage of cavities
and fissures leads to intergranular creep fracture where the
trace of the macroscopic fracture plane is oriented by about
20° ± 11° to s1. Ductile failure of feldspar aggregates is likely
controlled by a critical total strain [Rybacki et al., 2008].
Cavitation‐induced failure in high‐strain torsion experiments
was also observed in anorthite‐diopside aggregates [Dimanov
et al., 2007] and calcite‐muscovite aggregates [Delle Piane
et al., 2009].

Figure 8. Shearing of a volume element (dashed lines) with
shear planes (a) parallel and (b) inclined to the shear direction,
indicated by arrows. Sample elongation will occur in orienta-
tion of Figure 8b. Shear planes may represent slip planes or
grain boundaries.

Figure 9. Cavity nucleation mechanisms: (a) wedging at
grain triple points, (b) grain boundary ledges, (c) twinning,
(d) vacancy condensation at high stress regions, (e) disloca-
tion pileup, (f) particle obstacles (modified from the works
of Riedel [1986] and Kassner and Hayes [2003]).
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5.5. Geological Application

[39] Diffusion‐assisted grain boundary sliding was
frequently suggested to occur in feldspar rocks based on
microstructure analysis of ultramylonites spanning a tem-
perature range from 250°C to 700°C [Kerrich et al., 1980;
Molli, 1994; Fliervoet et al., 1997; Kenkmann and Dresen,
2002; Rosenberg and Stünitz, 2003; Zavada et al., 2007].
The occurrence of cavities at grain boundaries and triple
junctions and high porosity was reported for natural quartz
and feldspar‐bearing ultramylonites [White and White,
1983; Behrmann, 1985; Behrmann and Mainprice, 1987;
Mancktelow et al., 1998; Zavada et al., 2007]. Geraud et al.
[1995] measured up to 8% porosity in the high‐strain cores of
a granitic shear zone. The authors estimated that permeability
of the shear zone was increased by an order of magnitude in
comparison to the wall rock. Therefore, enhanced fluid flow
in high‐temperature shear zones [Rutter and Brodie, 1985;
Fusseis et al., 2009] and CO2 degassing of the uppermost
mantle [Regenauer‐Lieb, 1998] may be attributed to cavita-
tion damage.
[40] Shigematsu et al. [2004, 2009] reported abundant

microvoids and brittle fractures in a greenschist facies
mylonite zone at temperatures of about 340°C. The nucle-
ation of earthquakes at the base of the seismogenic zone was
suggested to be related to cavitation and ductile fracturing
[Shigematsu et al., 2009]. Coexistence of pseudotachylyte
melts and ultramylonites below the seismogenic zone may
suggest that plastic instabilities may trigger seismic events
[Hobbs et al., 1986; White, 1996]. We suggest that ductile
failure of ultramylonite zones may provide a viable mecha-
nism inducing earthquakes in the lower crust [Maggi et al.,
2000]. Likewise, ductile failure is a possible mechanism
explaining the occurrence of intermediate and deep nonvol-
canic tremors in subduction zones [Obara, 2002; Obara and
Hirose, 2006; Ito and Obara, 2006; Ito et al., 2007; Brown
et al., 2009] and fault zones [Nadeau and Dolenc, 2005],
which are commonly assumed to be generated by dehydration
reactions and/or fluid pressure pulses.

[41] The ductile failure of superplastic metals in uniaxial
tension at constant stress is empirically described by the
Monkman‐Grant relationship

_�k � tf ¼ C; ð2Þ

where _� is the steady state creep rate, tf is the time to failure,
and k and C are constants [Dunand et al., 1999; Kassner and
Hayes, 2003; Phaniraj et al., 2003]. This relationship was
frequently verified for metals and alloys with an exponent
k close to unity. We applied equation (2) onto our high‐
temperature torsion data of anorthite, although obtained at
constant twist rates at different temperatures and stresses. The
result yields the constants k = 1.01 ± 0.08 and C = 3.1 ± 2.5,
respectively, which is quite similar to estimates based on
experiments performed solely at 400 MPa confining pres-
sure [Rybacki et al., 2008]. Combining equations (1) and
(2) allows speculating on the time to failure under geological
strain rates. Figure 10 shows tf contours versus temperature
for shear stresses of 1, 10, and 100 MPa and two different
grain sizes of 5 and 50 mm, respectively, using the power law
parameters for grain boundary diffusion‐controlled creep of
wet anorthite aggregates determined by Rybacki and Dresen
[2000]. At given stress, tf is reduced by about 3 orders of
magnitude if grain size is decreased by a factor of 10 due to
associated increased shear strain rate. Alternatively, at given
grain size tf is reduced by ≈2 orders of magnitude if the
stress is decreased by 2 orders of magnitude that is related to
the magnitude of the constant k. The estimated time to failure
varies between ≈120 and ≈130,000 years for estimated strain
rates for natural shear zones of 10−9 to 10−12 s−1, respectively,
corresponding to a shear strain to failure of about 3.9. On the
basis of the predicted relatively short time interval for ductile
failure of anorthite in a fast creeping shear zone, we infer that
recently discovered seismic phenomena in high‐strain fault
and subduction zones, such as low‐frequency earthquakes,
slow slip events, and tremor, may result from episodic failure
of lower crustal rocks associated with pore fluid redistribution
[Thomas et al., 2009].
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and FIB‐foil preparation. A. Dimanov and an anonymous reviewer provided
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