
HAL Id: insu-00790386
https://insu.hal.science/insu-00790386

Submitted on 10 Dec 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The rheological transition in plagioclase-bearing magmas
David Picard, Laurent Arbaret, Michel Pichavant, Rémi Champallier, Patrick

Launeau

To cite this version:
David Picard, Laurent Arbaret, Michel Pichavant, Rémi Champallier, Patrick Launeau. The rhe-
ological transition in plagioclase-bearing magmas. Journal of Geophysical Research, 2013, 118 (4),
pp.1363-1377. �10.1002/jgrb.50091�. �insu-00790386�

https://insu.hal.science/insu-00790386
https://hal.archives-ouvertes.fr


The rheological transition in plagioclase-bearing magmas

D. Picard,1,2,3,4 L. Arbaret,1,2,3 M. Pichavant,1,2,3 R. Champallier,1,2,3 and P. Launeau5

Received 18 July 2012; revised 5 December 2012; accepted 14 January 2013; published 16 April 2013.

[1] Volcanological processes, such as melt segregation, ascent, and eruption, are directly
dependent on the rheological behavior of magmatic suspensions. An increase of the crystal
fraction of the suspension leads to the formation of a solid-particle network, which abruptly
increases magma viscosity. The crystal fraction at which this rheological transition occurs
depends on parameters such as the strain rate and the size, shape, and sorting of particles.
To determine the influence of the crystal shape on the rheological transition, suspensions of
plagioclase, a representative anisometric crystal, have been investigated at high
temperatures and pressures. Synthetic suspensions with crystal fractions (fs) ranging from
0.38 to 0.75 were deformed both in compression and torsion in a Paterson apparatus at 300
MPa, 900�C and 800�C, and for strain rates between 1.0 � 10-5 and 1.0 � 10-3 s-1.
All suspensions exhibit a non-Newtonian shear thinning rheological behavior.
The experimental results, coupled with existing data and models at low crystal
fractions (fs < 0.3), allow several rheological domains to be identified, from steady-
state flow to strain weakening, each characterized by a specific microstructure. In
particular, a progressive evolution from a pervasive to a strain partitioning fabric is
found when increasing the crystal fraction. Our results highlight the influence of both
the strain rate and the shape of crystals on the rheological behavior of magmas.
During crystallization, magmatic suspensions of anisometric minerals such as
plagioclase would develop a solid-particle network earlier (fs ~ 0.3) than suspensions
of isometric minerals (fs ~ 0.5). Our study shows that localization of strain early in the
crystallization history of mushy zones in the magma chamber, near the conduit margins, and
at the base of lava flows would facilitate the mobilization, the transfer, and the final
emplacement at the surface of highly viscous, feldspar-rich magmas.

Citation: Picard, D., L. Arbaret, M. Pichavant, R. Champallier, and P. Launeau (2013), The rheological transition in

plagioclase-bearing magmas, J. Geophys. Res. Solid Earth, 118, 1363–1377, doi:10.1002/jgrb.50091.

1. Introduction

[2] Melt segregation from source rocks, magma ascent to-
ward the surface, eruption or shallow-level emplacement,
and crystallization of magma are all directly governed by
the rheological behavior of magmatic suspensions [Petford,
2003]. Magma rheology is a complex function of the relative
proportions of melt, gas bubbles, and crystals in the suspen-
sion [Bagdassarov et al., 1994]. Silicate melts behave as
Newtonian fluids at low strain rates [Dingwell et al., 1996;
Richet et al., 1996, 2006; Giordano et al., 2008], viscosity
being mainly dependent on the chemical composition of

the melt (expressed for example by its NBO/T) [Bottinga
and Richet, 1995; Mysen, 1990], water content [Hess and
Dingwell, 1996; Richet et al., 1996], and temperature [Hess
et al., 1996]. A tendency to a shear thinning behavior has
been evidenced at high strain rates [Shaw, 1969; Ryerson
et al., 1988]. The influence of bubbles is determined by the
capillary number (Ca, balance between viscous and surface
tension forces) and on their proportion [Bagdassarov and
Dingwell, 1992; Stein and Spera, 1992; Manga et al.,
1998; Lejeune et al., 1999; Bagdassarov and Pinkerton,
2004]. For Ca numbers > 0.5, bubbles deform and the vis-
cosity of the suspension decreases compared with the pure
melt [Bagdassarov and Dingwell, 1992]. For Ca < 0.5,
bubbles remain spherical and serve to increase the viscosity
compared with pure melt [Manga et al., 1998]. The crystal
fraction is known to have a major influence on the rheolog-
ical behavior of magmatic suspensions. The behavior of
suspensions made of nearly isometric particles is relatively
well known. Their mechanical behavior at low crystal
fractions can be modeled using the Einstein–Roscoe equa-
tion [Einstein, 1911; Roscoe, 1952, Ryerson et al., 1988;
Pinkerton and Stevenson, 1992; Lejeune and Richet, 1995;
Caricchi et al., 2007; Champallier et al., 2008; Cordonnier
et al., 2009]. On increasing the crystal fraction, the
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rheology of the suspensions evolves from a Newtonian to a
non-Newtonian flow behavior [Caricchi et al., 2007;
Champallier et al., 2008; Cordonnier et al., 2009] as an
interconnected crystal framework capable of transmitting
deviatoric stresses develops [Saar et al., 2001; Petford,
2003]. The critical crystal fraction fc at which this transition
occurs depends on several parameters such as the strain rate,
size, size distribution, and shape of particles [Arzi, 1978;
Van der Molen and Pateron, 1979; Bagdassarov and
Dorfman, 1998; Lejeune and Richet, 1995; Vigneresse et al.,
1996; Rosenberg and Handy, 2005; Sato, 2005; Caricchi
et al., 2007; Ishibashi and Sato, 2007; Champallier et al.,
2008; Ishibashi, 2009; Mueller et al., 2010]. For suspensions
made of nearly isometric particles such as quartz, values of
fc range from 0.3 [Saar et al., 2001] to 0.5 [Caricchi et al.,
2007]. Ishibashi and Sato [2007] have demonstrated that
the application of the Einstein–Roscoe equation remains
relevant for fs < 0.3 in the case of moderately anisometric
particles with aspect ratios (length/width) less than 6.5. In
contrast, Saar et al. [2001] have found numerically that,
under static conditions (i.e., without fluid dynamics), the
value of fc can vary from 0.08 to 0.2 for elongated
particles with aspect ratios (width/height/length) from
1:4:16 to 1:1:2, respectively. Picard et al. [2011]
showed experimentally that magmatic suspensions of
anisometric plagioclase (length/width = 4) have viscosi-
ties around 5 orders of magnitude higher than suspen-
sions of equivalent crystallinities made of isometric
particles such as quartz.
[3] In this study, new rheological and microstructural data

are provided for plagioclase suspensions. Compared with
Picard et al. [2011], a much wider range of crystallinities,
from 0.38 to 0.75, is considered. From our results, the effects
of the shape of plagioclase and strain rate on the mechanism
of the rheological transition and value of the critical crystal
fraction fc can be determined.

2. Experimental Procedure

2.1. Synthesis of the Suspensions

[4] A series of five plagioclase-bearing magmatic suspen-
sions with crystal fractions (fs) ranging from 0.38 to 0.75
(surfacic fraction) were synthesized at high pressures and tem-
peratures from a synthetic haplotonalitic glass supplied by
Schott Co. [see Picard, 2009]. The composition of the glass,
determined by electron microprobe analysis, is 68.45 wt%
SiO2, 19.37 wt% Al2O3, 7.90 wt% Na2O, and 3.44 wt%
CaO, corresponding to 16, 67, and 17 normative quartz (Qz),
albite (Ab), and anorthite (An) contents, respectively. Finely
powdered glass (grain size< 90 mm)was loaded together with
a certain amount of distilled water in a large gold capsule
(inner diameter 22 mm, length 40 mm, and wall thickness
0.25 mm), which was sealed by arc welding. Typical charges
weighed ~12 g. The plagioclase-bearing suspensions were
synthesized at 300 MPa by annealing the experimental
charges at subliquidus temperatures in an internally heated
pressure vessel for 7 days. Four suspensions (fs = 0.38,
0.58, 0.62, and 0.75) were synthesized at either 800�C or
900�C, the crystal fraction of the suspensions being controlled
by adjusting the amount of water initially loaded in the
capsule. The suspension with fs = 0.52 resulted from a more
complex synthesis procedure involving an initial annealing

step at 1000�C for 1 h, a cooling step to 800�C at 4�C/h, and
a final annealing step at 800�C for 5 days. All plagioclase
suspension synthesis experiments were quenched isobarically
to prevent H2O exsolution from the interstitial melt. At the end
of the experiment, capsules were weighed to check for leaks
and run products were carefully extracted. They typically
consist of dense glassy cylinders (height 3–4 cm and diameter
~2 cm). The cylinders were first cored to a diameter ranging
between 10 and 15 mm and then sawed in small disks
(height 4–10 mm), which were used directly in the deforma-
tion experiments. A maximum of four disks could be prepared
from the same cylinder.

2.2. Characterization of the Suspensions

[5] Synthetic cylinders were systematically examined by
scanning electron microscopy (SEM), using the JEOL
JSM-6400 instrument at ISTO, Orléans, operated under
back-scattered electron mode. They comprise euhedral
plagioclase crystals embedded in a residual silicic glass. A
minor amount of gas bubbles, indicating H2O-saturated con-
ditions, is also present (Figure 1). Quartz occurs in small
amounts (<1%) in the most plagioclase-rich suspension
(fs = 0.75). Examination of multiple samples from the same
cylinder shows a homogeneous distribution at the scale of the
whole charge. The crystallinities and textural characteristics
(shape of plagioclase crystals) of each starting suspension
were obtained from image analysis performed on multiple
SEM microphotographs using the ImageJ software. Average
surfacic crystal fractions (Table 1) underline their homogene-
ity in terms of the distribution of crystals. Plagioclases exhibit
a tabular morphology, with a shape ratio (R) mostly between
3.5 and 5, except for the suspension with fs = 0.62, where
R is close to 2.5. For fs = 0.75, the high crystal fraction leads
to the formation of aggregates and the shape ratio of the
crystals could not be determined.
[6] Plagioclases and glasses were analyzed by electron

microprobe using the Cameca SX 50 at Orléans. Si, Al, Na,
and Ca were analyzed using an acceleration voltage of 15
kV, a counting time of 10 s on peak (10 s on background),
and a sample current of 6 nA. For plagioclase crystals, a beam
focused to 1–2 mm was used. Glasses were analyzed with a
6� 6 mm beam. Plagioclases have anorthite contents between
0.34 and 0.22 (Table 1). The low standard deviations (for data
obtained from either top, middle, or bottom of the cylinder)
indicate that the crystals are chemically homogeneous in a
given suspension. Anorthite in plagioclase progressively
decreases on increasing the crystal fraction, from 0.33 � 0.01
(fs = 0.38) to 0.22 � 0.01 (fs = 0.75), as expected for
equilibrium crystallization of a progressively higher
fraction of plagioclase from a melt of fixed composition.
[7] Only glasses from suspensions with fs = 0.38 and

0.52 were analyzed by electron microprobe because of their
relatively low crystal fractions. Na2O concentrations were
found to be substantially lower (20–30%) than expected
even after correcting for the migration of sodium under the
beam [Pichavant, 1987]. Therefore, glass compositions were
calculated by mass balance, knowing the composition of the
starting glass and the composition and proportion of plagio-
clase in each suspension. Compared with the starting glass,
all interstitial glasses are enriched in normative quartz and
depleted in normative anorthite. They are all rhyolitic, with
a narrow range of SiO2 concentration, between 74 and
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77 wt%. For the most crystal-rich quartz-bearing suspension
(fs = 0.75), the mass-balance calculations were adjusted by
taking the glass composition as a fitting parameter. The glass
composition estimated in this way is similar to the most
SiO2-rich glasses (77 wt% SiO2) in the other suspensions.
These calculations also show that quartz is present in trace
amounts (proportions <0.5% by weight).
[8] The concentration of H2O in interstitial glasses was cal-

culated using the H2O solubility model of Papale et al. [2006],
knowing the glass composition and the experimental P and T
conditions. Results range from 6.5 to 7.1 wt% H2O (Table 1).
Mass-balance calculations knowing the fraction of melt in the
suspension (=1 – fs) and assuming that water present in the
capsule is entirely dissolved into the melt also yield glass
H2O concentrations in the same range (6.1–8.1 wt% H2O).
This indicates a small amount of excess fluid during synthesis
of the suspensions.

2.3. Deformation Experiments

[9] The rheological measurements were performed using
the Paterson apparatus [Paterson and Olgaard, 2000] at
Orléans, France. The disks prepared from the synthetic
suspensions were inserted in a column assembly made of
alumina and zirconia pistons enclosed in a hybrid jacket
made of a middle copper part with bottom and top iron parts.
The jacket was loaded inside the pressure vessel to place the
sample in the isothermal zone of the furnace. The tempera-
ture gradient was stabilized to <1�C across a length of
30 mm. The length/diameter of the sample deformed in com-
pression (~1) is relatively small compared with ratios used in
compression tests (≥2; Hawkes and Mellor, [1970]). How-
ever, the low applied finite strain ensures a homogeneous
no-slip deformation of the sample. The deformation experi-
ments were performed at a confining pressure of 300 MPa

Figure 1. SEM images of the plagioclase-bearing suspensions before deformation (a–e). Plagioclase in
light gray, silicic glass in dark gray, and gas bubbles in dark. (inset) Local plagioclase fabric long-axis orien-
tations (a) displayed together on the rose diagram. Long-axis orientations (a) are positive and negative for an
anticlockwise and a clockwise orientation, respectively. (f) Pole figures of the three plagioclase main crystal-
lographic axes ({001}, {010}, and {100}) are shown for the suspensions at fs = 0.52 (zone 1) and fs = 0.58
(zone 2).
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and temperatures of 900�C and 800�C, identical to the P and
T conditions of synthesis of the suspensions, and for strain
rates of 1.0 � 10-5 to 1.0 � 10-3 s-1. Suspensions ranging
from fs = 0.52 to 0.75 were deformed in torsion, whereas,
for lower crystal fraction (fs = 0.38), the viscosity of the
suspension was too low and samples needed to be deformed
in compression [Picard et al., 2011]. All experiments were
performed at constant applied strain rates (either _e in com-
pression or _g in torsion), measuring the stress (either s in
compression or t in torsion) of the sample as a function of
strain (either compressional e or shear g in torsion). To
compare the apparent viscosities obtained in torsion and
compression, compressive strain rates and stresses were
converted to shear strain rates and stresses by using
Eqs. (38)–(40) from Paterson and Olgaard [2000]:

_eeff ¼ _e1in the axial test; (1)

_eeff ¼
1
ffiffiffi

3
p _g in the torsion test; and (2)

s ¼
ffiffiffi

3
p

t: (3)

[10] For suspensions with fs = 0.52 and 0.58, each exper-
iment was performed at a different (and constant) strain rate,
whereas, for fs = 0.38, 0.62, and 0.75, a stepping strain
rate procedure was preferred. It consists in varying the strain
rate in a stepwise manner during the same experiment, once
steady-state stress conditions have been achieved.
[11] For the compression experiments, a specific high sen-

sitivity load cell was used to monitor the displacement with a
resolution of 1 mm and the applied stress (from 10 to 102 N)
with a resolution of 0.1 N. For the torsion experiments, the
load cell monitored the displacement with a resolution of
10-2 radian and the torque (from 1 to 102 N m) with a reso-
lution of 0.1 N m. A correction for the deformation of the
copper jacket was applied. All measured torques (in torsion)
and applied force (in compression) were corrected using
equations given by Paterson and Olgaard [2000], which

use rheological parameters for copper metal from Frost
and Ashby [1982], as

Μ ¼ pt

4 3þ 1
n

� �� d
3þ1=nð Þ

o � d
3þ1=nð Þ

i

d
1=nð Þ
o

in torsion (4)

with t ¼ _g

A exp �Q=RTð Þ

� �1
n

(5)

and

F ¼ ps� d0

2

� �2

� di

2

� �2
 !

in compression (6)

with s ¼ _e

A exp �Q=RTð Þ

� �1
n

(7)

where M and F are the torque and the force of the jacket,
respectively; di and do are the inner and outer diameters of
the jacket, respectively; n is the exponent of the metal; t is
the shear stress; s is the axial stress; A is a pre-exponential
term; Q is the energy of activation; R is the gas constant;
and T is the temperature.

2.4. Characterization of the Deformed Samples

[12] The microstructures developed as a result of the
deformation experiments were observed optically and with
a SEM. Thin sections were cut along the diameter, parallel
to the length of the sample ([YZ] plane, with Z parallel to
the compression axis) in compression and normal to the
radius of the core of the sample ([XZ] plane, with [XY]
the plane of shear and X the direction of shear) in torsion.
The shape fabric of the crystals was analyzed with the
intercept method (Intercept2003 software) [Launeau and
Robin, 1996]. It gives the eccentricity of the fabric ellipse
(Recc), which corresponds to the fabric intensity, and the
long-axis orientation (a), which corresponds to the maxi-
mum density of the fabric ellipse. The latter is positive or

Table 1. Morphological and Chemical Characteristics of the Plagioclases Suspensions

Plagioclases Glasses

fs Run a s b s Ra
s Anb s Qtzc Abc Anc H2O Z liq

(s) (mm) (mm) (wt. %) (log Pa.s)

0.38 (0.01) starting suspension #13 5.61 4.67 1.96 1.37 3.56 1.84 0.33 0.01 24.5 69.0 6.5 7.1 3.08
deformed suspension PP070 6.56 4.88 2.10 1.8 3.67 1.75 0.34 0.01 24.0 69.0 7.0 7.1

0.52 (0.01) starting suspension # 07 6.19 5.23 1.82 1.85 4.05 1.96 0.29 0.01 28.0 66.5 5.5 6.7 4.01

deformed suspension PP043
pervasive fabric 6.40 3.26 1.84 1.01 3.75 1.67 0.27 0.01 26.5 68.0 5.5 6.7
shear zone 6.16 3.34 1.54 0.58 4.08 1.75 0.29 0.01

0.58 (0.01) starting suspension # 06 5.79 5.16 1.39 1.33 5.01 2.63 0.25 0.01 27.5 64.5 8.0 6.5 4.09

deformed suspension PP030
pervasive fabric 5.28 1.77 1.09 0.17 4.81 1.79 0.24 0.01 24.5 66.5 9.0 6.5
shear zone 2.18 0.55 0.68 0.33 2.84 1.23 0.24 0.01

0.62 (0.01) starting suspension #16 1.79 0.59 0.67 0.18 2.59 0.63 0.23 0.01 29.5 62.5 8.0 6.6 4.15
deformed suspension PP086 2.10 0.58 0.83 0.31 2.42 0.69 0.24 0.01 29.0 63.5 7.5 6.6

0.75 (0.01) starting suspension / / / / / / 0.23 0.01 29.8 62.8 7.4 6.6 4.15
deformed suspension PP081 / / / / / / 0.22 0.01

a is the length of the crystals, b the width and R the shape ratio. s is the standard deviation. H2O is the water concentration of the glass, estimated using
the by-difference method.

aR = (
P

0i ai/bi)/i with i = number of analysed crystals
bAn= atomic Ca/(Ca+Na) of plagioclase crystals determined from electron microprobe analyses
cQtz, Ab, An = normative quartz, albite and anorthite contents of the glasses, calculated from electron microprobe analyses

PICARD ET AL.: RHEOLOGICAL TRANSITION IN MAGMAS

1366



negative for an anticlockwise or a clockwise orientation,
respectively. a = 0� is equivalent to a fabric ellipse parallel
to the shear direction in torsion and perpendicular to the
direction of shortening in compression experiments. In prac-
tice, each SEM image was subdivided in overlapping
subwindows (typically 20 � 20), which were then analyzed
individually for their local plagioclase fabric. All long-axis
orientations were then displayed together on a rose diagram.
For suspensions with fs = 0.52 and fs = 0.58, the 2-D shape
fabric obtained by the intercept method was compared with
the 3-D crystallographic preferred orientation (CPO) of
plagioclase measured with the electron back-scattered
diffraction (EBSD) technique [Heidelbach et al., 2000].
The data are given directly as poles figures of the three
crystallographic planes {001}, {010}, and {100}.

3. Results

3.1. Initial Textures

[13] To check for the presence of initial textures devel-
oped during synthesis, the starting suspensions were charac-
terized with the same procedures as above for the deformed
suspensions. All starting suspensions with crystal fractions
fs < 0.58 show a very weak shape fabric, with no signifi-
cant preferred orientation, as revealed by the nearly random
distribution of the long-axis orientations on the rose
diagrams, and the very low eccentricities R ~ 1.015
(Figure 1a–c). For fs = 0.62, a slight preferred orientation
develops parallel to the Z plane and is associated with an
increasing eccentricity R of 1.028 (Figure 1d). This eccen-
tricity, calculated on a limited number of images, could
result from the difficulty to separate the plagioclase crystals
that form aggregates surrounded by the interstitial glass. For
the highest crystal fraction (fs = 0.75), contacts between
the crystals become too important, and this prevents the
orientation of the crystal fabric to be analyzed with the inter-
cept method.
[14] The CPO of the plagioclases in the starting suspen-

sions with fs = 0.52 and 0.58 show a dispersed girdle of
{010} poles in the shear plane with a maximum close to
the center of the pole figure and a dispersed orientation of
the {001} and {100} poles with a maximum perpendicular
to the shear direction (Figure 1f). This indicates a weak
plano-linear crystallographic fabric in the [XZ] plane.

3.2. Mechanical Behavior

[15] The rheological behavior of the suspensions with fs =
0.38 and 0.52 have been described by Picard et al. [2011].
For fs = 0.38 and at e < 0.5, the differential stress (stress
correcting from the strength of the jacket) increases linearly
with strain (Figure 2a) corresponding to the relaxation of the
sample. For higher strain, this elastic domain is followed by
a plastic behavior characterized by a nearly constant differ-
ential stress (Figure 2a). Two steps from the same experi-
ment at high strain rates ( _e ~ 8 � 10-4 s-1) show similar
rheological behavior, demonstrating the reproducibility of
our results in compression. For fs = 0.52, the elastic domain
is followed by a short stress plateau g between ~0.1 and
~0.4. At higher strains, the differential stress decreases
progressively until the maximum applied strain (g = 1.4),
indicating a strain weakening behavior (Figure 2b).

[16] For fs = 0.58, and for the four strain rates investi-
gated, the differential stress increases to a peak at g = 0.1.
In contrast to what is observed for the fs = 0.52 suspensions,
all peaks are immediately followed by an important stress
weakening until g � 0.6 (Figure 2c). For higher shear
strains, a tendency to stabilization of the stress is observed
(steady-state behavior). The two experiments performed at
the same high strain rates (_e ~ 9.5 � 10-4 s-1) show a similar
rheological behavior, which again confirms the reproducibil-
ity of the experiments, in this case in torsion (Figure 2c).
[17] At high crystal fractions (fs =0.62 and 0.75),

all experiments performed at different strain rates show a
stabilization of the stress at g > 0.04 (Figure 2d and e).
For all crystal fractions, the higher the strain rate, the higher
the stress.

3.3. Stress Exponents and Apparent Viscosities

[18] The rheology of our experimental magmatic suspen-
sions can be been fitted with power-law equations of the
form (Figure 3):

_g ¼ Ctn (8)

in torsion and

_e ¼ Csn (9)

in compression

with C ¼ Aexp �Q=RTð Þ; (10)

where A is a pre-exponential term, Q is the energy of activa-
tion, R is the gas constant, and T is the temperature. C is an
empirical parameter determined from the fit of the data
(Figure 3). The stress exponent n is obtained from the slope
of the data in either log _e versus log s (compression) or log _θ

versus log M (torsion, where _θ is the angular rate and M is
the applied torque) [Paterson and Olgaard, 2000]. Values
of n range from 2.7 to 4.1 (Table 1). This demonstrates a
non-Newtonian, shear thinning, rheological behavior for
our plagioclase suspensions (pseudo-plastic materials).
[19] It is to notice that the equations above do not incorpo-

rate a yield strength term. Yet, it has been shown that a yield
strength may appear at high crystallinities once a crystal
network develops [Ryerson et al., 1988; Pinkerton and
Stevenson, 1992]. However, the precise determination of a
yield strength would require data at very low stresses. In our
study, the experiments were all run at relatively high strain
rates and there is no need for a more complex power law.
[20] The apparent viscosities of each suspension Zapp are

usually calculated when stress become constant. Neverthe-
less, it never does in our experiments. Thus, we calculated
Zapp using the maximum stress s and t, and the strain rate
_e and _g, using

�app ¼ t=_g (11)

in torsion and

�app ¼ s=_e (12)

in compression.
[21] All calculated apparent viscosities are summarized in

Table 2. For each crystal fraction, the apparent viscosities
decrease by ~1.5 order of magnitude at _g = 1.0 � 10-5
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to 1.0 � 10-3 s-1, which is characteristic of a shear thinning
behavior (Figure 4). In addition, for a given strain rate, the
higher the crystal fraction, the higher the viscosity. For
example, at _g ~ 1.0 � 10-4 s-1, log Zapp increases from
8.73 to 11.00 Pa s for fs = 0.38 to 0.75.

3.4. Microstructures and Compositions of the
Deformed Suspensions

3.4.1. 2-D Shape Preferred Orientations of Plagioclase
[22] For the suspension with fs = 0.38, the orientation (a)

that describes the shape fabric of the crystals is of up 0� and
it is coupled with an increase of the eccentricity (Recc) close
to 1.1 in the middle part of the sample (Figure 5a). Local
measurements confirm a pervasive fabric oriented at ~0�

(Figure 6a). No discrete structures, such as shear zones or
bands, are observed. Plagioclase crystals have their morpho-
logic characteristics unchanged within error compared with
those measured in the initial textures (Table 1). Electron
microprobe analyses of plagioclase and residual glasses
from the deformed suspensions do not vary from those
analyzed in the starting suspensions (Table 1).

[23] For fs = 0.52 and in the upper and lower part of the
samples, the orientation (a) is close to 90� and it is associ-
ated with a low eccentricity (Recc) close to 1.05 (Figure 5b).
These values, similar to those observed for the undeformed
suspensions, indicate that the upper and lower parts of the
samples were not significantly deformed most probably be-
cause the applied stress was not transmitted in these two
zones. In the middle part of the samples, the orientation
strongly differs from that in the starting suspensions, being
close to 45� and it is associated with a slight increase of Recc

with the strain rate (Figure 5b). This strong pervasive shape
fabric is cross-cut by shear zones oriented at -20� relative to
the shear direction. They are bordered by symmetrical shear
gradients indicating a dextral sense of shear, synthetic to the
bulk deformation (Figure 6b). The development and evolu-
tion of these bands are directly dependent of the applied
strain rates (Figure 7a). With increasing the strain rate,
the number of shear bands increases (from no shear band
at _g = 1.10-5 s-1 to six at 1.10-4 s-1), whereas their thickness
(30–40 mm) stays approximately constant. The fabric inside
the shear zone is oriented close to the bulk shear direction,

Figure 2. Rheological curves obtained at fs = 0.38 in compression (a) and at fs = 0.52–0.75 in torsion
(b–e) at different strain rates as indicated. Experiments at fs = 0.38, 0.62, and 0.75 are stepping strain
experiments (a, d, and e).
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with a preferred orientation of crystals at approximately -3�

relative to the shear direction. The orientation of the crystals
inside the shear bands is always parallel to the bulk shear
direction and not to the border of the shear band.
Plagioclase crystals in the starting materials, and both inside
and outside of the shear zone, have the same size and aspect
ratio dispersion and chemical composition (Table 1).

[24] For fs = 0.58, a very low eccentricity (<1.05) all over
the [XZ] section and an orientation subperpendicular to the
shear direction is evidenced for all strain rates (Figure 5c).
Such an eccentricity is comparable with those measured in
the undeformed suspensions and indicates that the initial
pervasive fabric acquired during synthesis of the sample
has not been deformed. This preserved initial fabric is
cross-cut by 50 � 10 mm thick, shear zones oriented at
approximately -10�. They are not bordered by shear gradients
(Figure 6c). These zones are well established for the PP030
experiment (Figure 5c) and they mostly correspond to values
close to 0� and 180�. At this crystal fraction, the thicknesses
of the bands increase (from 40 mm at 4.4� 10-5 s-1 to a maxi-
mum of 120 mm at 8.9� 10-4 s-1), whereas the spaces between
them stay constant (Figure 7b). The shape fabric inside the
shear zones is oriented close to the shear direction, with a
preferred orientation at ~3� relative to the shear direction.
Plagioclase crystals inside the shear zones show significant
size and aspect ratio reductions compared with those out-
side the shear band. Yet, composition inside and outside
the shear zones are the same (An = 0.24) and identical
within error to the anorthite content of plagioclase in the
starting suspension (0.25; Table 1).
[25] For fs = 0.62, the fabric orientation is close to 65� and

coupled with a weak eccentricity close to 1.05 (Figure 5d),
which is again similar to those obtained for the suspension
before deformation. No shear bands cross-cutting this well-
oriented pervasive fabric were observed (Figure 6d).
[26] For fs = 0.75, the high proportion of crystals leads to

dense solid aggregates (Figure 6e), which prevent the applica-
tion of the intercept method and the shape preferred orienta-
tion (SPO) in those suspensions is undetermined.
3.4.2. 3-D CPOs of Plagioclase
[27] CPOs have been determined in two suspensions

deformed in torsion (fs = 0.52 and 0.58). In both cases,
zones corresponding to the pervasive fabrics and to the shear
bands were investigated.
[28] In the suspension with fs = 0.52, the CPO of the pla-

gioclases in the pervasive fabric shows a maximum concen-
tration of {010} poles at ~45� anticlockwise with respect to
the shear plane and girdles of {001} and {100} at ~50�/60�

clockwise (Figure 6b, zone 1). This indicates a dominantly
planar fabric, with the trace of the {010} crystallographic

Table 2. Viscosity Data

Compression experiments
Run fs n strain rate log Zapp log Zliq log Zr

(s-1) (Pa.s) (Pa.s) (Pa.s)
PP070 0.38 3.6 7.0 x 10-5 8.91 3.08 5.83

1.2 x 10-4 8.73 5.65
4.0 x 10-4 8.38 5.30
8.0 x 10-3 8.10 5.02
8.4 x 10-3 8.14 5.06

Torsion experiments
PP066 0.38 / 9.9 x 10-4 not measurable 3.8 not measurable
PP032 0.52 2.8 9.5 x 10-6 11.20 4.01 7.19
PP038 4.1 x 10-5 10.83 6.82
PP043 1.1 x 10-4 10.49 6.48
PP053 0.58 4.1 4.4 x 10-5 11.01 4.09 6.92
PP031 9.1 x 10-5 10.78 6.69
PP030 9.4 x 10-4 10.10 6.01
PP029 9.5 x 10-4 9.96 5.87
PP086 0.62 2.8 7.8 x 10-6 11.46 4.15 7.31

4.1 x 10-5 11.07 6.92
7.9 x 10-5 10.85 6.70
1.7 x 10-4 10.60 6.45

PP081 0.75 2.7 4.4 x 10-5 11.23
9.6 x 10-5 11.00
2.0 x 10-4 10.80

Figure 3. Stress versus strain in torsion (a) and compres-
sion (b). Data were fitted using a power law equation
(Eqs. (8) and (9); Table 2).

Figure 4. Apparent viscosity versus strain rate for all
experiments. Lines are best fit for all crystal fractions.
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plane in the [XZ] plane oriented near 45� clockwise, similar
to a (45�). In the shear zone, the plagioclases {010} poles
are oriented perpendicular to the bulk shear plane, as

observed from the shape fabric. Both the {001} and the
{100} pole figures show a girdle parallel to the shear plane,
with a maximum close to the bulk shear direction, defining a
plano-linear crystallographic fabric (Figure 6b, zone 2).
[29] Forfs = 0.58, the CPO of the plagioclases in the perva-

sive fabric (Figure 6c, zone 3) shows a girdle of {010} poles in
the shear plane and {001} and {100} oriented perpendicular to
the shear plane. Despite the limited number of measurements,
a CPO fabric is obvious in the shear zonewith {010} poles ori-
ented perpendicular to the shear plane and {001} and {100}
poles show a girdle in the shear plane (Figure 6c, zone 4).

4. Discussion

4.1. Rheological Behavior of Magmatic Suspensions:
Influence of the Plagioclase Content

[30] The rheological behavior of the studied plagioclase
suspensions, together with the microstructural evolution,
can be represented on a large domain of crystallinity
(0 < fs < 0.75; Figure 8).
[31] For fs < 0.2, we define the domain I in which the vis-

cosity is calculated using the Einstein–Roscoe equation by
taking a viscosity for our melt (Z0) of 10

3.44 Pa s, an exponent
(n) of 2.5 and a maximum packing fraction (fmax) of 0.62
(value for a random arrangement) [Chong et al., 1971]. The
viscosity of 103.44 Pa s of the melt (fs = 0) is calculated from
the equation of Giordano et al. [2008] by using the chemical
composition of the starting glass at 850�C and for 6.5%
dissolved water. We selected these values because they corre-
spond to the average of the temperature and water content
ranges explored in this study. In domain I, the magmatic
suspensions are assumed to have a Newtonian behavior
[Fernandez and Gasquet, 1994; Lejeune and Richet, 1995;
Ishibashi and Sato, 2007].
[32] For 0.2 < fs < ~0.38, a domain II is evidenced from

experiment PP070 (Figure 6a). It is characterized by a strong
increase of the apparent viscosity compared with those calcu-
lated from the Einstein–Roscoe equation and by a steady-state
plastic flow (Figure 8). In this domain, the effect of the solid
fraction becomes predominant and the plagioclase suspen-
sions exhibit a non-Newtonian, shear thinning behavior
(Figure 4; Table 2). The interconnectivity between crystals
generates a solid network able to transmit stress and leads to
a strong increase of the apparent viscosity of ~6 orders of mag-
nitude, from 104 to 1010 Pa s. This rheological behavior and
the associated unimodal fabrics found for the domain II are
consistent with results obtained on previous studies [Lejeune
and Richet, 1995; Rosenberg and Handy, 2005; Caricchi
et al., 2007; Picard et al., 2011] and match the Rigid Percola-
tion Threshold defined by Vigneresse et al. [1996]. At these
low crystal fractions, suspensions can accommodate the defor-
mation by crystal rotation and translation [Fernandez et al.,
1983; Ildefonse et al., 1992a, 1992b; Je�zek et al., 1994;
Arbaret et al., 1996, 1997; Fernandez and Fernandez-Catuxo,
1997; Arbaret et al., 2007]. A well-oriented pervasive fabric
develops (Figure 6a) and leads to the stabilization of the stress
with increasing strain, as observed (Figure 2a).
[33] For 0.38 < fs < 0.58, weakening by strain localiza-

tion defines the domain III (Figure 8). The crystal fraction
reduces the capability of the solid network to accommodate
the deformation by crystal rotation and translation. Thus,
strain partitioning occurs with the development of discrete

Figure 5. Evolution of the eccentricity Recc and the long-
axis orientation (a) versus the length of the samples deformed
in compression (a) and in torsion (b–d) at different strain rates,
as indicated. (dashed lines) Values of Recc for the suspensions
before deformation.
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structures [Smith, 1996, 1997; Vigneresse and Tikoff, 1999;
Arbaret et al., 2007; Picard et al., 2011]. Two successive
subdomains are defined as a function of the type of
discrete structures developed in response of the applied
strain. The subdomain IIIa corresponds to the lowest crystal
fraction (fs = 0.52; PP043; Figure 6b) and is characterized
by the development of S/C-like structures. The subdomain

IIIb corresponds to the highest crystal fraction (fs = 0.58;
PP029; Figure 6c) and is characterized by a strong strain
weakening. 2-D shape fabric and 3-D CPO measurements
have determined that the primary pervasive fabric of the sus-
pension has not undergone deformation. In addition, the 3-D
CPO are similar to the 2-D SPO obtained with the intercept
method. This indicates that the observed plagioclase axes in

Figure 6. Microstructures of plagioclase-bearing suspensions deformed in compression (a) and in
torsion (b–e). (left) Plagioclase in light gray, silicic glass in dark gray, and gas bubbles in dark. The shear
bands are delimited by dashed lines. (white arrows) Type of deformation. Pervasive fabrics and shear
bands at fs = 0.52 and 0.58 are zones 1 and 3 and zones 2 and 4, respectively. (inset) The long axes of
the local (i.e., for each subwindow) crystal fabric are displayed together in the rose diagram. Pole figures
of the three plagioclase main crystallographic axes ({001}, {010}, and {100}) measured with the EBSD
technique for sample PP043 (b) and PP029 (c). Zones 1 and 3 correspond to CPO of pervasive fabrics,
whereas zones 2 and 4 are CPO measured in shear localized bands. Dextral shear direction is horizontal
with plane of shear normal to the figure.
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the [XZ] plane are the long axis of the crystals. The stress
increases until reaching a critical value that corresponds to
the stress sufficient to break the crystal network. This value
is associated to the maximum of the differential stress
observed on the rheological curves. Once this value is
exceeded, the crystal network breaks, generating a strong
decrease of the strength of the sample, which corresponds to
the strong weakening observed. Consequently, fragmentation
bands develop, with a strongly reduced mean crystal size.
The 3-D CPO that indicates that the grain size reduction
observed in the shear zones is not due to recrystallization or
to the reorientation of the long axes of plagioclases over the
[XZ] plane but more likely originates from the stress propaga-
tion over the solid network resulting in the breakage of crystals
in the highly deformed zones. Once these bands are formed,
the system reaches a nearly steady-state behavior as shown
by the few loss of the stress for the high shear strains. These
suspensions can be considered as material with complex
rheological behavior because they deformwith a brittle behav-
ior in the shear bands with evidence for intense fragmentation
of the crystals [Caricchi et al., 2008; Cordonnier et al., 2009].
[34] For fs > 0.58, a domain IV is established (Figure 8).

At this crystal fraction, the size and the shape ratio of the
crystals are reduced from R = 4 to 2.5. Consequently,
crystals can more easily accommodate the deformation by
rotation and rigid translation. This leads to a nearly steady-
state behavior of the differential stress at large strains with
a stabilization of the apparent viscosity at 1011 Pa s. This
result is in agreement with previous studies that found the
same rheological behavior for particles with a very low
anisotropy [Arbaret et al., 2007; Caricchi et al., 2007;
Champallier et al., 2008].

4.2. Influence of the Shape of Crystals on the
Rheological Behavior of Magmatic Suspensions

[35] Our study experimentally demonstrates the existence of
a rheological threshold/transition in plagioclase-bearing mag-
matic suspensions. Based on the Einstein–Roscoe equation
for the low crystal fractions (fs < 0.2), a strong increase of
the viscosity is evidenced for fs close to 0.3 � 0.1 (Figure 8).
The rheological transition corresponds to a large viscosity
change of the suspensions but also to an evolution from a
Newtonian to a non-Newtonian behavior for our plagioclase-
bearing magmas.

[36] The shape ratio of the crystals should have an influence
on the crystal fraction at which this transition occurs. However,
due to the lack of experimental constraints, this control has
remained debated [Lejeune and Richet, 1995; Saar et al.,
2001; Petford, 2003; Mueller et al., 2010; Picard et al.,
2011]. To express the influence of the shape ratio of the crystals
on the mechanical behavior of the suspensions, we compare the
relative viscosities obtained in this studywith those obtained on
suspensions composed of nearly isometric particles [Caricchi
et al., 2007;Champallier et al., 2008] and anisometric particles
[Sato, 2005; Ishibashi and Sato, 2007;Cordonnier et al., 2009]
(Figure 8). We introduce the relative viscosityZr defined as the
ratio between the apparent viscosity Zapp (measured) and the
viscosity of the interstitial melt Z0. The latter is calculated for
each deformed suspension at the temperature of the deforma-
tion experiment [Giordano et al., 2008] using the major
element composition of the interstitial melt determined by elec-
tron microprobe and the estimated melt H2O concentration.
Therefore, Zr measures the influence of crystallinity factors
(e.g., crystal fraction and shape) on the rheology.

Figure 7. Distribution of the shear bands along the z-axis of the samples ([XZ] plan) for experiments at
fs = 0.52 (a–c) and 0.58 (d and e) and at different strain rates.
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[37] For f < 0.2, the relative viscosities are similar for all
suspensions and can be fitted by the Einstein–Roscoe equa-
tion [Einstein, 1911; Roscoe, 1952] (Figure 9). For f > 0.2,
the relative viscosities calculated for our plagioclase suspen-
sions greatly increase to reach a maximum difference of ~5
log units at f ~ 0.5 compared with suspensions containing
quasi-isometric crystals. Moreover, the Einstein–Roscoe
equation fits quite well the rheological data for the quasi-
isometric suspensions for f < 0.6. In contrast, our data
are underestimated by several orders of magnitude (Figure 8;
0.3 < f < 0.6). Moreover, the results of Cordonnier et al.
[2009] on plagioclase-bearing suspensions exhibit lower vis-
cosities than those obtained in this study. In their experiments,
Cordonnier et al. [2009] have generated breakage of the crys-
tals, which implies a decrease of their mean shape ratio
[Forien et al., 2011]. Therefore, the broken plagioclase may
act as quasi-isometric particles, inducing a decrease of the
relative viscosity of the suspension.
[38] Our study experimentally demonstrates that the shape

of crystals is a critical parameter controlling the relative
viscosities and the crystal fraction at which the rheological
threshold occurs. Elongated particles are able to generate a
crystal network and thus increase the viscosity of the suspen-
sion at lower crystal fractions than expected from the
Einstein–Roscoe theory [Einstein, 1911; Roscoe, 1952].

The development of a continuous crystal network at low
crystal fractions has been demonstrated numerically by Saar
et al. [2001]. Comparison of data shows that, for anisometric
particles, a rheological threshold characterized by the strong
increase of the viscosity is reached at a critical crystal frac-
tion fc ~ 0.3 [Sato, 2005; Ishibashi and Sato, 2007; this
study], whereas it is reached at fc ~ 0.5 for nearly isometric
particles [Caricchi et al., 2007; Champallier et al., 2008]
(Figure 9). It is worth emphasizing that the determination
of the precise onset of the rheological transition should con-
sider the specific shape of the crystals and not only their
volumic fraction through the Einstein–Roscoe equation. In
addition, whatever the shape ratio, an increase of the strain
rate from 1.0� 10-5 to 1.0� 10-3 s-1 implies a decrease
of Zr of ~2 orders of magnitude (Figure 9). This is easily
explained by the increase of either the number of shear
bands at fs = 0.52 or the thickness of the bands at fs =
0.58, with increasing the strain rate that contributes to
weaken the samples and thus implies this decrease of the
relative viscosity.

4.3. Local Deformation Mechanisms

[39] The study of microstructures obtained forfs = 0.52 and
0.58 demonstrates that the applied stress is partially or totally
accommodated by the development of shear bands.

Figure 8. Apparent viscosity as a function of the crystal fraction. (black rectangles) Experimental data.
(white rectangle) Viscosity for a pure melt calculated using the model of Giordano et al. [2008]. Viscosities
up to fs = 0.2 are calculated using the Einstein–Roscoe equation. Top sketches illustrate the interplay
between the microstructures and the rheological behavior corresponding to the four domains (I–IV).
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Conversely, these discrete structures influence the rheological
behavior of the suspensions. In particular, shear bands
reduce the strength of the plagioclase-bearing suspension
and induce strain weakening at large strains. The orienta-
tion of the crystals inside the shear bands is almost par-
allel to the bulk shear direction (Figure 6b; fs = 0.52).
This indicates that the fabric inside the shear bands likely
corresponds to transtensional shear zone geometry in
which the extensional flow apophyse is always parallel
to the bulk simple shear [Weijermars, 1998]. Similar
structures have already been evidenced in natural mag-
matic rocks such as S/C0-like structures (called trachytic
textures; Smith, 2002), asymmetric textural domains
[Závada et al., 2009], and local shear bands [Sen and
Mamtani, 2006]. All are characterized by strong align-
ment of crystals and, in some cases, grain size reduction
[Sen and Mamtani, 2006], as obtained in our experiments
for fs = 0.58. Experiments made on natural rocks have
also shown discrete structures with flow banding of
crystal fragmentation [Cordonnier et al., 2009] or fractur-
ing of the samples [Caricchi et al., 2008].
[40] The number and spacing of shear bands are directly

related to the applied bulk strain rates (Figure 7). Further-
more, increasing the strain rate by 1 log unit leads to a
decrease of the relative viscosity by ~0.7 � 0.1 log unit
(Figure 9; Table 2). To quantify the local shear strains, strain
rates, and viscosities within the shear bands, we assume in
first approximation that all the observed shear bands are
formed at the same time and react continuously during
the deformation. For each crystal fraction, a strain parti-
tioning model based on the observed structures is used as
detailed below:

[41] 1. For fs = 0.52, the plagioclase suspension deforms
like a ductile material and the development of shear bands is
influenced by the interaction of the rotating particles and
thus by the strain rates [Smith, 1997]. Because the interac-
tions increase with the strain rate, the number of shears
bands increase too. We assume that a pervasive fabric
oriented at 45� from the shear direction is already acquired
at g � 0.1 following the Jeffery’s model of rigid body
rotation [Jeffery, 1922; Fernandez et al., 1983].
[42] 2. For fs = 0.58, samples undergo brittle deformation.

The applied stress is fully accommodated by the shear bands
as the pervasive fabric is not deformed.
[43] For both solid fractions, we assume that once the

bands are created, the applied stress is entirely accommo-
dated in the existing bands rather than by creating new ones.
Therefore, for both crystal fractions, we assume that
the shear bands initiate at g � 0.1 and accommodate all
the subsequent applied stress. The local shear strain can be
defined as

gloc ¼
dθ

2lband
; (13)

where θ is the angular displacement at a given shear strain g,
d the diameter of the sample and lband the cumulative thick-
ness of the shear bands. Then, we can calculate the local
strain rates as:

_gloc ¼
gloc

t
; (14)

with gloc is the local strain rate (s-1) and t (s) the experimen-
tal time necessary to reach a given shear strain g. Finally, the
local viscosities in the shear bands Zloc can be estimated
using the measured stress t as

�loc ¼
t

_gloc
; (15)

with t (Pa) the measured stress at a given shear strain g.
[44] For both crystal fractions, we found local strains gloc

and strain rates _gloc ~30 times higher than the bulk strains
and strain rates (Table 3). The viscosities within the shear
bands decrease by ~1.5 orders of magnitude compared with
the apparent viscosities of the bulk, irrespective of the
crystal fraction.
[45] At fs = 0.52, this decrease in viscosity could be attrib-

uted to the SPO of plagioclases in the shear bands (Figure 6b,
zone 2) as also suggested by Ishibashi and Sato [2007] on dilute
plagioclase suspensions. Alignment of crystals in a sheared
medium increases the ability of the fluid to flow by reducing
its tortuosity and consequently the apparent viscosity of the
plagioclase suspension [Petford, 2009].
[46] At fs = 0.58, the shear bands are characterized by

a strong grain size reduction and alignment of resulting
fragments (Figure 6c, zone 4). Combination of these two prop-
erties could be the cause of a lower viscosity in the shear
bands. Such an effect has been demonstrated on experimen-
tally deformed Unzen andesites by Cordonnier et al. [2009].

4.4. Applications on Natural Systems

[47] Our experiments evidence the control that localization
structures exert on the rheological behavior of crystal-rich
magmas during ascent and emplacement. Numerous based

Figure 9. Relative viscosities as a function of the crystal
fraction. Data for anisometric particles (rectangles) from
this study (color symbols), Cordonnier et al. [2009] (dark
gray area), Ishibashi and Sato [2007] (open symbols),
and Sato [2005] (full symbols) are plotted. Data from
nearly isometric particles (circles) from Caricchi et al.
[2007] (open symbols and light gray area) and Champallier
et al. [2008] (full symbols). Color coding relates experi-
mental data from this study to applied strain rates. The
errors are smaller than symbol sizes. The continuous black
curve gives the relative viscosities calculated using the
Einstein–Roscoe equation using Z0 = 104 Pa s, an exponent
(n) of 2.5 and fmax = 0.62.
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field studies point out the transition from a magma flow stage,
characterized by the pervasive alignment of anisotropic
euhedral crystals, to a connected solid network in which local-
ization structures may develop [Blumenfeld and Bouchez,
1988; Paterson et al., 1989; Bouchez et al., 1992; Petford,
2003; Vernon et al., 2004; Barbey, 2009].
[48] In plutons emplaced at the intermediate crustal level,

the macroscopic localization structures characteristic of a
continuous transition from magmatic to late, hypersolidus,
magmatic deformation are rarely fully documented. The
development of such structures will depend on a delicate
balance between the regional strain, ascent, and crystalliza-
tion rates [Paterson et al., 1989; Petford, 2003; Vernon
et al., 2004]. Furthermore, mineral fabrics and discrete struc-
tures developed during the latest stage of cooling plutons
can be easily erased by subsequent, even small, solid-state
penetrative deformation [Rosenberg, 2001; Zibra et al.,
2012]. Shear zones characterized by local reorientation of
anisotropic euhedral crystals with little evidence of intra-
crystalline deformation or crystal fracturing (cataclase) as
we reproduced for crystal fraction f = 0.52 are rarely
reported in granites. Field examples are often restricted to
mushes zones formed by the accumulation of anisotropic
crystals such as large euhedral K-feldspar megacrysts [Sen
and Mamtani, 2006; Barbey, 2009]. The anisotropic shape
of the K-feldspar megacrysts favor the formation of a solid
network in which the shear zones initiate and propagate by
crystal reorientation. This implies that the crystal network
trapped a large amount of residual melt to allow the free
rotation of the euhedral K-feldspar megacrysts without any
stress accommodation by intracrystalline deformation or
cataclase [Vernon and Paterson, 2008; Barbey, 2009].
Furthermore, this suggests that such shear zones develop
early during the crystallization history and confirm the con-
clusion that K-feldpar megacrysts begin to crystallize at melt
fraction of ~0.6 [Winkler and Schultes, 1982; Vernon and
Paterson, 2008]. Finally, if strain localization enlarges, crys-
tal mushes could be homogenized and remobilized, leading
to volcanic eruptions [Burgisser and Bergantz; 2011].
[49] In the shallow region of volcanic conduits and during

final emplacement of lava flows at the surface, the crystalli-
zation of feldspar microlites is promoted by cooling and
decompression at slow ascent rates [Martel, 2012]. The forma-
tion of a solid network during ascent at relatively low crystal
fraction drastically increases the viscosity of the magmas lead-
ing to the formation of a magma plug and the overpressuriza-
tion of the underlying magma column [Picard et al., 2011].
With increasing crystal fraction, strain partitioning occurs in
response to the high strength accumulated in the plug and
forms a connected network composed of regularly spaced dis-
crete shear bands characteristics of feldspar-rich lava

(trachytic textures) [Smith, 2002]. At the highest crystal frac-
tions, brittle shear bands characterized by an intense crystal
fragmentation develop [Allen and McPhie, 2003; Forien
et al., 2011; this study forf = 0.58]. These structures are asso-
ciated to strain weakening and shear thinning behavior and
typify restricted zones of intense shear and fast local strain
rates such as those near the conduit margins [Geshi, 2001]
and at the base of lava flows [Smith, 1996; Polacci et al.,
2005]. They would enhance the plug ascent inside the conduit
and thus may facilitate the final emplacement at the surface of
highly viscous, crystal rich bodies, as domes and spins
[Sparks, 1997; Hale and Wadge, 2008; Závada et al., 2009;
Pistone et al., 2012].

5. Conclusions

[50] We have performed deformation experiments on
plagioclase-bearing melts (0.38 < fs < 0.75), P = 300 MPa,
800 < T < 900�C, and strain rates from 1.0 � 10-5 to 1.0
� 10-3 s-1. All suspensions show a non-Newtonian shear thin-
ning behavior as similarly measured on suspensions contain-
ing isometric crystals [Caricchi et al., 2007; Champallier
et al., 2008]. Four successive rheological domains are identi-
fied from the existing data and rheological models at low crys-
tal fractions (fs < 0.3). In particular, a progressive evolution
from a pervasive fabric characterized by steady-state flow to
a strain partitioning fabric with a strain weakening behavior
is found. The crystal fraction at which this rheological transi-
tion occurs in plagioclase-bearing magmas is fc ~ 0.3 but is
fc ~ 0.5 for magmatic suspensions of isometric particles
[Caricchi et al., 2007]. Across the rheological transition, the
apparent viscosity of plagioclase-bearing magmas increases
by ~6 orders of magnitude. For ~0.3 < fs < ~0.5, plagio-
clase-bearing suspensions exhibit viscosities 5 orders of
magnitude higher than suspensions of isometric particles.
For 0.5< fs< 0.6 and g> 0.5, strain partitioning occurs with
the development of discrete localized shear bands whose
number and spacing are strain rate dependent.
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