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The viscous-brittle transition of crystal bearing silicic melt:
direct observation of magma rupture and healing.
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Methods

A mixture of fine powdered oxides was melted twice at T=1700 K for 6h and then quenched to a glass. The resulting
glass was ground to a fine powder and mixed with different proportions of corundum particles to obtain samples
characterized by different crystal fractions. These mixtures were subsequently cold pressed (40 ton load) in canisters
(50 mm diameter 200 mm length hollow cylinders) made of stainless steel alloy EN 1.4301 (Kohler Zurich). The
prepared powder is chemically insulated from the canister with molybdenum foil. The containers were subsequently
welded and immersed in a water bath under vacuum to check for perfect closure. The samples were synthesized in a
large volume internally heated pressure vessel (42 liters heated volume of argon) at 170 MPa and 1373 K for 24
hours.

The melt composition is a haplogranite melt (HPG8) with 5% mole excess sodium. The viscosity and its temperature
dependence of this specific composition were experimentally measured and confirm the model of Hess et al. (1995).
We ensured that no unexpected reactions occurred by re-measuring the chemical composition of the interstitial melt
after each experiment (see table 1).

The samples were cooled at about 60K/min to T=900K, which corresponds to a viscosity of about 10" Pa-s (Hess et
al., 1995) and then cooled at 0.6 K/min until room temperature was reached. This procedure ensures the relaxation
of the stresses in the sample related to cooling. The average projected length of the admixed particles is 1.37 mm
with a standard deviation of 0.25 mm. Their aspect ratio is slightly elongated ranging from 1 to 3 with an average of
1.4 and a standard deviation of 0.2. Thus, the suspension is similar to mono-dispersed spheres (Saar et al., 2001),
which simplifies the whole system complexity. However, the outlines of the crushed corundum particles deviate
from that of ideal spheres by exhibiting the irregular patterns resulting from concoidal fracturing (see Figure 1). In
order to characterise the crystal fraction and its network, the resulting products were scanned with neutron
tomography and directly observed in thin-sections. We checked that the glass was crack-free and had the predicted



crystal fraction (see table 2). Our samples do not contain volatiles and are consequently a pure two-phase material.
Moreover, the deformation experiments were performed at higher confining pressure than the synthesis to ensure
that any residual gas phase would remain dissolved in the melt.

Cylindrical samples of 15 mm diameter and 10 mm length were directly drilled from the containers used for the
synthesis and double polished to obtain parallel surfaces (allowed deviation about 2 microns). The samples were
placed in the centre of a symmetric assembly composed of cylinders of alumina and partially stabilized zirconia
ceramic. The column was inserted in an iron tube, isolating the sample from the argon gas used as pressure
confining medium. The experiments were carried out in an internally heated Paterson-type deformation apparatus
(Paterson and Olgaard, 2000) at the Rock Deformation Laboratory of ETH Zurich (Switzerland). The deformation
tests were performed at 200 and 300 MPa confining pressure and temperatures between 873 and 1173 K by applying
simple shear stresses in a torsion configuration (Paterson and Olgaard, 2000). All the experiments were carried out
by applying fixed strain-rates to the sample and performing a strain-rate stepping test, where once a constant value
of stress is reached the strain-rate is increased to a higher value. (Paterson and Olgaard, 2000). The strain-rate is
thus gradually increased toward the critical strain-rate (see eq. 2). While doing so, we continued to measure the
stress applied to the sample and we stopped the experiment if stress instabilities were detected. This was done to
prevent damage to the apparatus and to confirm that the small stress drops are in fact caused by creating cracks.
Micro-cracking is manifest through stress instabilities: when cracks are initiated the press decreases the applied
stress to conserve the defined constant strain-rate. The applied stress is obtained from the torque exerted from the
apparatus on the sample. The contribution of the jacket is subtracted from the total torque and the stress applied
obtained from the equation
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where M is the torque [N-m], d is the diameter of the sample [m], and 7 is the flow index, the exponent of a
power-law type fluid and the characteristic parameter of the stress/strain rate dependence. It is obtained from the

relation d log(M) / d 1og(0) where 0 is the twist-rate [rad-s"], and evaluated from the stress steps performed

before failure. The # exponent calculation is only valid for a continuous and homogeneous cylindrical sample. At
relatively low stresses, we found exponents in agreement with those obtained by Arbaret et al. (2007) and Caricchi
et al. (2007) who used similar materials. The n exponent sensitivity is, however, dependent of the number of steps
performed in the low stress field. Thus experiments with only a few steps have poorly constrained values of the n
exponent. Moreover while approaching failure, the flow index drops and a second flow regime is observed. This last
one is consistent with the brittle behavior observed at atmospheric pressure (Cordonnier et al., 2009) and was called
transition regime to emphasize the switch from viscous to brittle regime. Thus the continuity and homogeneity
hypotheses may no longer be justified and the choice of the flow index (72 ) is problematic. However the maximal
error between a Newtonian fluid (7 =1) and a rigid-plastic material (72 =0) is a stress change of of 25%. In Figure 3,
the error bars represents the difference between Newtonian fluids (72 = 1) and plastic fluids (7 =0). The flow index
of the 0.65 crystal fraction could not be calculated in our experiments but is estimated around 0.25 from previous
work (Arbaret et al., 2007; Caricchi et al., 2007).

Nineteen experiments were performed, some with several stress steps and other by going directly to the critical
stress in order to confirm that strain had little effect. The details of each experiment are reported in table 3 and
plotted in Figure 2.



Table DR1: Melt Chemical composition in weight %, average of 86 counts performed in the melt phase of the sample. FeO' is
the total iron measured. StD: Standard deviation. The measurements were performed under the protocol of (Morgan and
London, 1996, 2005).

Weight % St
SiO, 75.73 0.57
Tio, 0.01 0.01
AlLO, 11.41 0.25
FeO" 0.01 0.01
MnO 0.01 0.01
MgO 0.01 0.01
Ca0 0.01 0.02
Na,0 8.24 0,27
K,0 3.98 0.15
P,0, 0.01 0.01
Total 99.98 0.61

Table DR2: Results of crystal fraction estimate before deformation compared to expected values from sample preparation

using weight fraction calculation. 1) Point Counting Methods, Average of 500 counts, 2) Stereo-Microscopy Method
(reflected light), Average of 3500 counts. 3) Thresholding Method, Average of 7 image analysis. 4) Point Counting
Method on Tomographic results of the 3D Xray-uCT scans, Average of 7 image analysis. StD: Standard deviation. Point
counting performed in random grid mode using the Software JMicroVision.

Preparation |Expected PCM [1] SMM [2] StD [TM [3] StD PCM-T [4]
110-1 ib 12.80 14.65 2.05 16.50 2.05

140-2 40 39.44
140-3 40 40.80 41.13 2.08 42.59 2.08

155-2 55 56.80 55.89 2.54 57.30 0.99

265-1 65 68.20 57.83 2.54 61.23 1.40

265-2 65 63.76
265-4 65 63.00 61.14 4.17 02.77 1.09




Table DR3

: Experimental Results.

Peak of
Sineriman, | Chysml, HCOAnng “amperats Strain-rate  Strain Camloied Ps?ﬁzksgf Ps??eksgf psetrﬂ:sgf P;;:gf Sra Failure
tnumber Fraction Pressure re strain (n=1) (n=.5) (=25  (n=infty) used in
! : n exponent Figyres.
[%] [MPa] [C] [ [Pa] [Pa] [Pa] [Pa] [Pa]
Exp. #01 15 200 600.7 7.6E-04 0.897 0.897 204E+7  2.57E+7  239E+7  2.20E+7 1.00 2.94E+7 no
15 200 601.1 8.5E-04 0.551 1.448 333E+7  202E+7  271E+7T  2.50E+7 1.00 3.33E47 no
Exp. #02 15 200 600.9 34E-04 0.091 0.091 144E+7  1.26E+7  117E+7  1.08E+7 1.00 1.44E+7 no
15 200 600.4 3.7E-04 0.151 0.242 152E+7  1.33E+7  1.23E¥7  1.14E+7 1.00 1.52E+7 no
15 200 600.4 5.6E-04 0.210 0.452 233E+7  2.04E+T  1.90E*T  1.75E+7 1.00 2.33E+7 no
15 200 600.6 7.5E-04 0.504 0.936 323E+7  2.83E*T  263E*7T  242E+7 1.00 3.23E47 no
15 200 601.2 8.6E-04 0.331 1.287 359E+7  3.15E+7T  202E+7  270E+7 1.00 3.50E+7 no
15 200 600.9 9.5E-04 0.301 1.588 404E+7  3.54E+7  320E+7  3.03E+7 1.00 4.04E+7 no
Exp. #03 15 200 595.3 3.0E-03 0.780 0.780 108E+8  Q.45E+7  B78E+7  B.10E+7 068 9.94E+7 yes
Exp. #04 15 200 576.3 3.7E-03 0.370 0.374 115E+B  1.01E+8  9.34E+7  8.63E+7 044 9.89E+7 yes
Exp. #05 40 200 603.3 14E-04 0.342 0.342 198E+7  1.73E+7  161E¥7T  149E+7 087 T91E+7 no
Exp. #06 40 200 654.2 1.3E-04 0.030 0.030 139E+6  1.22E+6  1.13E*6  1.04E+6 0.90 1.36E+6 no
40 200 654.2 6.8E-04 0.221 0.252 BSBE+6  7.51E+6  697E+6  644E+6 0.90 8.36E+6 no
40 200 654.2 1.0E-03 0.524 0.775 132E+7  1.16E+7  1.07E+7  9.00E+6 0.90 1.28E47 no
Exp. #07 40 200 600.7 5.0E-05 0.062 0.062 192E+7  1.6BE+7  1.56E+7  1.44E+7 087 1.856+7 no
40 200 600.6 1.0E-04 1.144 1.206 331E+7T  290E+7  269E+7  248E+7 087 3.20E+7 no
Exp. #08 40 300 624.4 5.0E-05 0.066 0.066 BO2E+6  7.81E*6  T.25E*6  6.69E*6 068 8.20E+6 no
40 300 624.4 1.0E-04 0.068 0.134 14TE+7  1.296+7  1.19E+7T  1.10E+7 068 1.356+7 no
40 300 624.4 3.0E-04 0.259 0.393 3ATE+7  277E+7T  258E+7  2.38E+7 068 2.91E+7 no
40 300 624.4 7.5E-04 1.118 1.510 526E+7  4.60E+7  427E+7  3.95E+7 055 4.6TE+7 no
40 300 624.4 9.9E-04 0.305 1815 576E+7  5.04E+7  ABBE+T  4.32E+7 0.33 4.80E+7 yes
Exp. #09 a0 200 600.5 3.7E-05 0.043 0.043 7BBEt6  B.90Et6  B40Et6  591Et6 0.87 7.63E+6 no
40 200 600.5 2.2E-03 0.396 0.439 5.73E+7  5.01E+7  AB6E+7  4.30E+7 049 9.00E+7 yes
Exp. #10 55 300 734.5 6.4E-05 0.043 0.043 490E+6  4.29E+6  398E*6  3.68E*6 0.92 4.80E+6 no
55 300 734.6 1.1E-04 0.114 0.157 930E+6  B.14E+6  7.56E+6  6.98E+6 0.92 9.11E+6 no
55 300 734.6 5.0E-04 0.406 0.563 195E+7  1.71E+7  1.58E+7  146E+7 0.60 1.76E+7 no
55 300 734.5 1.0E-03 0.597 1.160 207E+7  1.81E+7T  16BE+7T  1.55E+7 0.08 1.50E+7 yes
Exp. #11 55 300 704.7 1.1E-05 0.020 0.066 3B2E+6  3.17Et6  284E+6  272E+6 051 3.17E+6 no
% 300 704.7 6.4E-05 0.079 0.099 903E+6  7.90E+6  7.34E*6  6.77E*6 051 7.93E6 no
55 300 704.7 1.1E-04 0.073 0.172 119E+7  1.04E+7  967E*6  B.93E+6 0.50 1.04E+7 no
55 300 704.7 5.0E-04 0.535 0.707 244E+7  214E+7  1.98E+7  1.83E+7 0.50 2.13E+7 no
55 300 704.7 1.0E-03 0.315 1.022 28BE+7  2.50E+7  232E+7  215E+7 0.00 2.15E+7 yes
Exp. #12 55 200 750.2 1.1E05 0.037 0.037 117E+7  1.02E+7  951E+6  B.7BE+6 046 1.01E+7 no
55 200 750.2 25E-05 0.081 0.118 170E+7  1.49E+7  1.38E+7  128E+7 046 1.47E+7 no
) 200 750.2 5.0E-05 0.168 0.286 241EYT  211EYT 196E¥T  1B1E+T 046 2.09E+7 no
% 200 750.2 7.5E-05 0.224 0.509 2B1Et7  246E+T  228E*T  2.11E+7 042 2.40E+7 no
55 200 750.2 1.0E-04 0.133 0.642 2B9E+7  2.53E+7T  235E+T  2ATEHT 042 2.4TE+T no
55 200 750.2 25E-04 0.090 0.732 304E+7  2.66E+7  247E+T  2.28E+7 0.05 2.326+7 yes
Exp. #13 55 200 800.8 1.2E05 0.023 0.023 175E+6  1.53E+6  142E+6  1.31E+6 089 1.70E+6 no
55 200 800.8 12E-04 0.204 0.317 136E+7  1.19E+7  111E+7T  1.02E+7 082 1.30E+7 no
% 200 800.8 3.7E-04 1.289 1.605 2B4E+7  2.31EtT  219E*T  1.98E+7 061 2.38E+7 yes
Exp. #14 5] 200 750.1 7.3E-05 0.016 0.016 105E+7  9.19E+6  B8.53E*6  7.88E+6 034 B8.78E+6 no
55 200 750.1 5.1E-04 0.042 0.058 197E+7  1.72E+7  1.60E+7  14BE+7 0.34 1.65E+7 no
55 200 750.1 1.0E-03 0.003 0.151 24BE+7  21S5E+7T  200E+7  1.85E+7 0.33 2.05E+7 no
55 200 750.1 1.5E-03 0.148 0.298 284E+7  249E+7T  231E+7  213E+7 033 2.36E+7 no
55 200 750.1 22E-03 1.185 1.483 354E+7  3.10E+7  2.88E+7  2.6BE+7 0.25 2.8BE+7 yes
Exp. #15 65 300 804.7 8.7E-05 0.138 0.138 356E+7  312E+7  289E7  2B7EFT 025 2.89E+7 yes
Exp. #16 65 300 205.0 5.0E-05 0.082 0.082 196E+7  1.72E+7  1.09E+T  147E+T 025 1.59E+7 yes
Exp. #17 65 300 854.7 5.0E-05 0.292 0.292 361E+7  3.15E+7T  293E+T  270E+7 025 2.93E+7 yes
Exp. #18 65 200 200.0 5.0E-05 0.097 0.097 331E+7  2.90E+7  269E+7  24B8E+7 025 2.60E+7 yes
Exp. #19 65 200 900.8 2.0E-05 0.267 0.267 458E+7  4.01E+T  372E+7  344E+7 0.25 3TEHT yes
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Figure DR1: Typical corundum crystals used for the synthesis of the samples.
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Figure DR2: Measured stress versus accumulated strain for all the experiments detailed in table 3.
Crosses indicate the failure of the sample.
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