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ABSTRACT
Magmas may fl ow or break depending on their deformation 

rate. The transition between such viscous and brittle behavior con-
trols the style of volcanic eruptions. While the brittle failure of sili-
cate melts is reasonably well characterized, the effect of crystals on 
the viscous-brittle transition has not yet been constrained. Here we 
examine the effect of suspended crystals on the mechanical failure of 
magmas using torsion experiments performed at temperatures (600–
900 °C), strain rates (10–4–10–1 s–1), and confi ning pressures (200–300 
MPa) relevant for volcanic systems. We present a relationship that 
predicts the critical stress and associated strain rate at which magmas 
fail as a function of crystal fraction. Furthermore, the results demon-
strate that the viscous to brittle transition occurs at lower stresses and 
strain rates when crystals are present. The fractures formed during 
brittle failure of crystal-bearing magma originate in the melt phase, 
which enables gas to escape, and hence to reduce gas overpressure. 
These degassing pathways heal on relatively short time scales owing 
to the high confi ning pressure at depth, highlighting the possibility 
that coherent lavas may actually be the healed remains of partially 
degassed magma parcels that have undergone many cycles of fractur-
ing and healing.

INTRODUCTION
The viscous-brittle transition of silicate melts is fundamental to 

nearly all hazardous volcanic phenomena, from explosive eruptions to 
endogenous dome failure and lateral blasts (Woods and Koyaguchi, 1994; 
Zhang, 1999; Papale, 1999; Gonnermann and Manga, 2003). Signifi cant 
effort has thus been made to capture the basic physical nature of the transi-
tion both experimentally (Benson et al., 2008; Burlini and Di Toro, 2008; 
Tuffen et al., 2008; Lavallee et al., 2008; Smith et al., 2009) and theoreti-
cally (Falk and Langer, 1998; Furukawa and Tanaka, 2009).

The embrittlement of magma occurs when stress accumulates more 
rapidly than it dissipates by viscous deformation. This threshold may be 
crossed by rapid fl ow acceleration (Goto, 1999) or by propagation of a 
decompression wave (Alidibirov and Dingwell, 1996). Here we document 
how stress localization around crystals can also precipitate this transition 
at lower stresses than in a crystal-free melt.

We performed simple-shear experiments on crystal-melt suspensions 
under confi ned conditions relevant for volcanic systems. For particle vol-
ume fractions up to 0.65, we show that the onset of brittle deformation is 
controlled by stress localization in the silicate melt phase.

EXPERIMENTAL METHODS
Samples with crystal fractions (Φ) from 0 to 0.65 were created by 

mixing different proportions of peralkalinehaplogranitic glass with excess 

Na2O (Hess et al., 1995) and corundum particles (see the GSA Data Repos-
itory1). Cylindrical samples (10 mm × 15 mm) were machined to perform 
simple-shear experiments in a Paterson-type deformation apparatus under 
applied controlled strain rate and measured stress (see the Data Reposi-
tory). We performed experiments for several samples at different crystal 
fractions and temperatures. Because of the working range of the apparatus 
(i.e., apparent viscosity between 109 and 1013 Pa·s), the temperature was 
increased for high-crystallinity samples. For Φ < 0.5, the viscosity of the 
melt was set between 109 and 1012 Pa·s. For 0.5 < Φ < 0.6, the viscosity of 
the melt was reduced between 107 and 109 Pa·s. For Φ > 0.6, the viscos-
ity of the melt was between 106 and 107 Pa·s. The apparent viscosity was 
calculated from the measured bulk stresses and imposed strain rates. These 
experiments were terminated after the fi rst two stress drops to avoid com-
plete sample failure. After each experiment, the three-dimensional struc-
ture of the cracks was imaged with X-ray microcomputed tomography.

RESULTS
The transition from viscous to brittle behavior is clearly observed dur-

ing these experiments. Figure 1 shows one typical experiment in which 
viscous fl ow and brittle failure occur. All the experiments exhibit an initial 
relaxation phase where the stress increases to a steady value. Then, depend-
ing on the applied deformation rate, stress may remain constant (viscous 
behavior; see Fig. 1, gray curve) or, above a critical value, departs from this 
steady stress value. In the latter case, we observe two characteristic ways in 
which the stress deviates from the viscous behavior. The fi rst departures are 
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Figure 1. Representative experiment (here experiment #08) showing 
evolution of the applied differential stress versus time under viscous 
conditions (gray curve), in the transition regime (thin black curve), 
and in the brittle regime (bold black curve).
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transient decreases in stress that systematically recover to the steady value; 
the second are large, nonrecoverable drops in stress (Fig. 1).

The smaller stress fl uctuations are interpreted to be microcracks that 
subsequently heal. Pressure within the newly formed cracks is negligible, 
whereas the melt pressure approximates the confi ning pressure. The large 
pressure difference generated by crack opening thus drives the interstitial 
melt back into the cracks, heals them, and stress returns to its steady value. 
Stress recovery was observed several times during a single experiment 
(see Fig. 1). For differential stresses >1 MPa, characteristic healing times 
can be estimated from the ratio of the viscosity to the differential stress 
(Tuffen et al., 2003). This formulation predicts healing times of 300 s, 
comparable to the timescale observed in our experiments (i.e., 30–200 s).

For a relatively small stress increase, the cracks connect into a mac-
roscopically observable failure of the sample, evidenced by a large stress 
drop (see Fig. 1, bold black curve). We observe that the critical stress 
required for failure decreases as Φ increases (see the “Discussion” section).

The samples in which we observed stress instabilities always exhibit 
helical cracks, consistent with the stress fi eld applied in torsional experi-
ments (Figs. 2B–2D). Cracks propagate from the higher-stress outer sur-
face to the core of the sample (see Fig. 2E) (Paterson and Olgaard, 2000). 
In samples with Φ < 0.4, the fractures are localized and propagate through 
both melt and crystals (Figs. 2E and 2G). However, for Φ > 0.5, broken 
crystals are more diffi cult to identify and the pattern of the fractures is more 
diffuse (see Figs. 2F and 2H). Compared to the planar and sharp surface of 
fractures (Figs. 2E and 2G), the rounded voids (Figs. 2F and 2H) suggest 
that melt fl owed back into the cracks, a process limited by the strength and 
geometric complexity of the crystal network. Because of the lower viscos-

ity of the melt for Φ > 0.5, the characteristic healing time is lower and may 
explain the fl ow-back pattern and the rounded structures. To validate this 
theory, we repeated experiment #15 (see the Data Repository for experi-
mental details) with a slightly lower strain rate but a temperature increased 
by 100 °C, so that the melt could fl ow more easily, allowing cracks to heal 
faster. This second experiment (#16) showed also a major stress drop, but 
no fractures were found in the recovered sample (Fig. 2I).

DISCUSSION
The experimental results were analyzed in the context of existing 

models for crystal-free melts. The fl uid or solid character of magmas can 
be defi ned by their relaxation state or Deborah number (De), the dimen-
sionless ratio of relaxation (tr = η/G∞ for the Maxwell model) and defor-
mation (td = �ε –1) time scales:

 De =
∞

η ε0
�

G
, (1)

where η0 is the shear viscosity of the liquid, �ε  is the strain rate, and G∞ is 
the infi nite-frequency elastic shear modulus of the melt. Above a critical 
Dec, fl uids break, and for silicate liquids Dec = 10−2 (Cordonnier et al., 
2012; Dingwell, 1996). Because G∞ equals 1010 ± 0.5 for pure silicate melts 
(Dingwell, 1996), the critical strain rate is

 �ε
η

τ
η

ηc
c c0 8 ± 0.5De

0
0 0

0
110= = =∞ −G
, (2)

Figure 2. A: Visualization of the samples before deformation. D: Expected deformation of a cylinder under torsion; the arrows are the main 
stresses. B, C, E, F, G, H, and I: Experiments #08 (Φ = 0.40), #15 (Φ = 0.65), and #16 (Φ = 0.65) after deformation. The experiments were imaged 
with X-ray microcomputed tomography. B and C: A three-dimensional reconstruction of the cracks generated (in red) for experiments #08 
and #15. E and F: Cross sections of the two same experiments. G, H, and I: From bottom to top, sections of experiments #08, #15, and #16 
at 25%, 50%, and 75% of the sample height.
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where τc0 is the critical stress of the melt. Note that the elastic shear modu-
lus may vary from 10 to 70 GPa as Φ increases (Caricchi et al., 2008), 
but this change is negligible compared to the fi ve orders of magnitude 
increase of viscosity. Thus, the variation of the shear modulus is not con-
sidered here, and its value is fi xed to the defi nition of Dingwell (1996).

For crystal-bearing magmas, the measured fl ow resistance of the 
macroscopic magmatic suspension is the apparent viscosity (ηa) defi ned 
by the ratio of the bulk stresses and strain rates (τa, �εa). However, the mea-
sured values mask the local infl uence of solid particles, which exert a 
strong localization of deformation. Hence, shear-thinning, the reduction of 
the apparent viscosity with increasing stress, depends not only on applied 
stress but also on crystal fraction (Caricchi et al., 2007; Champallier et al., 
2008; Cordonnier et al., 2009).

The apparent viscosity is a measure of magma’s capacity to dissi-
pate the applied stress, and the viscosity term from Equations 1 and 2 can 

be replaced by the apparent viscosity. Thus, we can calculate the critical 
strain rates (�εc) and Deborah numbers (Dec) for any apparent viscosity and 
compare the results to the measured bulk stresses and strain rates at the 
failure point (see Fig. 3A).

The experimental results suggest a common Dec close to 10−2.5 ± 0.5 
(Fig. 3). But the general trend identifi es a real dependence on crystal frac-
tion described by

 De Dec c0≈ −( )1 Φ * , (3)

or equivalently

 τ τc c0≈ −( )1 Φ * . (4)

That is, the critical applied stress scales with the connected liquid 
fraction, 1 – Φ*, where Φ* = Φ/Φmax, and Φmax is the maximum packing 
fraction. For the case of monodisperse spheres, our material approximates 
Φmax = 0.74 (see the Data Repository). This scaling implies that the critical 
stress initiating cracks is the critical stress of the fl uid corrected for the 
stress localization due to the geometrical impact of the particles. Thus, 
ultimate strength of the magma needs to be adjusted for Φ.

As stresses approach the critical stress τc, the stress dependence of 
magma viscosity (shear-thinning effect) increases. We suggest this arises 
from the microcracking and healing shown in Figure 1. This is consis-
tent with previous observations at atmospheric pressure where the magma 
entered a brittle but not failing regime (Cordonnier et al., 2009; Lavallee 
et al., 2007). It is not clear whether this behavior can persist indefi nitely or 
whether the microcracks and the sample fail.

Figure 3 also shows results of 1 atm experiments on samples from 
Mount Unzen volcano (Japan), 0.4 < Φ < 0.55 (Cordonnier et al., 2009). 
These experiments do not deviate from the results obtained in this study 
at high confi ning pressure, implying that confi ning pressure exerts only 
secondary control on brittle behavior of the incompressible liquid phase 
and that crack formation (but not healing) depends only on the applied 
differential stress. The confi ning pressure matters only once cracks form 
because it strongly governs the rate of crack healing. When the crystal 
fraction approaches the maximum packing fraction (Φmax), the strength of 
the crystal network becomes important and controls the rheology.

At high crystal fractions, our experimental apparatus cannot reach 
the required low stresses and strain rates to document fl owing conditions. 
Instead, the material always deforms within the brittle fi eld. The experi-
mental measurements suggest a strain dependence of failure (see the Data 
Repository). The strain dependence occurs because, as the melt between 
crystals is stretched beyond its brittle limit (strain rate is always above 
critical), voids form when crystals are forced apart, and beyond a given 
total strain the sample fails. Our ability to answer the question “Is failure 
of very high-crystallinity magmas strain-dependent?” is limited by our 
experimental capabilities.

Our synthetic samples were designed to limit the size reduction of 
crystals by brittle deformation because this phenomenon occurred in pre-
vious experiments and may be responsible for shear-thinning (Cordonnier 
et al., 2009; Forien et al., 2011; Lavallee et al., 2008). However, compar-
ing results for natural Mount Unzen samples with the synthetic samples 
(Fig. 3) shows that our experiments capture the onset of brittle failure in 
fully degassed natural crystal-bearing systems. Despite different crystal 
size distributions and crystal shapes, and a different mode of deformation 
(uniaxial loading), Mount Unzen results also demonstrate both a brittle 
regime that does not lead to failure (our transition regime) and a failure 
regime. In fact the main difference in the Mount Unzen room pressure 
experiments is the nonrecovery of the stress drops associated with micro-
cracks (Cordonnier et al., 2009). Because the pressure gradients at low 
confi ning pressures are small, cracks cannot heal during the 1 atm experi-
ments, unlike the confi ned experiments.
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Figure 3. Summary of results. Empty circles and squares represent 
experiments where stress was stable during deformation (viscous 
regime). Triangles show the experiments where cracks were ob-
served (brittle regime). Filled circles and squares indicate the fi eld 
where a more pronounced shear-thinning effect and stress instabili-
ties were observed (transition regime). Yellow—synthetic samples 
with Φ = 0.15; blue—synthetic samples with Φ = 0.40; green—syn-
thetic samples with Φ = 0.55; red—synthetic samples with Φ = 0.65; 
light blue—Mount Unzen lava dome samples. A: Blue line shows the 
brittle hypothesis for pure melts (Dec0 = 10−2), two orders of magni-
tude below the inverse of the relaxation time scale of the material 
(i.e., De = 1). Dashed gray lines are Deborah values. B: Critical stress 
and Deborah number versus the crystal fraction. Red line plots the 
fi rst-order approximation made here (see text).
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The results presented in Figure 3B are consistent with a general 
view that brittle failure can be predicted at a mesoscale from the bulk 
parameters (τa, �εa, ηa) as long as the liquid phase remains connected (i.e., 
Φ < Φmax). Above Φmax, the fl ow becomes granular and the same physi-
cal processes may no longer apply. While confi ning pressure does not 
affect the brittle failure of degassed magmatic suspensions, our experi-
ments (e.g., Fig. 3) show that it signifi cantly affects crack lifetime. The 
healing time is governed by the ability of melt to fl ow back into cracks 
and recreate a continuous phase, and thus depends on liquid viscosity, 
confi ning pressure, and permeability of the crystal network. In the case 
of a magma with dissolved volatiles, the cracks may get pressurized and 
their lifetime extended. But our results demonstrate that within degassed 
magma, cracks heal over relatively short time scales and may often not be 
preserved in volcanic systems. Hence, the sole record of brittle dynamics 
may be preserved by broken crystals (Allen and McPhie, 2003; Paterson 
and Olgaard, 2000). The time that cracks remain open will partly control 
the amount of gas that escapes from the magma, thereby critically infl u-
encing the style and evolution of volcanic eruptions.
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