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The rheology and strength of bubbly magma govern eruption dynamics by
determining the possibility of fragmentation of ascending magmas. They are
also required parameters for understanding seismic monitoring. We measured

the rheology and strength of high porosity rhyolitic magma at 500-950 °C.
The measured shear modulus and strength are several orders of magnitude

2 lower than bubble-free rhyolite melt, implying that high porosity magma
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cannot avoid fracturing during magma ascent. The occurrence of fractures
is observed in the low-temperature magma (<800 °C). In this temperature
range, the measured attenuation is low. That is, the elastic energy originated
by deformations avoids attenuation and is stored in the bubbly magma until
released by fracturing(Q > 1). The newly found porosity-dependent strength

based on our measurements comprehensively explains three different frag-
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29 mentation criteria that have been previously proposed independently. Our
30 measurements also show that the shear modulus becomes lower by increas-
31 ing porosity, which can slow the shear wave velocity. These results suggest
2 that knowing the attenuation of the seismic wave is useful to evaluate magma

3 temperature and the possibility of a fragmentation event that may determine

w

s subsequent volcanic activities.

15 Keywords: magma, fracture, rheology, bubble

1. Introduction

37 An expansion of volcanic gas and fragmentation of surrounding magma
3¢ sometimes causes hazardous explosive eruptions (e.g., Sparks, 1978; Eichel-
3 berger et al., 1986). The mechanism causing the loss of volcanic gas from the
40 magma (outgassing) and fragmentation mechanisms have extensively been
4 investigated (e.g., Dingwell, 1996; Papale, 1999; Zhang, 1999; Gonnermann,
2 2015). Two major criteria for the fragmentation of molten magma have been
4 suggested. One is defined by a porosity threshold (volume fraction of bub-
4 bles) of @ ~ 0.8. This threshold is based on the observed upper limit of
45 porosity in pumice (Sparks, 1978; Wilson et al., 1980). The other criterion

4 1s defined by the ratio of relaxation time 7 relative to the deformation time

a7scale Tq,
T, :
De=""_ eV 5,01, (1)
Td G

4 where (/) is magma viscosity at zero shear rate, and G is a shear modu-
4 lus at an infinitely high frequency. This equation roughly indicates that if the

so deformation 1/74 is sufficiently faster than the relaxation of the stress elasti-

1 cally stored in a Maxwell fluid with a unique relaxation time 7 = 1(1/c0y/Geo,
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brittle failure results (Webb and Dingwell, 1990; Cordonnier et al., 2012;
Wadsworth et al., 2018). This ratio is a non-dimensional number known as
the Deborah number, De. This number is sometimes called the Weissenberg
number, and use of the term “Weissenberg number” is usually restricted to
steady flows (e.g., Larson, 1999; Poole, 2012). Our experiments include both
oscillatory and steady deformation; thus, we use the term Deborah number,
hereafter. This strain rate-based criterion is frequently used to discuss out-

gassing from molten magmas through the fragmented surface (Castro et al.,

¢02014; Gonnermann, 2015; Kushnir et al., 2017; Wadsworth et al., 2018).
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Magmas, as a suspension of bubbles and crystals, have varying viscos-

ity extending into several orders of magnitude, by changing temperature,
composition, and the existence of crystals (e.g., James et al., 2004; Car-
icchi et al., 2007; Giordano et al., 2008; Mader et al., 2013). Bubbles in
magma can increase and decrease the viscosity of magma with respect to the
strain rate (Bagdassarov and Dingwell, 1992; Lejeune et al., 1999; Manga and
Loewenberg, 2001; Llewellin et al., 2002; Stein and Spera, 2002; Vona etal.,
2016). Here, the viscosity of the bubble free melt depends on its composition
(including volatile content) and temperature, while the effective viscosity of
the bulk magma depends also on crystals and bubbles, and strain rate. Such
varying viscosity may changes relaxation time. A shear modulus, another
parameter in a relaxation time, has been considered as a constant relative
to a viscosity (e.g., Dingwell and Webb, 1989). The composition and wa-
ter content slightly vary a shear modulus (Malfait et al., 2011; Whittington
et al., 2012). In contrast, the porosity and crystalinities efficiently change a

shear modulus (Bagdassarov et al., 1994; Fontaine et al., 2005; Caricchi et al.,
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2008; Tripoli et al., 2016). The elasticity of a high porosity foam (¢ > 0.64)

is dependent on the bubble fraction and surface tension (e.g., Hohler and

79 Cohen-Addad, 2005).
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Suspensions of bubbles and crystals can have several relaxation times
that differ from a simple Maxwell fluid with unique relaxation time 7. =
N/y/Geo (e.g., Namiki and Tanaka, 2017). As observed facts, the presence
of crystals alters the relaxation time (Coats et al., 2018), and can modify the
critical strain rate for fragmentation from Eq.(1) (Moitra et al., 2018). Thus,

a high porosity magma may have different relaxation time and fragmentation

se criteria from a bubble-free liquid.
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To quantitatively evaluate the relaxation of stress in a bubbly magma, we
need to use the frequency-dependent quality factor Q, known as the inverse
of attenuation. Q is a non-dimensional number and the ratio of the stored
elastic energy relative to the dissipative energy (Bagdassarov and Dingwell,
1993; James et al., 2004; Namiki and Tanaka, 2017). When Q > 1, the stored

elastic energy does not relax within the objective time scale. In contrast,

when Q < 1, the energy imposed on the magma for the deformation dissipates

viscously. Different from using the Deborah number based on the unique
relaxation time Tr,if we use frequency-dependent Q, we can evaluate multiple
relaxation times through the quantitative ratio of the elastic/viscous effects
as a function of the deformation time scale 7q. The frequency-dependent
rheology of magma is also required for seismological application in volcanic
regions. The shear wave velocity traveling through magma depends on the
shear modulus, and the attenuation of the shear wave amplitude is described

by using Q (Chouet, 2003; Kumagai et al., 2014; Kawakatsu and Yamamoto,
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Different from the volcanologically focused fragmentation criteria defined
through the porosity and the Deborah number, rock failure is usually defined
by stress or strain. The typical strength of a bubble-free magma is >100 MPa
(Webb and Dingwell, 1990; Vasseur et al., 2013). The existence of bubbles
can reduce the strength of magmas (Coats et al., 2018) and enhance the
generation of cracks (Okumura et al., 2010; Kushnir et al., 2017). The elas-
tic modulus decreases with an increasing number of cracks and elongated
bubbles; the exact value of the decrease is affected by the orientation of the
cracks and bubbles (e.g., Heap et al., 2014; Griffiths et al., 2017). Although
various criteria for fragmentation/fracture have observational/experimental
bases, the relationship among different criteria has not been well explained.

Outgassing by the occurrence of fragmentation has been considered (New-
man et al., 1988; Rust et al., 2004; Gardner et al., 2017). However, the re-
moval of volatiles from only a limited fractured plane through diffusion is
implausible (Castro et al., 2012). To outgas the entire magma, the magma

should fracture into small pieces to increase the surface area and repetitively

19 vent from effusing lava (Castro et al., 2014).
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Until now, deformation experiments on bubbly magma have been con-
ducted for a porosity range of ¢ < 0.7 (Okumura et al., 2010; Pistone et al.,
2012; Vona et al., 2016; Kushnir et al., 2017). It is not obvious how a highly
vesiculated magma ¢ > 0.7 has elasticity and reduces its strength to easily
fracture into small pieces to enhance outgassing. To investigate the rheology
and strength of high porosity magma, we performed a series of simultane-

ous measurements of shear modulus, viscosity, Q, and strength. We used



127 an extremely high porosity (¢ > 0.86) rhyolitic magma in the temperature

128 range 500-950 ° C. We explored the lower limit of the failure strength for a

129

high porosity magma and solved the relationship among three fragmentation

130 criteria described by porosity, the Deborah number, and stress/strain.

131

2. Methods

1322.1. Sample preparation
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In this work, we used the Tokachi-Ishizawa obsidian lava, from the Shi-
rataki rhyolite volcanic area in northern Hokkaido, Japan. In Shirataki,
dacitic and rhyolitic magma erupted during the late Pliocene, forminga
caldera structure generated a pyroclastic deposit. The Tokachi-Ishizawa ob-
sidian is aphyric rhyolitic lava at the caldera rim that erupted at ca. 2.2 Ma.

Because of the elapsed time since the eruption, the upper part is eroded,

139 and the internal structures of the lava are exposed; overall, the lava is 50m
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high and 100 m wide. We collected glassy obsidian samples from the lava
flow unit with neither cracks nor highly crystalline materials. The obsidian
consists mainly of glass (>97%), and the effect of crystals on the rheology
is negligible. The bulk silica content of this obsidian, determined using X-
ray fluorescence spectrometry, is 77.8 wt.%. The silica and Al2O3 contents
for the glass region are 77.04 wt.% and 12.40 wt.%, respectively, approxi-
mately the same as the bulk silica content. The obsidian contains microphe-
nocrysts of magnetite (0.05-0.1 mm), microlites of plagioclase (<0.2 mm),
oxides (<0.05 mm) and, rarely, K-feldspar (<0.05 mm), biotite (<0.01 mm)
and plagioclase phenocrysts (0.4—1.0 mm). The water content of the obsidian

samples, measured by Karl Fischer titration, is 0.5 wt.% (Sano et al., 2015).



151 We made foamy obsidian (perlite), which has very high porosity ¢ >0.86
152 (Table S1), by heating the samples at 800 *C or 1000 ° C for one hour. The
153 crystal content in the foamy obsidian is low not to affect the bulk viscosity
154 (Fig. S1). It is known that heating a hydrous rhyolite obsidian makes high
155 porosity foam and sometimes causes explosions (Forte and Castro, 2019).
15s The porosity increases with heating time but is difficult to control. If water
157 remains in the sample, the sample expands during measurement. We thus
158 used only very high porosity magma foam. Additionally, the torque range
159 of our rheometer is low. Our rheometer is suitable for measurement of high
160 porosity foam, which can deform at a lower stress level.

161 The foamy obsidian was shaped into a disc with a diameter of 25 mm and
12 a thickness of 2.3—-6.2 mm, and was used for the measurement of rheology.
163 The approximate porosity was calculated by measuring the mass and volume
164 0f the foamy obsidian coated with a paraffin film and immersed inwater. The
165 porosities of the individual disk-shaped samples were calculated by measur-
166 ing the mass and the geometrical volume of the sample and listed in Table S1.
17 The density of the solid part of the foamy obsidian, ps = 2360 kg m™>, was
168 obtained by weighing and measuring the volume of the ground foamy obsid-
169 1an using a pycnometer. The average bubble radius, assuming a spherical
170 shape, was 660 ym. The bubble radius was calculated from the average bub-
171 ble volume obtained from micro X-ray computed tomography (CT) in Fig. 1a
172 (ScanXmate-D180RSS270, Comscantecno Co., Ltd.). The CT images (res-
173 olution of 16-20 um/pixel) were obtained by using X-rays at accelerating
i7avoltages of 120-160 kV and a projection number of 2000.

175 The viscosities of the bubble-free melt with a water content of 0, 0.1
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and 0.5 wt.% are estimated in Fig. S2 (Giordano et al., 2008; Romine and
Whittington, 2015). Our estimated melt viscosity can vary over one order
of the magnitude (Fig. S2). The melt viscosity depends both on the water
content and volatile free melt composition. The water content may vary
locally in the sample over 0-0.1 wt.% (Liu et al., 2005; von Aulock et al.,
2017). The obsidian had microlites < 3 vol.% before the heating, and the
bulk and glass compositions have a small difference. The microlites can melt
during the rheology measurements at high temperature, resulting in that
the glass composition may shift close to the bulk composition. We could
not directly measure the viscosity of the bubble-free melt. This is because

hydrous rhyolite expands during high-temperature measurements, and it is

187 difficult to remove all bubbles from dry rhyolite after foaming.

188 2.2. Methods used in the shear deformation experiments
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We measured the rheology of the foamy obsidian by using both steady
one-directional shear deformation and oscillatory deformation (Anton paar
MCR102). Steady one-directional shear deformation is intuitively under-
standable and frequently used for viscosity measurements. In our measure-
ments, we placed a disc-shaped foamy obsidian sample with a thickness of
h and a radius of R between two Inconel plates in a temperature-controlled
oven same as used in Gonnermann et al. (2017) and Namiki et al. (2018).
The surfaces of the Inconel plates have irregularities on a horizontal scale of
10—100 pm, which can be observed under the microscope. We were unable to

measure the depth of the irregularities. The maximum temperature achieved

199 by the oven is 1000 °C.

200

From the deflection angle 6, angular velocity 8 ,and torque required to

8



201 deform the sample I', we obtain the strain y, strainrate Y  and shear stress

202 Ot :

_2R6 5
14 3h ()

._2R6
Yo ®)

4T
Or= 3RS 4)
203 Our measurements include fractures and slips, so the obtained data some-

204 times appear complex. We explain the typical curves of rheological measure-
20s ments in Fig. S3.

206 In both the one-directional deformation and oscillatory measurements, we
207 imposed normal stresses Ox = 10 kPa or 50 kPa. Under lower normal stress,
208 the sample slips on the plate, so larger normal stress is preferable to prevent
200 slipping. Concurrently, larger normal stress causes shrinkage of the sample.
210 Besides, the maximum normal stress possibly actuating in ourapparatus
211 1s 100 kPa. We chose the normal stress to satisfy these requirements. Even

2

2 under these normal stresses, shrinkage of samples occurs during measurement
213 when the sample temperature is high. To calculate the strain and strain rate,

214 we used the time-varying height of the sample by the imposed normal stress.

215 Porosity change during measurement was limited, as listed in Table S1.

216 2.2.1. One-directional deformation
217 By adding the shear deformation y, and measuring the required shear

218 Stress Ot , we obtain the shear modulus G,

Ot = GY (5)



219 If the sample is an elastic material, the shear stress increases linearly with
20 respect to strain. When fracturing occurs, the shear stress decreases. The
21 shear stress required to deform an elastic material does not depend on the
222 shear rate (solid curve in Fig. S3a,b).

223 Similarly, by adding shear deformation with a strain rate of y* and mea-

24 suring the required shear stress, we obtain the viscosity n:

ac=ny. (6)

225 We can also obtain the viscosity by imposing the stress and measuring the
26 shear rate. If the sample is a purely viscous liquid (Newtonian fluid), the
27 shear stress does not depend on strain but instead depends on the shear rate
28 (dashed curve in Fig. S3a,b).
229 When the sample slides above the Inconel plate, the measured shear stress
aorepresents the friction stress

Ot = UON, (7)

231 where U is the friction coefficient. As a first-order approximation, the shear
21 stress required for frictional sliding (friction strength) does not depend on
213 the strain and sliding velocity (dotted curve in Fig. S3a,b). In a strict sense,
234 the friction strength depends on the sliding velocity, but we do not discuss
235 this deeply in this study. Frictional sliding is also called slip.

236 When yon > 07 , we can obtain the shear modulus or viscosity. In this

237 study, we assumed y ~ 0.6 as the friction coefficient (Namiki et al., 2018).

2382.2.2. Oscillatory measurements
239 The oscillatory rheometry imposes a sinusoidal strain yoe'®t and mea-

240 sures the stress 07 required for deformation (e.g., Larson, 1999; Namiki and

10



241 Tanaka, 2017). This measurement provides the shear modulus, viscosity and

242 quality factor (Q), known as the inverse of attenuation, simultaneously.
0r = |G |yoe™“t*?, (8)

243 where w is the angular frequency of oscillatory deformation, Yo is the strain

244amplitude and ¢ is time.
|G*| = G'+iGH )
s 18 the complex shear modulus. The real part is the storage modulus G,

. Which is the in-phase of the strain and represents the elastic component that

is similar to the shear modulus. The imaginary part is the loss modulus G,
247

which is the in-phase of the strain rate, and indicates the viscous component
248

that is related to the dynamic viscosity:
249

n=_. (10)

250 The phase difference & between the imposed strain and the measured
251 stress is related to the ratio of the energy stored by elastic deformation to the
252 loss of energy by dissipation, known as Q, which is the inverse of attenuation:

1 iy
Q= =G (11)
tand I

253 In a similar manner to the one-directional shear deformation measurements,
254 we can also obtain rheological parameters by imposing the stress and mea-
255 sUring strain.

256 A more intuitive explanation for & and Q is provided below. The elastic
257 modulus is defined by Eq.(5). If we impose an oscillatory deformation yoe'®t

258 on a purely elastic material, we obtain 07 = Gyoe'®?; thus, & = 0 in Eq.(8). In

11



259 contrast, viscosity is defined by Eq.(6). If we impose an oscillatory deforma-
%0 tion on a purely viscous material, we obtain ar = iwnyoe'®t; thus, § = m/2 in
261 Eq.(8). Wenote this equation includes the relation shown in Eq.(10). Hence,
262 'We can evaluate the quantitative ratio of the elastic and viscous components
263 by using Q obtained through & with respect to the deformation frequency w.
264 The analysis with Q is more informative than the discussion based on
25 a unique relaxation time 7. By using Q, we can evaluate materials with
26 multiple relaxation times, such as a suspension (Namiki and Tanaka, 2017),
27 1n addition to the ratio of the elastically stored energy to the dissipation.
26 Furthermore, the measured Q consists of the seismologically obtained qual-
29 ity factor Q by the attenuation of the waveform. The recent seismological
270 analysis provides local Q (Kumagai et al., 2014). To understand the ma-
an terial properties of seismologically observed sites, we need to obtain Q in
212 laboratory measurements.

273 The shear modulus and viscosity, measured by one-directional rotation
22 with a shear rate of Y, are related to the complex shear modulus G ~ |G™|

275 Y, respectively (Cox

and the complex viscosity N ~ |n*| = |G |/w at w ~
276 and Merz, 1958). When the elastic component is dominant, G » G, G’

277 approximates G, and for G« G, nf approximates . We thus use G and

2 N in Fig. 2 and Figs. S4-S7 to evaluate the elastic and viscous components,

zeand use |G”| and |n*| in Fig. 3 and 4.
280 Oscillatory measurements are usually plotted with respect to the angu-

281 lar frequency w because of its physical background, as shown in Eqs.(8-10).
22 However, in this paper, we plot rheological parameters as a function of a fre-

283 quency of £ = wA2m). This may be useful for comparison with the frequency

12



saranges of volcanic earthquakes.

285 In some of our oscillatory measurements, a reasonable pair of displace-
286 ment and torque waveforms was not found. This may be attributed to the
287 occurrence of unexpected stress/strain fluctuations. For example, if stick-
288 slip takes place between the sample and the plates or the samples fracture,
280 1t causes sudden fluctuations of stress and strain and prevents sinusoidal

290 deformation. In other cases, when the phase difference 0 is too small, the de-
291 composition of G' and G" is difficult. These cases were usually automatically

w2 rejected by the software of the rheometer (RheoCompass @Anton paar). We
293 also manually checked the waveform of the torque and rejected data where

294the waveforms of torque significantly deviated from the sinusoidal shape.

295 2.2.3. Measurement procedure

29 First, we placed the sample on the lower plate in the oven and then heated
297 the oven to the desired temperature 7. We waited for >15 minutes at T,
29 which was sufficiently longer than the thermal diffusion time, then deformed
299 the sample under specific normal stress. After the series of measurements,
300 we cooled down the oven and observed the sample texture. The experimental
301 conditions are summarized in Table S1.

302 To evaluate the sample conditions, we imposed various types of deforma-
03 tion: (1) frequency sweep with a constant strain amplitude of yo = 1072, in
304 which sinusoidal deformation is imposed with varying frequencies (Fig. S4);
305 (2) strain amplitude sweep with constant frequencies of £ =1 or 10 Hz
36 (Figs. S5 and S6); (3) frequency sweep with a constant stress amplitude of

37 Oy = 5kPa (Fig. S7); and (4) one-directional shear deformation with con-
308 Stant shear rates or shear stresses (Fig. S8).

13



309 In deformation types (1 and 2), the rheological properties were obtained
310 prior to fracturing, then the samples were fractured in the defromation types
s (3 and 4). To check the hysteresis, we applied these measurements in various
sz combinations. When the sample thickness decreased abruptly, suggesting
313 that the sample had fractured, we also changed the measurement combina-
s1ation.

315 The fracture occurrences are summarized in Fig. 2 and the measured raw

sedata are shown in Figs. S4-S8.

317 3. Result

183.1. Deducing the deformation type from observed morphologies of measured

319 samples

320 Fig. 2 summarizes the conditions used for measurements and results.
»1  Each photograph was taken after the series of rheology measurements and

322 shows how our samples became fractured or deformed. The symbols in

N

13 the top left corners of photographs indicate the deformation types and are

N

»4 also used in Fig. 3a. The symbols and numbers marked at the bottoms of

N

»s photographs indicate the experimental conditions and the values of G’ and

N

3

N

¢ strength obtained by measurement. The raw data of the rheology measure-
17 ments are discussed in the section “Raw data of rheology measurements” in

nsthe supplementary materials provided with Figs. S4—S8.

329 Fig. 2 shows that, at a lower temperature (<800 ° C), the whole sample
30 formed small fragments in a brittle manner; i.e., the disk shape disappeared.

11 In contrast, the hotter samples (>800 °C) produced ash-like fragments be-
3z tween the sample and the plates, and sometimes shrank; that is, the disk

14



333

334

335

336

shape remained. In this case, the generation of fragments at high tempera-
ture is a kind of fracturing, but should be distinguished from the former case.
We thus describe the colder cases as the sample exhibiting “entire fracture”

and hotter cases as the sample displaying “local fracture” or “shrinkage”

17 (Fig. 3a).

338

339

340

These morphologies suggest that the measured shear stresses during the
rheology measurements are governed by various deformation mechanisms,

which are the elastic and viscous deformations of whole samples, the friction

11 between the unfractured sample and upper/lower plates, and the migration

322 of the fractured samples as a granular material.

343

344

345

346

347

348

349

350

352

353

354

3

a

5

3

a

6

3

]
~N

The occurrence of entire/local fracturing or shrinkage, marked at the left
top of the photographs, was deduced by monitoring the normal stress and
the sample thickness. For instance, in Fig. S4b and c for the colder sam-

ples, (€850 °C, bluish curves), both the normal stress and thickness are
approximately constant. We thus consider that the cold samples had not yet

fractured at this time. When the sample temperature is high (=900 °C, red
curves), the normal stress is approximately constant, and the sample thick-
nesses slightly decrease, h/h; > 0.8, where h; is the initial sample thickness.
We consider this result to indicate that the hot samples had shrunk without
fracturing. In Fig. S7b and c, the cold samples (<800 °C, bluish curves)
show a decrease in both the normal stress and their thickness h/hi < 0.8;
we interpret this result as meaning that the cold samples had begun to frac-
ture entirely at this point. The fractured clasts migrated horizontally to the
outside of the area below the upper plate, which in turn reduced the sam-

ple thickness (Fig. S7¢). Until the upper plate moved down to maintain the

15



18 specified normal stress, the normal stress temporarily became low (Fig. S7b).
5o This interpretation is consistent with the entirely fractured texture observed
w0 after the sequence of measurements (Fig. 2).

361 The difference between shrinkage and local fracturing is also evaluated
32 by using the normal stress and the sample thickness. In Fig. S7b and c, the
33 sample at high temperature denoted by the red circle (sample# 20180425),
3« which had shrunk at the end (Fig. 2), exhibited a small decrease in thickness,
s and its normal stresses remained constant. These characteristics are consis-
16 tent with the shrunken texture of the sample observed after the sequence
37 of measurements (Fig. 1). In contrast, the sample at high temperature de-
%8s noted by the red dot (sample# 20180510), which exhibited local fracturing
39 at the end of the measurement, showed a further decrease in thickness and

3701ts normal stresses fluctuated.

71 3.2. Quality factor and fracture occurrence

2 We here compare the observed fracture types with measured Q. The
373 fracture characteristics are well correlated with measured Q (Fig. 3b). The
374 measurements in which the sample entirely fractured (denoted by crosses)
75 are plotted in the region of Q > 1, and those in which the sample locally
w6 fractured or shrank (denoted by dots or circles) are approximately plotted in
w7the region of Q < 1.

378 InFig. 3b,c vertically arrayed symbols at the same temperature represent
39 the frequency (strain rate) dependence. Q varies with frequency at high
;0 temperatures, but does not at low temperatures. That is, when the sample

w1 temperature is low (<800 °C), Q > 1 irrespective of deformation rate, but
32 Q for a hot sample depends on the deformation rate. For a hotter sample,

16



383 essentially, Q becomes larger with frequency (Fig. S4f). In Fig. 3b, the
334 maximum and minimum trends of Q at each temperature indicate rapid and
135 slow deformation, respectively. In both rapid and slow deformation trends,

386 Q decreases with temperature.

387 3.3. Measured strength and shear modulus

388 Fig. 3¢ summarizes the stress level as the strength when the sample frac-

389 tures or slips relative to the plate imposing the deformation. This figure

10 also contains the measured complex modulus |G™|, which is equivalent to

1 the shear modulus G. The complex shear modulus, |G*| in Fig. 3cshows

12 frequency dependence similar to that of Q. The maximum trend of |G"|,
33 measured at high frequencies, is within 1-100 MPa, which is more than two

ssorders of magnitude lower than bubble-free melt (25 GPa).

395 The strength is illustrated in the lower half of Fig. 3c. Irrespective of
16 the deformation type, the strengths are within 1-100 kPa, which is more
37 than three orders of magnitude lower than the value observed for bubble-free
38 melts (=100 MPa). The strength increases as the normal stress rises. Within
39 the measurements under the same normal stress (10 kPa), the solid black
400 circles in Fig. 3c show the temperature dependence. For the cold samples
w1 (£800 C), shear strength is lower than the normal stress imposed during
42 the measurements. The shear strength and compressional strength are not
403 exactly the same but may be on the same order of magnitude. We infer that
404 the cold sample was fractured by both the vertical compression and shear
405 stresses during the large shear deformation. We note that fracturing did
a6 not occur during the first three measurements with a small strain amplitude

407 before conducting the measurements generated a large strain (Fig.2, sample#

17



408 20180507). Once the sample fractured as a result of the shear deformation,
a9 the sample shape became irregular and the vertical stress would have been
410 concentrated at some restricted contact points with the bottom and top

41 plates. This stress focusing would have enhanced the fracturing. Incontrast,

2 the strengths of the hot samples (=850 ° C) are higher than the normal stress.

4

413 Thus, fracturing could occur only by shear deformation; as a result, the
«14 sample locally fractured and generated ash-like fragments between the sample

ssand plates.
416 The ratio of the strength to the maximum |G™| is approximately 1073,

s7suggesting that the critical strain for the fracturing of this sample is 107°.

s 4. Scaling for porosity dependence of rheology and fracturing

s94.1. Shear modulus

420 The effect of bubbles on an elastic modulus is well studied in solid foams
41 because of its relevance for engineering. The shear modulus decreases with
422 pOrosity: G

—=C a 12

. ~CU_® (12)

0

23 where Gy is the shear modulus of a bubble-free region, 1 < a < 4 and C;
44 are constants (Gibson and Ashby, 1997; Roberts and Garboczi, 2001; Zheng
a5 etal., 2014). The empirical law is close to a@ = 2 (Banhart and Weaire, 2002).
26 a=11salso known as the Voigtaverage in rock mechanics (e.g., Wattetal.,
27 1976). For geological materials, the elastic properties of two-phase media
a8 are frequently approximated by the Hashin—Shtrikman upper bound (Hashin

49 and Shtrikman, 1963), where, for a bubbly magma, it becomes (Manga and
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Loewenberg, 2001) G 50

€O= 1 - eI (13)

In Fig. 4a, we plot Eq.(13) and Eq.(12) for 1 <a <4. The Hashin—
Shtrikman upper bound is plotted within 1 < a < 2. Our datum (red
symbol) is plotted between the curves with 2 < a < 4. This wide range
of the shear modulus originates from the viscoelasticity effect and varying
normal stress (Fig. 3c); in other words, our measurements include a wide
range of temperature and strain rates (frequencies). Our maximum value is
close to the curve for a = 2, which is typical for a solid foam (Banhart and
Weaire, 2002) and represents the result of elastic deformation, whereas the
minimum represents the measurement at low frequency, in which the magma
behaves more like a viscous fluid. The shear modulus measured at the higher
normal stress (On = 50 kPa) also shows large values (Fig. 3c). The vertical
compression may thicken the thinner region (Fig. 1). The curves with 2 <
a < 4 are also depicted close to the measurements with lower porosities (pink
symbols) (Bagdassarov and Dingwell, 1993). The measurements of porous
basalt for lower porosity denoted by the green curve (Al-Harthi et al., 1999)
exhibit a slightly different trend from other curves. This may be because
of the limited porosity range in their measurements (¢ < 0.7). The shear
modulus calculated from the Young’s modulus of basaltic ash is lower than

these curves (Kurokawa et al., 2017). This may be because disconnected

450 bubble walls reduce the shear modulus.
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s14.2. Shear wave velocity

452 If the shear modulus is described by Eq.(12), the shear wave velocity

43 becomes: I

G -
W= Y% Ct-er (14)

44 where Vg is the shear velocity for a bubble-free magma. Figure 4b displays

45 a plot of Eq.(14) and shows that the shear wave velocity can be as low as

seseveral 100 m s~ L.

74.3. Strength

458 The porosity-dependent strength of cellular material is also described by
49 the power law of the density ratio, as shown in Eq.(12) (Zheng et al., 2014;
w0 Sypeck and Wadley, 2002; Jang et al., 2010). Typical cellular solid material
41 has the exponent 1 < a <2, while our measurement and other measurements
42 with a lower porosity (Okumura et al., 2010; Coats et al., 2018) appear
43 close to the curve with an exponent of a = 4 (Fig. 4¢). Sintered glass with
464 porosities @ > 0.2 also exhibits similar strength (Vasseur et al., 2013). Ina
45 real magma foam, the thickness ofthe bubble walls and edges varies. The
46 thinner parts should break with low stress. In contrast, cellular solids for
47 commercial use are designed to possess strength, so walls and edges have
4s more uniform sizes (Zheng et al., 2014). In fact, the strength of a sample
49 under higher normal stress becomes larger, and thinner parts of the structure
somay become thickened (Fig. 3c).

ne The orange curve in Fig. 4c was obtained by rapid decompression ex-
an periments in a shock tube (Spicler et al., 2004), 1/¢ MPa, and shows a

473 different trend from other scalings. This is because the critical pressure
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474 change to cause fragmentation by decompression is determined by the abil-
475 ity of the gas in the bubbles to deform the surrounding melt rather than the
476 strength of the magma foam itself (Namiki and Manga, 2005). The green
477 curve in Fig. 4c measured at room temperature (Al-Harthi et al., 1999) shows
478 a slightly different trend from other curves. This may be because of the
47 limited porosity range in those measurements (¢ < 0.7), as we noted for
a0 the relative modulus. The gray curve, based the predictions by Alidibirov
1 (1994), 200(1 — @'/3)/p!/? MPa, estimates higher values than our measure-
42 ments. This may be because the gray curve assume the constant thickness

483 0f the bubble wall.

4

©

484 In Fig. 4c, the y-axis has a dimension because the value for normalization

48518 not clear.

ass4.4. Viscosity

487 Various equations for the viscosity of bubbly magma are provided. The
a8 viscosity of bubbly magma depends on the shear rate. When the shear rate is
49 slow enough, bubbles do not deform, so that the apparent viscosity becomes
a0 higher relative to the bubble-free magma (e.g., Mader et al., 2013).

491 When the shear rate is sufficiently high to deform bubbles, relative vis-

42 cosity decreases. Pal (2003) formulates the relative viscosity at infinite shear
s93TatE as

n ( @ )5(Pbc/3
= 1 (15)
No T abe ’

w4 where no is the viscosity of bubble free melt. A numerical estimate of the
45 relative viscosity for an infinite shear rate is close to the Hashin-Shtrikman

w6 upper bound (Manga and Loewenberg, 2001) which is previously introduced
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471n Eq.(13). Bagdassarov and Dingwell (1992) suggested an empirical equation

n_ ! 16
w8 where C = 22.4 is empirically determined constant.
499 In Fig. 4d, our data shows larger values than these scaling. Our bubbles

so0 are deformed by compression but are not deform by shear stress (Fig. 1). We
so1 infer that the shear rate used in our experiments is lower than the infinite
so2 limit, and the effect of bubbles on viscosity is not as critical as those observed
s03 1n elastic modulus and strength. We also note that the estimate of the bubble

so4 free melt viscosity includes larger uncertainties (Fig. S2 ).

s0s 5. Relation of three fracture criteria

506 We here reconsider the meaning of Eq.(1). The constitutive equation for

so7a Maxwell fluid is written as

1 do g
= f oy — (17)
Goo dt ~ Ml1/e)
ss By integrating this equation with assuming a constant Y, we obtain the
s00 strain-dependent stress
0r = NaseoyV[1 = exp{=yAVYT:)}]. (18)

sto  The behavior of Eq.(18) is summarized in Fig. 5. As the strain y increases
st with a constant strain rate of y, the stress in a Maxwell fluid accumulates

512 is the maximum

and reaches an asymptotic value of f1/00)y. Thus, N1/c0)yY
s13 stress possibly accumulates in a Maxwell fluid by deformation with a con-

si4 stant strain rate of Y. In this case, if there exists threshold stress for a
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520
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N

1

fracturing (strength) as denoted by the black line in Fig. 5, ny’ > strength is
a requirement for fracture.

The fragmentation criteria in Eq.(1), obtained for a bubble free magma,

is re-written in terms of strength, N1/c)y > 0.01Gw. Here, Goo is approxi-
mately constant, so that the threshold strength for fragmentation becomes a

constant stress of 0.01 Gw. If we use the porosity-dependent shear modulus

in Eq.(12) instead of the constant G, we obtain the formulation explaining

s22 our measurements shown in Fig. 4c:

523

524

525

526
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528

529

530

531

532

a

Strength = C2Go(1 — @) <ny. (19)

We are aware that the constant C, in Eq.(19) should be the critical
strain that causes a fracture before stress relaxation. In our experiments, the
strength was approximately three orders of magnitude lower than the shear

modulus at high frequencies (Fig. 3c), suggesting that the critical strain for
a fracture is 1073, The threshold of 0.01 used in Eq.(1) suggests that the

critical strain for a fracture of the bubble-free melt is 1072, when viscous
dissipation does not occur. Our magma foam includes small-scalestructures,

such as bubble walls and edges, which can locally deform and may reduce
the critical strain required for fracturing. This hypothesis suggests that the

constant 0.01 in Eq.(1) is not a universally applicable criterion, but a subject

s33 that can change with porosity.
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535

536

5

w

7

5

w

8

Another fragmentation threshold is defined by a porosity ¢ = 0.8 (Sparks,
1978). By using Eq.(19), we can estimate the strength of the bubbly magma
at this porosity ¢ = 0.8. Assuming C>Go = 100 MPa and a = 4 (Fig. 4c),
the estimated strength becomes 0.16 MPa. This value is three orders of mag-

nitude lower than that of the bubble-free melt. It is reasonable to consider
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s3 that highly porous magma cannot be preserved by its fragility during magma

w

ss0 ascent. As a result, @ = 0.8 is widely accepted as a fragmentation threshold.
541 A high porosity basalt (reticulite) or basaltic andesite are commonly ob-
s« served in the field (e.g., Mangan and Cashman, 1996; Namiki et al., 2018).
s¢3 In contrast, a high porosity rhyolite is rarely found in the natural conditions
s«s (e.g., Eichelberger et al., 1986; Houghton and Wilson, 1989; Stevenson etal.,
sss 1994), but has been provided in laboratory experiments (Takeuchi et al.,
ss6 2009). This may be because that bubbles in reticulites nucleated at very
s«7 shallow depth so that the bubbly magma did not experience the fragmenta-
s.s tion events. This idea is consistent with field observations. The porosity of
s49  vesicular magma found inside the silicic magma dome is <0.6 (e.g., Eichel-
sso berger et al., 1986; Stevenson et al., 1994; Noguchi et al., 2006; Sano and
ss1  Toramaru, 2017), which is relatively lower than those found in fall deposits

ss2 (€.g., Klug and Cashman, 1994; Houghton et al., 2010).

553 6. Possible conditions of magma fracture in a conduit

554 Our measurements show a considerable reduction in the strength of magma
55 with increasing porosity (Fig. 4c). Although the porosity range in our mea-
s56 surements is quite narrow because of technical limitations, our empirical scal-
ss7 1ng 1S consistent with the trend for lower porosity (Fig. 4). We here apply
sss our scaling to the fracture condition in a conduit.

559 In Fig. 6, we estimate the strength of bubbly magma based on the possible
ss0 bubble fraction in the conduit. Fig. 6a shows the profile of porosity with
se1 depth assuming a closed system with an initial water contents of 4—7 wt.% for

ss2 pre-eruptive magma, which is typical in subduction regions (e.g., Scaillet and
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563

Pichavant, 2003; Takeuchi, 2011), and water solubility for rhyolite magma at

se4« 850 °C (Newman and Lowenstern, 2002). The estimated strength of the
s¢s bubbly magma is considerably reduced at a shallow depth (Fig. 6b).

566

567

568

569

570

571

572

573

574

575

576

577

The type of fracturing should depend on the magma temperature and
Q (Fig. 3). When the ascending magma is cold (T < 800 "C), Q > 1
even under slow deformation at 0.01 Hz (Fig. S4f). Thus the magma in the
shallow conduit fractures entirely (Fig. 3). Here, entire fracturing at high
porosity may not cause explosive eruptions. The low strength means that
bubbles cannot encapsulate the high-pressure gas. Even if the bubble walls
fracture, the gas pressure inside a bubble is low and is insufficient to cause
an explosion. An entire fracture in a conduit would be observed as volcanic
gas emissions and increases in seismicity, but the fragmented clasts may not
erupt out (Castro et al., 2014). If the surrounding temperature and the
normal stress are high enough, clasts may experience compaction to make

relatively drier obsidian through sintering (Newman et al., 1988; Rust et al.,

578 2004).

579

In contrast, when the ascending magma is hot, the bubbles in magma

ss0 deform (T > 950 ° C) and the bubbly magma locally fractures near the conduit

581

582

583

584

585

586

wall (800 < T < 950°C). The importance of localized shear deformation
around the conduit wall has been suggested (e.g., Goto, 1999; Tuffen et al.,

2008; Okumura et al., 2013; Gonnermann, 2015; Kushnir et al., 2017). Such
a banding deformation frequently observed in a complex fluids (Debrégeas
etal., 2001; Schall and van Hecke, 2010; Divoux et al., 2016). In a metal foam

as a cellular solid also shows a localized deformation in a restricted row of

ss7 cells (Prakash et al., 1996). Magmas may ascend in conduits intermittently
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sss Dy stick-slip atthe wall. Such a cycle of fracture and healing in magma is
ss9 affected by the surface morphology and healing kinetics between magma and
so0 a conduit wall (e.g., Yoshimura and Nakamura, 2010; Okumura et al., 2015;
so1  Lamur et al., 2019). Our experiments show that localized shear deformation
se2 around the conduit wall can generate ash (Fig. 2). Ash reduces the frictional
s03 strength and may cause steady sliding. In addition, the ash preserves the
s0« pathway for gas flow to enhance outgassing (Okumura and Kozono, 2017).
sos The ash generated by local fracture, at high temperature and normal stress
s06 conditions, plausibly undergoes sintering and makes obsidian preserving the
so7 nonequilibrium degassing volatile ratio (Watkins et al., 2017).

598 Fig. 6b also shows that the strength of the bubbly magma is below the
s09 friction strength (green curve) at depths shallower than 2 km. In this depth
s0 range, the foamy magma inside the conduit fractures into small fragments
01 before slipping at the conduit wall. Recently, Cassidy et al. (2018) suggested
sz that an ascent velocity of 10~! m s™! divides the explosive/effusivetransition.
¢03 If the shear rate, as a ratio of the ascent velocity to the conduit width, is the
s04 control on fragmentation, the explosive/effusive transition should depend on
¢os the conduit width. At shallow depth, the viscosity of the magma, which is
s0s fully degassed under colder circumstance, would be high. The accumulated
s07 stress in the ascending magma can exceed the threshold stress for fracturing.
s Constant stress for fracturing does not necessarily depend on the conduit
s width. The porosity dependent strength of the bubbly magma is favorable
s10 to explain the independence of eruption styles with respect to shear rate.

611 Finally, we note the application for seismological observations. The low

e12 shear modulus of the high porosity magma slows the shear wave velocity
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13 (Fig. 4b). Long-period earthquakes, caused by a slow rupture or a resonance
¢14 of cracks filled with bubbly magma, may be explained by this slow velocity
s15 (Chouet, 2003; Bean et al., 2013; Kawakatsu and Yamamoto, 2015). Q shows
s16 clear temperature dependence and is related to the occurrence of fractures
17 (Fig. 3b). Thus, by monitoring Q, the temperature of a subsurface magma
s18 could be estimated. The Q beneath an active volcano is obtained by recent

19 seismic observations (Kumagai et al., 2014). In the region beneath active

s20 fumarolic area in Taal Volcano, Q ~ 10 for the seismic wave frequency of

&1 ~10 Hz. According to Fig. 3b, Q ~ 10 suggests the temperature of ~700 ~C
¢22 and the possibility of fragmentation. However, this figure includes large

623 uncertainties. Q may depend on the magma composition. If the previously
24 erupted pyroclastic material is heated by the intruded magma, that also
s2s shows low Q. In this case, Q can depend on the degree of sintering. These
s26 effects should be addressed. Fig. 3b also shows frequency dependence of Q.
s27 If we obtain the frequency-dependent Q structure beneath the volcanic area
s and the frequency and material dependence of Q measured in a laboratory,

s29 those can help to elucidate the condition beneath active volcanoes.

s207. Conclusion

631 We measured the rheology and strength of magma with extremely high
2 porosities (>0.86) at 500950 °C. We found that the bubbles in magma

6

w

¢33 reduce the shear modulus and strength of magma by several orders of mag-

[}

¢34 nitude. This considerable reduction in shear modulus by the existence of

@

¢35 bubbles slows the shear wave velocity. The extremely low strength of high

636 porosity magma suggests that highly vesiculated magma at shallow depths is
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e37 certain to fracture during ascent. This hypothesis explains the fact that high
e38 porosity magma (¢ > 0.8) is rarely found in the field and a porosity of 0.8 has
639 been considered to be another fragmentation threshold. The quality factor Q
40 decreases with temperature increases, and the occurrence of fracturing well
sa1 correlates with the quality factor Q. Monitoring the shear wave velocity and
s Q may help to estimate the porosity and temperature of magma, evaluate

s3the occurrence of fractures, and assess subsequent volcanic activities.
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20180425

Figure 1: X-ray computed tomography (CT) images of the samples in horizontal cross-
sectional views, (left) samplebaked at 1000 ° Cbeforetherheologymeasurements, (middle)
sample subjected to a temperature of 950 “C and on = 10 kPa, and (right) sample
subjected to a temperature of 950 C and on = 50 kPa. Bottom pictures are vertical

cross-sectional views. The whitish parts indicate melt/solid; black parts represent pores.
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Figure 2: Summary of our rheology measurements. Each photograph shows the sample
aftertheseries of rheology measurements undervarioustemperatures and normal stresses.
The whitish part is foamy obsidian with an initial diameter of 25 mm, which is on an
Inconel plate with an inner diameter of 36 mm. Colder samples were entirely fractured
into small clasts, whereas the hotter samples shrank or generated ash-like fragments by
local fracturing. In some photographs, the disc-shaped sample was artificially moved to
show the fragments generated by shear deformation. The symbols marked at the bottoms

of photographs indicate the conditions used in the rheology measurement, as shown in

> »

the legend. The value of G/ measured as the shear modulus at 1 Hz is denoted by “G
The shear stress as the friction (slip) strength, at which the stress suddenly decreases
in Fig. S4a, is denoted by “s”. The shear stress as the entire/local fracture (fracture
strength), at which the stress suddenly decreases in Fig. S7a or Fig. S8a, is denoted by
“f”. A hyphen “-” indicates there are no reliable data. The number at the top left of each
photograph is the sample number. The symbols on the left side of each sample number are
used in Figs. 3 and S4—S8, and indicate the type of deformation. Crosses and the green plus
signs indicate that the sample entirely fractured during measurement under the normal
stresses of 10 kPa and 50 kPa, respectively. Dots indicate that ash-like fragments were
generated by local fracturing, sometimes with shrinkage. Circles indicate that the sample
shrank without entire/local fracturing. The symbol color indicates temperature. The red
plus indicates shrinkage under a normal stress of 50 kPa. In measurement 20170809, the
sample, which was sandwiched between two flat plates, fragmented into small clasts and
was blown out by circulating air in the oven, and was observed as scattered ash on the

floor. After that, we used a plate with an edge as the lower plate to preserve the clasts

produced.
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Figure 3: Relation between rheology and fracture types at various temperatures. (a)
Fracture types varying with temperature after the series of rheology measurements. In
the photographs, the whitish part is the foamy obsidian sample with an initial diameter
of 25 mm on the bottom plate. The schematic illustration shows fractured regions and
deformation of the samples in side view during deformation. The symbols above the
illustration denote the fracture types and are used in parts (b), (c) and Fig. 2, in which
larger symbols represent measurements at higher frequencies. The symbol color indicates
the temperature. The notation “s50kPa” above the plus sign indicates measurement at
higher normal stress (on = 50 kPa). The others denote measurement at on = 10 kPa.
(b) O for the frequency range <1 Hz obtained by the frequency sweep measurements at a
constant strain amplitude (Fig. S4). O depends on the deformation frequency, so symbols
for different frequencies are arrayed vertically at the same temperature. Essentially, O
becomes larger with frequency and exhibits greater variation at higher temperatures. (c)
Strength and complex modulus |G*|, which is equivalent to the shear modulus. |G*| is
plotted with the same symbols defined in (a). The strengths appear in the low-stress region
(<10° Pa) and are measured by various deformation types, as classified by the symbols
explained below this panel. The values of strength are denoted in Fig. 2. Original data

are shown in Figs. S4—-S8.
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Figure 4: Scalings relative to the porosity. (a) Relative shear modulus to Go = 25 GPa
versus porosity. The red symbol indicates our measurement (G = 1—100 MPa). The pink
symbols are from other obsidians (Bagdassarovand Dingwell, 1993). The dotted, solid and
dash-dotted black curves show o = 1, 2 and 4 in Eq.(12), respectively, and C1 = 1. The
orange curve plots Eq.(13) and the green curve shows other empirical scalings (Al-Harthi
et al., 1999). (b) Calculated shear wave velocity using Eq.(14) with an assumption of

vso = 3 km s™1. The line styles are the same as in (a). (c) Strength versus porosity. The
red symbol indicates our measurement (2—100 kPa). The blue symbol is another obsidian

calculated from the viscosity at 830 ° C (Okumura et al., 2010). The purple symbol shows
the failure condition for dacite lava from Mt. Unzen (Coats et al., 2018). The brown
pluses show the uniaxial compressive strength of sintered glass (Vasseur et al., 2013) The
light blue (Cordonnier et al., 2012) and pink symbols (Webb and Dingwell, 1990) show
bubble-free magma. The dotted, solid, and dash-dotted black curves show a = 1.5, 2, 4
in Eq.(12), respectively, and C1 = 1. The green (Al-Harthi et al., 1999), orange (Spieler

etal., 2004), and gray curves (Alidibirov, 1994) are other equations. (d) Relative viscosity
versus porosity. The red symbol indicates our measurement (7 = 10’ — 5 X 107 Pas) for

950 ~ C. Weuse 108 Pa s to normalize our data, which consists of the dry bulk composition
or glass composition with 0.1 wt.% water in Fig. S2. The pink (Bagdassarov and Dingwell,

1993) and light blue symbols (Lejeune et al., 1999) show values from previous studies. The

solid, dotted, and dashed curves plot Eqs.(13, 15, and 16), respectively.
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Figure 6: Occurrence fracturing of ascending magma within a conduit. (a) Porosity ¢ with
varying pressure without outgassing (closed system). The blue and red curves indicate
the initial water content of 4 and 7 wt.%, respectively. The water density is calculated by
assuming an ideal gas. The black dashed line is the reference for ¢ = 0.8. (b) Estimated
strength of bubbly magma by using Eq.(19) with a = 4 and C2Go = 100 MPa. Blue, red
and black curves are the same as in (a). The green curve is the friction strength calculated
with a friction coefficient of 0.6. The right-side y-axis is scaled by assuming lithostatic

pressure with a rock density of 2360 kg m 3. (¢) Illustration of a possible state in a shallow
conduit.
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Table S1: Conditions of measurements.

Run#  Measured T Baked T on 2R h; hg** p Initial ¢  Shrunk ¢***

°C °C kPa mm mm mm kg/m?
20180418 500 1000 10 242 528 - 102 0.96 -
20180419 700 1000 10 242 551 - 92 0.96 -
20180507 700 1000 10 242 4.69 - 83 0.96 -
20180427 800 1000 10 234 6.14 - 83 0.96 -
20180618 800 1000 10 242 489 4.82 109 0.95 0.95
20180710 800 1000 10 245 535 5.26 102 0.96 0.96
20170809 800 800 50 246 3.96 - 132 0.94 -
20180612 850 1000 10 244 488 4.75 108 0.95 0.95
20180606 900 1000 10 238 579 541 108 0.95 0.95
20180531 950 1000 10 240 5.01 3.72 189 0.92 0.89
20180518 950 1000 10 241 453 4.29 160 0.93 0.93
20180510 950 1000 10 225 534 - 170 0.93 -
20180516 950 1000 10 242 5.10 3.97 179 0.92 0.90
20180425 950 1000 10 242 2.32*% 198 278 0.88 0.86
20180712 950 1000 50 244 585 2.55 104 0.96 0.90

* The sample shrunk at the normal stress of 50 kPa prior to the measurement.
** The last thickness before the fracturing or ash generation.
*#* Bubble fraction calculated by h.

h;: Initial thickness of the sample
hg; Final thickness of the sample
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Figure S1: Close up view of the solidified samples observed by a microscope. Transparent
films and plateau borders are glass. The black spots are the microlites of the iron titanium
oxides. The areal fraction of the black region, including oxides microlites and shades of
plateau borders, relative to the glass region, are less than 1 %. Plagioclase microlites could

exist but are not recognizable in these photographs. (a) Foamy obsidian baked 1 hour at

1000 °C, before the rheology measurement. (b) Broken obsidian foam by the rheology
measurement at 800 ° C (run number 20180612 in Fig. 2). Red lines are the 1 mm square
grid. (c) Deformed obsidian foam by the rheology measurement at 950 ° C (run number

20180425 in Fig. 2).
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Figure S2: The estimated viscosities of the bubble-free melt of our sample. The red,
green, and blue curves are calculated viscosities with the denoted water contents. Solid
and dotted curves are for the bulk composition and the glass composition measured by
Sano et al. (2015), respectively. These are estimated by Giordano et al., (Giordano et al.,
2008). The black curve is estimated by (Romine and Whittington, 2015) for a typical

rhyolite composition. We consider that the water content to evaluate the melt viscosity
after heating at 1000 °C, is 0-0.1 wt% (Liu et al., 2005; von Aulock et al., 2017).
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Figure S3: Illustrations of o, G, and i curves (e.g., Larson, 1999). The solid, dashed,
and dotted curvesindicate elastic and viscous materials, and frictional sliding, respectively.
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Figure S4: The measured data under oscillatory measurements of the frequency sweep with
a constant strain amplitude. (a) Measured shear stress amplitude versus time when data
is acquired at each frequency, (b) the normal stress versus frequency, (c) the normalized
sample thickness, (d) storage modulus, (¢) dynamic viscosity, and (f) inverse of attenuation
Q. (d-f) Defined in Egs.(8-11) in the Methods section. The bluish and reddish colors
indicate the lower and higher measuring temperature as denoted in the inset in (b). The
symbols indicate the deformation types of samples as denoted in (b) and consist of those
used in Fig. 2, in which detailed conditions of measurements are listed. The measurement
is conducted by increasing and decreasing the oscillatory frequencies as denoted by the
solid and dotted curves, respectively. The frequency change is denoted as “Low, High,
Low” in (a). In (a) the black lines show 0.60n, which is 6 or 30 kPa, as a reference of

frictional strength. X-axis indicates the relative time to when the frequency is maximum.
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Figure S5: Same as Fig. S4 but for the strain amplitude sweep under a constant frequency

of 1 Hz. The solid and dotted curves show the increase and decrease of the strain. In (a),

“Small, Large, Small” indicates increase and decrease of the strain. X-axis indicates the

relative time to when the strain is maximum.
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Figure S6: Same as Fig. S5 but for the constant frequency of 10 Hz.
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Figure S7: Same as Fig. S4 but for the frequency sweep with a constant stress. The color
scale and the legend are shown in the panel (d) and (e), respectively. The measurement is
conducted by increasing and decreasing the oscillatory frequencies as denoted by the solid
and dotted curves, respectively. In (a), the frequency change is denoted as “Low, High,

Low”, and x-axis indicates the relative time to when the frequency is maximum.
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Figure S8: The measured data of one-directional shear deformation. Three preset shear

rates or shear stresses are denoted in Fig. 2, and each step is denoted by the solid, dotted,

and dashed curves. The symbols and colors are denoted in (b) and (e), respectively, and

the same for Fig. S4 and summarized in Fig. 2. (a) The measured shear stress versus

total strain, (b) the normal stress, (c) the normalized sample thickness, (d) the shear rate,
(e) the apparent viscosity defined by Eq.(6), and (f) the calculated range of the friction
coefficient defined by Eq.(7). In (c), the inset shows the measurement of 20180425. In (f)

the black line = 0.6 is a reference of the friction coefficient.
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