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17 The rheology and strength of bubbly magma govern eruption dynamics by 

18    determining the possibility of fragmentation of ascending magmas.  They are 

19    also required parameters for understanding seismic monitoring. We measured 

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

22 lower  than  bubble-free  rhyolite  melt,  implying  that  high  porosity  magma 

23     cannot avoid fracturing during magma ascent.  The occurrence of fractures 

24    is observed in the low-temperature magma (≤800 ◦C). In this temperature 
25      range, the measured attenuation is low.  That is, the elastic energy originated 

26     by deformations avoids attenuation and is stored in the bubbly magma until 

27      released by fracturing(Q > 1).  The newly found porosity-dependent strength 

28    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 

32    that knowing the attenuation of the seismic wave is useful to evaluate magma 

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

34 subsequent volcanic activities. 

35    Keywords: magma, fracture, rheology, bubble 
 

 

36 1. Introduction 
 

37 An expansion of volcanic gas and fragmentation of surrounding magma 

38    sometimes causes hazardous explosive eruptions (e.g.,  Sparks, 1978; Eichel- 

39    berger et al., 1986). The mechanism causing the loss of volcanic gas from the 

40     magma (outgassing) and fragmentation mechanisms have extensively been 

41    investigated (e.g.,  Dingwell, 1996; Papale, 1999; Zhang, 1999; Gonnermann, 

42    2015).  Two major criteria for the fragmentation of molten magma have been 

43    suggested.  One is defined by a porosity threshold (volume fraction of bub- 

44    bles) of φ ∼ 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 

46      is defined by  the ratio of relaxation time τr  relative to the deformation  time 

47 scale τd, 
De = 

τr
 

τd =  
η(1/∞)γ̇ 

G∞ 
> 0.01. (1) 

48    where η(1/∞) is magma viscosity at zero shear rate, and G∞ is a shear modu- 
49    lus at an infinitely high frequency. This equation roughly indicates that if the 

50      deformation 1/τd  is sufficiently faster than the relaxation of the stress elasti- 
51   cally stored in a Maxwell fluid with a unique relaxation time τr = η(1/∞)/G∞, 
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52    brittle failure results (Webb and Dingwell, 1990; Cordonnier et al., 2012; 

53     Wadsworth et al., 2018). This ratio is a non-dimensional number known as 

54    the Deborah number, De.  This number is sometimes called the Weissenberg 

55     number, and use of the term “Weissenberg number” is usually restricted to 

56    steady flows (e.g., Larson, 1999; Poole, 2012). Our experiments include both 

57      oscillatory and steady deformation; thus, we  use the term Deborah  number, 

58     hereafter. This strain rate-based criterion is frequently used to discuss out- 

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

60 2014; Gonnermann, 2015; Kushnir et al., 2017; Wadsworth et al., 2018). 

61 Magmas,  as a suspension of bubbles and crystals,  have  varying  viscos- 

62 ity  extending  into  several  orders  of  magnitude,  by  changing  temperature, 

63    composition,  and the existence of   crystals (e.g., James et al., 2004; Car- 

64    icchi et al., 2007; Giordano et al., 2008; Mader et al., 2013).  Bubbles in 

65    magma can increase and decrease the viscosity of magma with respect to the 

66 strain rate (Bagdassarov and Dingwell, 1992; Lejeune et al., 1999; Manga and 

67    Loewenberg, 2001; Llewellin et al., 2002; Stein and Spera, 2002; Vona et al., 

68    2016). Here, the viscosity of the bubble free melt depends on its composition 

69    (including volatile content) and temperature, while the effective viscosity of 

70      the bulk magma depends also on crystals and bubbles, and strain rate.   Such 

71    varying viscosity may  changes relaxation time.   A shear  modulus,  another 

72     parameter in a relaxation time, has been considered as a constant relative 

73    to a viscosity (e.g.,  Dingwell and Webb, 1989).  The composition and wa- 

74   ter content slightly vary a shear modulus (Malfait et al., 2011; Whittington 

75     et al., 2012). In contrast, the porosity and crystalinities efficiently change a 

76  shear modulus (Bagdassarov et al., 1994; Fontaine et al., 2005; Caricchi et al., 



4  

 
 
 
 

77    2008; Tripoli et al., 2016).  The elasticity of a high porosity foam (φ > 0.64) 

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

79 Cohen-Addad, 2005). 

80 Suspensions of bubbles and crystals can have several relaxation times 

81     that differ from a simple Maxwell fluid with unique relaxation time τr = 

82    η(1/∞)/G∞ (e.g.,  Namiki and Tanaka, 2017).  As observed facts, the presence 
83      of crystals alters the relaxation time (Coats et al., 2018), and can modify  the 

84      critical strain rate for fragmentation from Eq.(1) (Moitra et al., 2018).  Thus, 

85      a high porosity magma may have different relaxation time and fragmentation 

86 criteria from a bubble-free liquid. 

87 To quantitatively evaluate the relaxation of stress in a bubbly magma, we 

88    need to use the frequency-dependent quality factor Q, known as the inverse 

89     of attenuation.  Q is a non-dimensional number and the ratio of the stored 

90    elastic energy relative to the dissipative energy (Bagdassarov and Dingwell, 

91    1993; James et al., 2004; Namiki and Tanaka, 2017). When Q > 1, the stored 

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

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

94    viscously.  Different from using the Deborah number based on the unique 

95    relaxation time τr, if we use frequency-dependent Q, we can evaluate multiple 

96     relaxation times through the quantitative ratio of the elastic/viscous effects 

97     as a function of the deformation time scale τd.  The frequency-dependent 

98      rheology of magma is also required for seismological application in volcanic 

99     regions.  The shear wave velocity traveling through magma depends on the 

100      shear modulus, and the attenuation of the shear wave  amplitude is described 

101    by using Q (Chouet, 2003; Kumagai et al., 2014; Kawakatsu and Yamamoto, 
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102 2015). 

103 Different from the volcanologically focused fragmentation criteria defined 

104    through the porosity and the Deborah number, rock failure is usually defined 

105    by stress or strain.  The typical strength of a bubble-free magma is >100 MPa 

106    (Webb  and Dingwell, 1990; Vasseur  et al., 2013).  The existence of bubbles 

107     can reduce the strength of magmas (Coats et al., 2018) and enhance the 

108    generation of cracks (Okumura et al., 2010; Kushnir et al., 2017). The elas- 

109    tic modulus decreases with an increasing number of cracks and elongated 

110     bubbles; the exact value of the decrease is affected by the orientation of the 

111    cracks and bubbles (e.g.,  Heap et al., 2014; Griffiths et al., 2017).  Although 

112      various criteria for fragmentation/fracture   have  observational/experimental 

113    bases, the relationship among different criteria has not been well explained. 

114 Outgassing by the occurrence of fragmentation has been considered (New- 

115     man et al., 1988; Rust et al., 2004; Gardner et al., 2017). However, the re- 

116    moval of volatiles from only a limited fractured plane through diffusion is 

117     implausible (Castro et al., 2012).  To outgas the entire magma, the magma 

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

119 vent from effusing lava (Castro et al., 2014). 

120 Until now, deformation experiments on bubbly magma have been con- 

121     ducted for a porosity range of φ < 0.7 (Okumura et al., 2010; Pistone et al., 

122    2012; Vona et al., 2016; Kushnir et al., 2017).  It is not obvious how a highly 

123     vesiculated magma φ > 0.7 has elasticity and reduces its strength to easily 

124    fracture into small pieces to enhance outgassing.  To investigate the rheology 

125    and strength of high porosity magma, we performed a series of simultane- 

126    ous measurements of shear modulus,  viscosity,  Q,  and  strength.   We  used 
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127    an extremely high porosity (φ > 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 
 

132 2.1. Sample preparation 
 

133 In this work, we  used the Tokachi-Ishizawa  obsidian lava,  from the Shi- 

134      rataki  rhyolite  volcanic  area  in  northern Hokkaido,  Japan. In  Shirataki, 

135    dacitic  and  rhyolitic  magma  erupted  during  the  late  Pliocene,  forming a 

136      caldera structure generated a pyroclastic deposit.  The Tokachi-Ishizawa  ob- 

137     sidian is aphyric rhyolitic lava at the caldera rim that erupted at ca. 2.2 Ma. 

138     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 50 m 

140    high and 100 m wide.  We collected glassy obsidian samples from the lava 

141     flow unit with neither cracks nor highly crystalline materials. The obsidian 

142    consists mainly of glass (>97%), and the effect of crystals on the rheology 

143      is  negligible. The  bulk  silica  content  of  this  obsidian,  determined  using  X- 

144    ray  fluorescence spectrometry,  is 77.8 wt.%.  The silica and Al2O3 contents 

145    for the glass region are 77.04 wt.% and 12.40 wt.%, respectively, approxi- 

146    mately the same as the bulk silica content.  The obsidian contains  microphe- 

147       nocrysts  of  magnetite  (0.05–0.1  mm),  microlites  of  plagioclase  (<0.2 mm), 

148      oxides (<0.05 mm) and, rarely,  K-feldspar (<0.05 mm), biotite (<0.01  mm) 

149    and plagioclase phenocrysts (0.4–1.0 mm). The water content of the obsidian 

150     samples, measured by Karl Fischer titration, is 0.5 wt.% (Sano et al., 2015). 
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151 We made foamy obsidian (perlite), which has very high porosity φ > 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). 

156     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 

162    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    of the foamy obsidian coated with a paraffin film and immersed in water. 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. 

167     The density of the solid part of the foamy obsidian, ρs = 2360 kg m−3, was 
168    obtained by weighing and measuring the volume of the ground foamy obsid- 

169     ian using a pycnometer.  The average bubble radius, assuming a spherical 

170    shape, was 660 µm.  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 µm/pixel) were obtained by using X-rays at accelerating 

174 voltages 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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176     and 0.5 wt.% are estimated in Fig. S2 (Giordano et al., 2008; Romine and 

177     Whittington, 2015).  Our estimated melt viscosity can vary over one order 

178     of the magnitude (Fig. S2).  The melt viscosity depends both on the water 

179    content  and  volatile  free  melt  composition. The  water  content  may  vary 

180    locally in the sample over 0-0.1 wt.% (Liu et al., 2005; von Aulock et al., 

181     2017).  The obsidian had microlites < 3 vol.% before the heating, and the 

182    bulk and glass compositions have a small difference. The microlites can melt 

183      during  the  rheology  measurements  at  high  temperature,  resulting  in that 

184    the glass composition may shift close to the bulk composition.  We could 

185     not directly measure the viscosity of the bubble-free melt.  This is because 

186     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 
 

189 We measured the rheology of the foamy obsidian by using both steady 

190     one-directional shear deformation and oscillatory deformation (Anton paar 

191    MCR102). Steady  one-directional  shear deformation  is  intuitively under- 

192     standable and frequently used for viscosity measurements. In our measure- 

193    ments, we placed a disc-shaped foamy obsidian sample with a thickness of 

194     h and a radius of R between two Inconel plates in a temperature-controlled 

195     oven same as used in Gonnermann et al. (2017) and Namiki et al. (2018). 

196    The surfaces of the Inconel plates have irregularities  on a horizontal scale of 

197    10–100 µm, which can be observed under the microscope. We were unable to 

198      measure the depth of the irregularities.  The maximum temperature achieved 

199 by the oven is 1000 ◦C. 
200 From the deflection angle θ, angular velocity θ ,̇ and torque required to 
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201 
 
 

202 

deform the sample Γ, we obtain the strain γ, strain rate γ̇ 

στ : 

and shear stress 

 

2Rθ 
γ = 

3h 
2Rθ̇  

 
(2) 

γ˙ = 
3h 

4Γ 
(3) 

στ = 3πR3 (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- 

205 ments in Fig. S3. 

206 In both the one-directional deformation and oscillatory measurements, we 

207    imposed normal stresses σN = 10 kPa or 50 kPa.  Under lower normal  stress, 

208     the sample slips on the plate, so larger normal stress is preferable to prevent 

209    slipping.  Concurrently,  larger normal stress causes shrinkage of the sample. 

210    Besides,  the  maximum  normal  stress  possibly  actuating  in  our apparatus 

211    is 100 kPa.  We  chose the normal stress to satisfy these requirements.   Even 

212  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 γ, and measuring the required shear 

218 stress στ , we obtain the shear modulus G, 
 

στ = Gγ. (5) 
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219     If the sample is an elastic material, the shear stress increases linearly with 

220     respect to strain.  When fracturing occurs, the shear stress decreases.  The 

221     shear stress required to deform an elastic material does not depend on the 

222 shear rate (solid curve in Fig. S3a,b). 
 

 
223 

 
 

224 

Similarly, by adding shear deformation with a strain rate of γ˙ 

suring the required shear stress, we obtain the viscosity η: 

and mea- 

 

στ = ηγ̇  . (6) 
 

225     We can also obtain the viscosity by imposing the stress and measuring the 

226     shear rate.  If the sample is a purely viscous liquid (Newtonian fluid), the 

227     shear stress does not depend on strain but instead depends on the shear rate 

228 (dashed curve in Fig. S3a,b). 

229 When the sample slides above the Inconel plate, the measured shear stress 

230 represents the friction stress 
 

στ = µσN, (7) 
 

231    where µ is the friction coefficient. As a first-order approximation, the shear 

232     stress required for frictional sliding (friction strength) does not depend on 

233     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 µσN > στ , we can obtain the shear modulus or viscosity. In this 
237 study, we assumed µ ∼ 0.6 as the friction coefficient (Namiki et al., 2018). 

 

238 2.2.2. Oscillatory measurements 

239 The oscillatory rheometry imposes a sinusoidal strain γ0eiωt and mea- 

240    sures the stress στ required for deformation (e.g.,  Larson, 1999; Namiki and 
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241 Tanaka, 2017). This measurement provides the shear modulus, viscosity and 

242 quality factor (Q), known as the inverse of attenuation, simultaneously. 
 

στ = |G∗|γ0ei(ωt+δ), (8) 

243      where ω is the angular frequency of oscillatory deformation, γ0 is the strain 

244 amplitude and t is time. 
 
 
 
 
 
 

245 
 
 

246 
 
 

247 
 
 

248 
 
 

249 

|G∗| = GI + iGII (9) 

is the complex shear modulus. The real part is the storage modulus GI, 
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 GII, 
which is the in-phase of the strain rate, and indicates the viscous component 

that is related to the dynamic viscosity: 

ηI = 
GII 

. (10) 
ω 

 

250 The phase difference δ 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 
Q = 

tan δ 
GI = 
GII 

 

(11) 

 

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 δ and Q is provided below.  The elastic 

257    modulus is defined by Eq.(5). If we impose an oscillatory deformation γ0eiωt 

258    on a purely elastic material, we obtain στ = Gγ0eiωt; thus, δ = 0 in Eq.(8). In 
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259    contrast, viscosity is defined by Eq.(6).  If we impose an oscillatory deforma- 

260      tion on a purely viscous material, we obtain στ = iωηγ0eiωt; thus, δ = π/2 in 

261    Eq.(8).  We note 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 δ with respect to the deformation frequency ω. 

264 The analysis with Q is more informative than the discussion based on 

265     a unique relaxation time τr.  By using Q, we can evaluate materials with 

266     multiple relaxation times, such as a suspension (Namiki and Tanaka, 2017), 

267     in addition to the ratio of the elastically stored energy to the dissipation. 

268       Furthermore,  the  measured  Q consists  of  the  seismologically  obtained qual- 

269     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- 

271       terial  properties  of  seismologically  observed  sites,  we  need  to  obtain  Q in 

272 laboratory measurements. 

273 The shear modulus and viscosity,  measured  by  one-directional  rotation 
274      with a shear rate of γ̇  , are related to the complex shear modulus G ∼ |G∗| 

 

275 and the complex viscosity η ∼ |η∗| = |G∗|/ω at ω ∼ γ˙ , respectively (Cox 

276    and Merz, 1958).  When the elastic component is dominant, GI » GII, GI 
277  approximates  G,  and  for  GI « GII,  ηI approximates  η.  We  thus  use  GI and 

278    ηI in Fig. 2 and Figs. S4–S7 to evaluate the elastic and viscous  components, 

279 and use |G∗| and |η∗| in Fig. 3 and 4. 
280 Oscillatory measurements are usually plotted with respect to the angu- 

281    lar frequency ω because of its physical background, as shown in Eqs.(8-10). 

282      However, in this paper, we plot rheological parameters as a function of a fre- 

283      quency of f = ω/(2π).  This may be useful for comparison with the frequency 
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284 ranges 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, 

289     it causes sudden fluctuations of stress and strain and prevents sinusoidal 

290    deformation. In other cases, when the phase difference δ is too small, the de- 

291       composition of GI and GII is difficult.   These cases were usually automatically 

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

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

295 2.2.3. Measurement procedure 

296 First, we placed the sample on the lower plate in the oven and then heated 

297     the oven to the desired temperature T .  We waited for >15 minutes at T , 

298       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- 

303     tion: (1) frequency sweep with a constant strain amplitude of γ0 = 10−3, in 
304    which sinusoidal deformation is imposed with varying frequencies (Fig. S4); 

305    (2) strain amplitude sweep with constant frequencies of f = 1 or 10 Hz 

306     (Figs. S5 and S6); (3) frequency sweep with a constant stress amplitude of 

307    στ  ≥ 5 kPa  (Fig. S7);  and (4) one-directional shear deformation with  con- 
308 stant shear rates or shear stresses (Fig. S8). 
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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 

311    (3 and 4).  To check the hysteresis, we applied these measurements in various 

312    combinations. When  the  sample  thickness  decreased  abruptly,  suggesting 

313     that the sample had fractured, we also changed the measurement combina- 

314 tion. 

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

316 data are shown in Figs. S4–S8. 
 
 

317 3. Result 
 

318 3.1. Deducing the deformation type from observed morphologies of measured 

319 samples 
 

320 Fig. 2 summarizes the conditions used for measurements and results. 

321     Each photograph was taken after the series of rheology measurements and 

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

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

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

325     photographs indicate the experimental conditions and the values of GI and 
326      strength obtained by  measurement.  The raw  data of the rheology  measure- 

327     ments are discussed in the section “Raw data of rheology measurements” in 

328 the supplementary materials provided with Figs. S4–S8. 

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

331     In contrast, the hotter samples (>800 ◦C) produced ash-like fragments be- 
332     tween the sample and the plates, and sometimes shrank; that is, the disk 



15  

 
 
 
 

333     shape remained. In this case, the generation of fragments at high tempera- 

334    ture is a kind of fracturing, but should be distinguished from the former case. 

335     We thus describe the colder cases as the sample exhibiting “entire fracture” 

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

337 (Fig. 3a). 

338 These morphologies suggest that the measured shear stresses during the 

339    rheology measurements are governed by various deformation mechanisms, 

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

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

342 of the fractured samples as a granular material. 

343 The occurrence of entire/local fracturing or shrinkage, marked at the left 

344     top of the photographs, was deduced by monitoring the normal stress and 

345     the sample thickness.  For instance, in Fig. S4b and c for the colder sam- 

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

348     fractured at this time. When the sample temperature is high (≥900 ◦C, red 
349     curves), the normal stress is approximately constant, and the sample thick- 

350    nesses slightly decrease, h/hi > 0.8, where hi  is the initial sample  thickness. 

351     We consider this result to indicate that the hot samples had shrunk without 

352    fracturing.  In Fig. S7b and c, the cold samples (≤800 ◦C, bluish curves) 
353     show a decrease in both the normal stress and their thickness h/hi < 0.8; 

354   we interpret this result as meaning that the cold samples had begun to frac- 

355     ture entirely at this point. The fractured clasts migrated horizontally to the 

356     outside of the area below the upper plate, which in turn reduced the sam- 

357      ple thickness (Fig. S7c).  Until the upper plate moved  down to maintain  the 
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358    specified normal stress, the normal stress temporarily became low (Fig. S7b). 

359   This interpretation is consistent with the entirely fractured texture observed 

360 after the sequence of measurements (Fig. 2). 

361 The difference between shrinkage and local fracturing is also evaluated 

362     by using the normal stress and the sample thickness. In Fig. S7b and c, the 

363     sample at high temperature denoted by the red circle (sample# 20180425), 

364    which had shrunk at the end (Fig. 2), exhibited a small decrease in thickness, 

365     and its normal stresses remained constant. These characteristics are consis- 

366     tent with the shrunken texture of the sample observed after the sequence 

367     of measurements (Fig. 1).  In contrast, the sample at high temperature de- 

368     noted by the red dot (sample# 20180510), which exhibited local fracturing 

369     at the end of the measurement, showed a further decrease in thickness and 

370 its normal stresses fluctuated. 
 

371 3.2. Quality factor and fracture occurrence 
 

372 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) 

375     are plotted in the region of Q > 1, and those in which the sample locally 

376      fractured or shrank (denoted by  dots or circles) are approximately plotted in 

377 the region of Q ≤ 1. 
378 In Fig. 3b,c vertically arrayed symbols at the same temperature represent 

379      the  frequency  (strain rate) dependence. Q varies  with  frequency  at high 

380    temperatures, but does not at low temperatures.  That is, when the sample 

381     temperature is low (<800 ◦C), Q > 1 irrespective of deformation rate, but 
382     Q for a hot sample depends on the deformation rate.  For a hotter sample, 
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383    essentially,  Q becomes  larger  with  frequency (Fig. S4f). In  Fig.  3b, the 

384     maximum and minimum trends of Q at each temperature indicate rapid and 

385    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. 3c summarizes the stress level as the strength when the sample frac- 

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

390    also contains the measured complex modulus |G∗|, which is equivalent to 

391      the  shear  modulus  G.   The  complex  shear  modulus,  |G∗| in  Fig.  3c shows 

392    frequency dependence similar to that of Q.  The maximum trend of |G∗|, 
393    measured at high frequencies, is within 1–100 MPa, which is more than two 

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

395 The strength is illustrated in the lower half of Fig. 3c.  Irrespective of 

396     the deformation type, the strengths are within 1–100 kPa, which is more 

397    than three orders of magnitude lower than the value observed for bubble-free 

398      melts (≥100 MPa).  The strength increases as the normal stress rises. Within 
399     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 

401      (≤800◦C),  shear  strength  is  lower  than  the  normal  stress  imposed  during 
402     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 

406     not occur during the first three measurements with a small strain amplitude 

407      before conducting the measurements generated a large strain (Fig.2, sample# 
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408     20180507). Once the sample fractured as a result of the shear deformation, 

409     the sample shape became irregular and the vertical stress would have been 

410    concentrated at some restricted contact points with the bottom and top 

411      plates.  This stress focusing would have enhanced the fracturing.  In contrast, 

412   the strengths of the hot samples (≥850 ◦C) are higher than the normal stress. 
413    Thus,  fracturing  could  occur  only  by  shear  deformation;  as  a  result, the 

414 sample locally fractured and generated ash-like fragments between the sample 

415 and plates. 

416 The ratio of the strength to the maximum |G∗| is approximately 10−3, 

417 suggesting that the critical strain for the fracturing of this sample is 10−3. 
 

418 4. Scaling for porosity dependence of rheology and fracturing 
 

419 4.1. Shear modulus 
 

420 The effect of bubbles on an elastic modulus is well studied in solid foams 

421    because of its relevance for engineering.   The shear modulus decreases with 

422 porosity: 
G 

= C (1 φ)α, (12) 
G0 

423     where G0 is the shear modulus of a bubble-free region, 1 < α < 4 and C1 

424    are constants (Gibson and Ashby, 1997; Roberts and Garboczi, 2001;  Zheng 

425    et al., 2014). The empirical law is close to α = 2 (Banhart and Weaire, 2002). 

426   α = 1 is also known as the Voigt average in rock mechanics (e.g., Watt et al., 

427    1976).   For  geological materials,  the elastic properties of two-phase  media 

428      are frequently approximated by the Hashin–Shtrikman upper bound (Hashin 

429     and Shtrikman, 1963), where, for a bubbly magma, it becomes (Manga and 
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430 Loewenberg, 2001)  
G 5φ 
G  = 1 − 3 + 2φ. (13) 

 

431 In  Fig.  4a,  we  plot  Eq.(13)  and  Eq.(12)  for  1  < α < 4. The  Hashin– 

432      Shtrikman  upper  bound  is  plotted  within  1  <  α < 2. Our  datum  (red 

433    symbol) is plotted between the curves with 2 < α < 4.  This wide range 

434    of the shear modulus originates from the viscoelasticity effect and varying 

435     normal stress (Fig. 3c); in other words, our measurements include a wide 

436      range of temperature and strain rates (frequencies).  Our maximum  value  is 

437     close to the curve for α = 2, which is typical for a solid foam (Banhart and 

438    Weaire,  2002) and represents the result of  elastic deformation,  whereas the 

439    minimum represents the measurement at low frequency, in which the magma 

440    behaves more like a viscous fluid. The shear modulus measured at the higher 

441    normal stress (σN  = 50 kPa) also shows large values  (Fig. 3c).  The  vertical 

442     compression may thicken the thinner region (Fig. 1).  The curves with 2 < 

443    α < 4 are also depicted close to the measurements with lower porosities (pink 

444    symbols) (Bagdassarov and Dingwell, 1993).  The measurements of porous 

445     basalt for lower porosity denoted by the green curve (Al-Harthi et al., 1999) 

446     exhibit a slightly different trend from other curves.  This may be because 

447     of the limited porosity range in their measurements (φ < 0.7).  The shear 

448    modulus calculated from the Young’s  modulus of basaltic ash is  lower  than 

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

450 bubble walls reduce the shear modulus. 
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451 4.2. Shear wave velocity 
 

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

453     becomes:    
v = 

G 
= v 

s ρ s0 

 
C1(1 − φ)α−1, (14) 

 

454    where vs0  is the shear velocity for a bubble-free magma.  Figure 4b displays 

455     a plot of Eq.(14) and shows that the shear wave velocity can be as low as 
456 several 100 m s−1. 

 

457 4.3. Strength 
 

458 The porosity-dependent strength of cellular material is also described by 

459    the power law of the density ratio, as shown in Eq.(12) (Zheng et al., 2014; 

460    Sypeck and Wadley, 2002; Jang et al., 2010).  Typical cellular solid material 

461      has the exponent 1 < α < 2, while our measurement and other measurements 

462 with  a  lower  porosity  (Okumura  et  al.,  2010;  Coats  et  al.,  2018)  appear 

463     close to the curve with an exponent of α = 4 (Fig. 4c). Sintered glass with 

464 porosities  φ > 0.2  also exhibits similar  strength (Vasseur  et al.,  2013).  In a 

465    real magma  foam,  the  thickness  of the  bubble walls and edges varies. The 

466    thinner parts should break  with low  stress.   In contrast,  cellular  solids  for 

467    commercial use are designed to possess strength, so walls and edges have 

468     more uniform sizes (Zheng et al., 2014).  In fact, the strength of a sample 

469      under higher normal stress becomes larger, and thinner parts of the structure 

470 may become thickened (Fig. 3c). 

471 The orange curve in Fig. 4c was obtained by rapid decompression ex- 

472  periments  in  a  shock  tube  (Spieler  et  al.,  2004),  1/φ 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 

479     limited porosity range in those measurements (φ < 0.7), as we noted for 

480     the relative modulus.  The gray curve, based the predictions by Alidibirov 

481    (1994), 200(1 − φ1/3)/φ1/3  MPa, estimates higher values  than our measure- 
482     ments.  This may be because the gray curve assume the constant thickness 

483 of the bubble wall. 

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

485 is not clear. 
 

486 4.4. Viscosity 
 

487 Various  equations for the viscosity of bubbly magma are provided.   The 

488    viscosity of bubbly magma depends on the shear rate.  When the shear rate is 

489    slow enough, bubbles do not deform, so that the apparent viscosity  becomes 

490 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- 

492    cosity decreases.  Pal (2003) formulates the relative viscosity at infinite shear 
493 rate as 

η  φ 
= 1 

η0 bc 

)5φbc/3  
, (15) 

494      where  η0  is  the  viscosity  of  bubble  free  melt. A  numerical  estimate  of  the 

495     relative viscosity for an infinite shear rate is close to the Hashin-Shtrikman 

496    upper bound (Manga and Loewenberg, 2001) which is previously introduced 
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497 in Eq.(13). Bagdassarov and Dingwell (1992) suggested an empirical equation 
 

η 1 
= 

η0 1 + Cφ 
, (16) 

 
498 where C = 22.4 is empirically determined constant. 

499 In Fig. 4d, our data shows larger values than these scaling. Our bubbles 

500    are deformed by compression but are not deform by shear stress (Fig. 1). We 

501     infer that the shear rate used in our experiments is lower than the infinite 

502  limit, and the effect of bubbles on viscosity is not as critical as those observed 

503      in elastic modulus and strength.  We also note that the estimate of the bubble 

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

505 5. Relation of three fracture criteria 
 

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

507 a Maxwell fluid is written as 
 

  1 dστ γ˙ = 
   στ  

+ . (17) 
G∞ dt η(1/∞) 

 
508 

 
 

509 

By integrating this equation with assuming a constant 

strain-dependent stress 

γ˙ , we obtain the 

 

στ = η(1/∞)γ̇ [1 − exp{−γ/(γ̇ τr)}]. (18) 
 

510     The behavior of Eq.(18) is summarized in Fig. 5. As the strain γ increases 

511     with a constant strain rate of γ̇  , the stress in a Maxwell fluid accumulates 
 

 
512 and reaches an asymptotic value of η(1/∞)γ̇ .  Thus, η(1/∞)γ̇ is the maximum 

513 stress possibly accumulates in a Maxwell fluid by deformation with a con- 
 

 
514 stant strain rate of γ̇ . In this case, if there exists threshold stress for a 
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515 
 
 

516 

fracturing (strength) as denoted by the black line in Fig. 5, ηγ̇  

a requirement for fracture. 

> strength is 

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

 
518 is re-written in terms of strength, η(1/∞)γ̇ > 0.01G∞. Here, G∞ is approxi- 
519     mately constant, so that the threshold strength for fragmentation becomes a 

520    constant stress of 0.01G∞.  If we  use the porosity-dependent shear  modulus 

521     in Eq.(12) instead of the constant G∞, we obtain the formulation explaining 
522 our measurements shown in Fig. 4c: 

 α 

Strength = C2G0(1 − φ)  < ηγ̇  . (19) 

523 We   are  aware  that  the  constant  C2  in  Eq.(19)  should  be  the critical 

524      strain that causes a fracture before stress relaxation.  In our experiments, the 

525      strength was  approximately three orders of magnitude lower than the  shear 

526      modulus at high frequencies (Fig. 3c),  suggesting that  the critical strain for 

527     a fracture is 10−3.  The threshold of 0.01 used in Eq.(1) suggests that the 

528    critical strain for a fracture of the bubble-free melt is 10−2, when viscous 
529    dissipation does not occur.  Our magma foam includes small-scale structures, 

530    such as bubble walls and edges, which can locally deform and may reduce 

531     the critical strain required for fracturing. This hypothesis suggests that the 

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

533 that can change with porosity. 

534 Another fragmentation threshold is defined by a porosity φ = 0.8 (Sparks, 

535    1978).  By using Eq.(19), we can estimate the strength of the bubbly  magma 

536    at this porosity φ = 0.8.  Assuming C2G0 = 100 MPa and α = 4 (Fig.  4c), 

537    the estimated strength becomes 0.16 MPa.  This value is three orders of mag- 

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

540    ascent.  As a result, φ = 0.8 is widely accepted as a fragmentation threshold. 

541 A high porosity basalt (reticulite) or basaltic andesite are commonly ob- 

542    served in the field (e.g.,   Mangan and Cashman, 1996; Namiki et al.,  2018). 

543     In contrast, a high porosity rhyolite is rarely found in the natural conditions 

544    (e.g., Eichelberger et al., 1986; Houghton and Wilson, 1989; Stevenson et al., 

545 1994),  but  has  been  provided  in  laboratory  experiments  (Takeuchi  et  al., 

546     2009).  This may be because that bubbles in reticulites nucleated at very 

547     shallow depth so that the bubbly magma did not experience the fragmenta- 

548    tion events. This idea is consistent with field observations. The porosity of 

549    vesicular magma found inside the silicic magma dome is <0.6 (e.g.,   Eichel- 

550    berger et al., 1986; Stevenson et al., 1994; Noguchi et al., 2006; Sano and 

551    Toramaru,  2017), which is relatively lower  than those found in fall deposits 

552 (e.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 

555     with increasing porosity (Fig. 4c). Although the porosity range in our mea- 

556  surements is quite narrow because of technical limitations, our empirical scal- 

557     ing is consistent with the trend for lower porosity (Fig. 4).  We here apply 

558 our scaling to the fracture condition in a conduit. 

559 In Fig. 6, we estimate the strength of bubbly magma based on the possible 

560     bubble fraction in the conduit.  Fig. 6a shows the profile of porosity with 

561  depth assuming a closed system with an initial water contents of 4–7 wt.% for 

562    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 

564    850  ◦C (Newman  and Lowenstern, 2002). The  estimated  strength  of the 
565 bubbly magma is considerably reduced at a shallow depth (Fig. 6b). 

566 The type of fracturing should depend on the magma temperature and 

567    Q (Fig. 3). When the ascending magma is cold (T  < 800 ◦C), Q > 1 
568     even under slow deformation at 0.01 Hz (Fig. S4f). Thus the magma in the 

569     shallow conduit fractures entirely (Fig. 3).  Here, entire fracturing at high 

570     porosity may not cause explosive eruptions.  The low strength means that 

571     bubbles cannot encapsulate the high-pressure gas. Even if the bubble walls 

572      fracture, the gas pressure inside a bubble is low and is insufficient to cause 

573    an explosion.  An entire fracture in a conduit would be observed as  volcanic 

574     gas emissions and increases in seismicity, but the fragmented clasts may not 

575    erupt out (Castro et al., 2014). If the  surrounding temperature  and the 

576     normal stress are high enough, clasts may experience compaction to make 

577     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 

580  deform (T > 950◦C) and the bubbly magma locally fractures near the conduit 

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

583    2008; Okumura et al., 2013; Gonnermann, 2015; Kushnir et al., 2017).  Such 

584      a  banding  deformation  frequently  observed  in  a  complex  fluids  (Debrégeas 

585    et al., 2001; Schall and van Hecke, 2010; Divoux et al., 2016). In a metal foam 

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

587 cells (Prakash et al., 1996). Magmas may ascend in conduits intermittently 



26  

 
 
 
 

588    by  stick-slip  at the  wall.  Such  a cycle of fracture and healing  in magma is 

589    affected by the surface morphology and healing kinetics between magma and 

590    a conduit wall (e.g.,  Yoshimura and Nakamura, 2010; Okumura et al., 2015; 

591    Lamur et al., 2019).  Our experiments show that localized shear deformation 

592    around the conduit wall can generate ash (Fig. 2).  Ash reduces the frictional 

593     strength and may cause steady sliding.  In addition, the ash preserves the 

594    pathway for gas flow to enhance outgassing (Okumura and Kozono, 2017). 

595    The ash generated by local fracture, at high temperature and normal stress 

596    conditions, plausibly undergoes sintering and makes obsidian preserving  the 

597 nonequilibrium degassing volatile ratio (Watkins et al., 2017). 

598 Fig. 6b also shows that the strength of the bubbly magma is below the 

599 friction strength (green curve) at depths shallower than 2 km.  In this depth   

600  range,  the foamy magma inside the conduit fractures into small fragments   

601    before slipping at the conduit wall.  Recently, Cassidy et al. (2018) suggested 

602    that an ascent velocity of 10−1 m s−1 divides the explosive/effusive transition. 
603 If the shear rate, as a ratio of the ascent velocity to the conduit width, is the   

604 control on fragmentation, the explosive/effusive transition should depend on 

605  the conduit width.  At  shallow depth, the viscosity of the magma, which is  

606 fully degassed under colder circumstance, would be high. The accumulated  

607 stress in the ascending magma can exceed the threshold stress for fracturing. 

608    Constant stress for fracturing does not necessarily depend on the conduit     

609  width.  The porosity dependent strength of the bubbly magma is favorable   

610 to explain the independence of eruption styles with respect to shear rate. 

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

612    shear modulus  of the  high  porosity  magma  slows the  shear wave velocity 
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613 (Fig. 4b). Long-period earthquakes, caused by a slow rupture or a resonance 

614 of cracks filled with bubbly magma, may be explained by this slow velocity  

615 (Chouet, 2003; Bean et al., 2013; Kawakatsu and Yamamoto, 2015). Q shows 

616   clear temperature dependence and is related to the occurrence of fractures    

617  (Fig. 3b).  Thus, by  monitoring Q, the temperature of a subsurface magma  

618 could be estimated. The  Q beneath an active volcano is obtained by  recent  

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

620      fumarolic  area  in  Taal  Volcano,  Q ∼ 10  for  the  seismic  wave  frequency of 

621      ∼10 Hz. According to Fig. 3b, Q ∼ 10 suggests the temperature of ∼700 ◦C 
622   and the possibility of fragmentation.   However,  this figure includes large    

623 uncertainties. Q may  depend on the magma composition.  If the previously  

624 erupted pyroclastic  material  is  heated  by  the  intruded  magma,  that  also 

625 shows low Q.  In this case, Q can depend on the degree of sintering.  These  

626 effects should be addressed. Fig. 3b also shows frequency dependence of Q. 

627 If we obtain the frequency-dependent Q structure beneath the volcanic area 

628  and the frequency and material dependence of Q measured in a laboratory,  

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

 
630 7. Conclusion 

 
631 We measured the rheology and strength of magma with extremely high  
632    porosities (>0.86) at 500–950 ◦C. We  found that the bubbles in magma      

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

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

635 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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637 certain to fracture during ascent. This hypothesis explains the fact that high  

638 porosity magma (φ > 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 

640 decreases with temperature increases, and the occurrence of fracturing well  

641 correlates with the quality factor Q. Monitoring the shear wave velocity and 

642   Q may  help to estimate the porosity and temperature of magma,  evaluate   

643 the occurrence of fractures, and assess subsequent volcanic activities. 
 
 

644 Acknowledgments 

645 We thank Monodukuri Plaza at Hiroshima University for machine work of 

646 our apparatus. This work is supported by JSPS KAKENHI grant 16H04042  

647 and 19H00721. 
 
 

648 Appendix A. Supplementary material 
 

649 Supplementary material related to this article is provided with this manuscript. 
 
 

650 References 
 

651   Al-Harthi,  A.A.,  Al-Amri,  R.M.,  Shehata,  W.M.,  1999.    The  porosity  and 

652 engineering properties  of  vesicular  basalt  in  Saudi  Arabia.  Engineering  

653 Geology 54, 313–320. doi:10.1016/S0013-7952(99)00050-2. 
 

654     Alidibirov,    M.A.,    1994.     A   model   for   viscous   magma   fragmenta-    

655 tion   during   volcanic   blasts.    Bulletin   of   Volcanology   56,   459–465. 

656 doi:10.1007/BF00302827. 
 

657 von Aulock, F.W., Kennedy, B.M., Maksimenko, A., Wadsworth, F.B., 



29  

 
 
 
 

658 Lavallée, Y., 2017.  Outgassing from open and closed magma foams.  Fron- 

659 tiers in Earth Science 5, 46. doi:10.3389/feart.2017.00046. 
 

660 Bagdassarov, N.S., Dingwell, D.B., 1992. A rheological investigation of vesic- 

661 ular rhyolite. Journal of Volcanology and Geothermal Research 50, 307– 

662 322. 
 

663 Bagdassarov, N.S., Dingwell, D.B., 1993. Frequency dependent rheology of 

664 vesicular rhyolite. Journal of Geophysical Research 98, 6477–6487. 
 

665 Bagdassarov,  N.S.,  Dingwell,  D.B.,  Webb,  S.L.,  1994.  Viscoelasticity of 

666 crystal- and bubble-bearing rhyolite melts.   Physics of Earth and Plan-    

667 etary Interiors 83, 86–99. 
 

668 Banhart, J., Weaire, D., 2002. On the road again: Metal foams find favor. 

669 Physics Today 55, 37. doi:10.1063/1.1506749. 
 

670      Bean,   C.J.,   De  Barros,   L.,   Lokmer,   I.,   Métaxian,   J.P.,   O’  Brien,   G., 
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Figure 1: X-ray computed tomography (CT) images of the samples in horizontal cross- 

sectional views, (left) sample baked at 1000 ◦C before the rheology measurements, (middle) 
sample subjected to a temperature of 950 ◦C and σN = 10 kPa, and (right) sample 
subjected to a temperature of 950 ◦C and σN = 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 

after the series of rheology measurements under various temperatures 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. 



46  

Q
 (-

) 

St
re

ng
th

 (P
a)

 

 
 
 
 

a 50kPa 

800 (°C) 950 (°C) 950 (°C) 

 
 
 

b 101 

100 

10-1 

10-2 

side view 

Entire Fracture 

side view 
Local Fracture 

(sometimes with shrink) 

c 109 

108 

107 

106 

105 

104 
103 

25mm side view 

Shrink 

109 

108 

107 

106 

105 

104 

103 
700 800 900 1000 

Temperature (°C) 
500 750 1000 

Temperature (°C) 
 
 
 
 
 
 
 
 
 

960 
 
 

961 

 
Symbols for 
Strength 

 
 
Figure 3 

Frequency sweep measurements at a constant strain amplitude. 
Strain amplitude sweep measurements at a constant frequency. 
Frequency sweep measurement with an amplitude of shear stress. 
One-directional shear deformation measurements at constant shear rates. 
One-directional shear deformation measurements at constant stresses. 

50kPa 

50kPa 

Entire Fracture 
50kPa 

 
 
 
 

Shrink / Local Fracture 

|G
 | 

(P
a)

 



47  

 
 
 
 
 

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 “50kPa” above the plus sign indicates measurement at 

higher normal stress (σN = 50 kPa).  The others denote measurement at σN = 10 kPa. 

(b) Q for the frequency range <1 Hz obtained by the frequency sweep measurements at a 

constant strain amplitude (Fig. S4). Q depends on the deformation frequency, so symbols 

for different frequencies are arrayed vertically at the same temperature. Essentially, Q 

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 

(<105 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 G0 = 25 GPa 

versus porosity. The red symbol indicates our measurement (G = 1–100 MPa). The pink 

symbols are from other obsidians (Bagdassarov and Dingwell, 1993). The dotted, solid and 

dash-dotted black curves show α = 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 

vs0 = 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 α = 1.5, 2, 4  

in Eq.(12), respectively, and C1 = 1. The green (Al-Harthi et al., 1999),  orange (Spieler 

et al., 2004), and gray curves (Alidibirov, 1994) are other equations. (d) Relative viscosity 

versus porosity. The red symbol indicates our measurement (η = 107 − 5 × 107 Pa s) for 

950 ◦C. We use 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 5: The evolution of stored stress in a Maxwell fluid respect to increasing strain 

with certain strain rates, calculated by Eq.(18). We here assume G∞ = 25 GPa, and 

η(1/∞) = 1010 Pa s. 
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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. (c) Illustration of a possible state in a shallow 
conduit. 
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Table S1: Conditions of measurements. 
 

Run # Measured T Baked T σN 2R hi hf** ρ Ιnitial φ Shrunk φ*** 
oC oC kPa mm mm mm kg/m3   

20180418 500 1000 10 24.2 5.28 - 102 0.96 - 
20180419 700 1000 10 24.2 5.51 - 92 0.96 - 
20180507 700 1000 10 24.2 4.69 - 83 0.96 - 
20180427 800 1000 10 23.4 6.14 - 83 0.96 - 
20180618 800 1000 10 24.2 4.89 4.82 109 0.95 0.95 
20180710 800 1000 10 24.5 5.35 5.26 102 0.96 0.96 
20170809 800 800 50 24.6 3.96 - 132 0.94 - 
20180612 850 1000 10 24.4 4.88 4.75 108 0.95 0.95 
20180606 900 1000 10 23.8 5.79 5.41 108 0.95 0.95 
20180531 950 1000 10 24.0 5.01 3.72 189 0.92 0.89 
20180518 950 1000 10 24.1 4.53 4.29 160 0.93 0.93 
20180510 950 1000 10 22.5 5.34 - 170 0.93 - 
20180516 950 1000 10 24.2 5.10 3.97 179 0.92 0.90 
20180425 950 1000 10 24.2 2.32* 1.98 278 0.88 0.86 
20180712 950 1000 50 24.4 5.85 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 hf. 
hi: Initial thickness of the sample 
hf; 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 στ , G/, and η/ curves (e.g.,  Larson, 1999).  The solid, dashed, 
and dotted curves indicate 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, (e) dynamic viscosity, and (f) inverse of attenuation 

Q. (d-f) Defined in Eqs.(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 0.6σN, 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 µ = 0.6 is a reference of the friction coefficient. 


