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S.1. Particle characteristics 7 

Microscope analysis of 200 particles (e.g. Figure S.2) yields an average aspect ratio 1.7 (standard 8 

deviation σ = 0.5) when aspect ratio is taken from the 2D projection of the particle. However, due to the 9 

complex three-dimensional shapes of the particles we have used the maximum random packing rather 10 

than the 2D aspect ratio to estimate the maximum particle fraction parameter that strongly affect 11 

suspension rheology. 12 

The Young’s Modulus of polypropylene is sufficiently large (1.5 – 2 GPa) that particle deformation is 13 

negligible in our experiments 14 

 15 

Figure S.1: Photomicrographs of a random selection of particles. The large contrast allowed particle shape and size 16 
analyses in 2D. Scale bars are 2 mm in length. 17 

S.2. Details on suspension rheology 18 



 

 

We measured suspension rheology at 20◦C using a HAAKE RheoStress1 rheometer with a concentric 19 

cylinder geometry and a large gap of 11.7 ± 0.1 mm. Since particle size is ∼0.8 mm, the large gap 20 

allows space for >10 particles, and thus minimizes wall effects. We ran the measurements in 21 

controlled stress mode for 15 to 50 seconds, until the strain rate response to the induced stress 22 

equalized, and recorded the measured strain rate over the last three seconds. We set the stress values 23 

at 10 to 50 Pa, with increments of 10 Pa. The maximum strain rates obtained were 55 s−1 in the non-24 

Newtonian regime. Instrumental measurement errors on viscosity are ±0.02 Pa s. Other potential 25 

sources of error, such as small bubbles in the suspension, or particle rise during measurements were 26 

limited by putting the sample in a vacuum prior to measurements (although the samples still had to be 27 

lightly mixed by hand afterwards) and by minimizing the measurement time. The smooth walls of the 28 

concentric cylinders mimic the cap behavior near the smooth tube walls in our experiments: wall 29 

slippage was likely in both settings. To obtain the viscosity curves, we fitted the obtained shear rates 30 

(γ̇ ) with the Herschel and Bulkley [1926] model for fluid rheology: 31 

τ = τy + Kγ̇n,                                           (S.1) 32 

where τ is the applied stress, τy is the yield strength, n is the flow index (n <1 for shear-thinning 33 

rheology, n >1 for shear-thickening rheology, and n = 1 for Newtonian flow), and K is the consistency 34 

which has the dimensions Pa sn, and is equivalent to viscosity when n = 1. We obtain an increasingly 35 

shear-thinning rheology, for particle suspensions >∼30 vol% (Figure 3). The fitted Herschel-Bulkley 36 

curves gave yield strengths of 0.5, 0.7 and 0.7 Pa for particle contents of 30, 35 and 40 vol% 37 

respectively. In an attempt to measure yield strength experimentally, we ran rheology tests at lower 38 

stress: 0.1 to 10 Pa, with increments of 3.3 Pa. The first experimentally measured yield strength 39 

occurred at 40 vol% particles: there was no recorded strain rate at an applied stress of 0.1 Pa, and a 40 

low strain rate (0.25 s−1) at 3.4 Pa. 41 

Comparisons with the Mueller et al. (2009) model were made using the following empirical 42 

equations: 43 

                                                 𝐾𝑟 = (1 −
φ

φ𝑚
)

−2
     (S.2) 44 
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)

−2
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φ
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)
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In which φ is particle fraction, φm is the max packing, rp is particle aspect ratio, τ0 is the yield strength and 47 

τ* the yield strength at φ = φm (1 - sqrt(2)/2). In Mueller (2009), τ* = 0.153 Pa. 48 

Mueller et al. (2011) provide an empirical equation to determine φm from particle aspect ratios. However, 49 

since our particles have strongly irregular shapes, we chose to approximate φm with RCP measured in 50 

experiments, φm ≈ 47 +- 2 vol%. For consistency within the empirical equations, in order to determine n, 51 

we calculate rp using equation (4) in Mueller et al. (2011): 52 



 

 

φ𝑚 =  φ𝑚1 exp [−
(log10 𝑟𝑝)2

2𝑏2 ]    (S.5) 53 

or, 54 

    𝑟𝑝 = 10
√−2𝑏2 ln (

φm
φm1

)
     (S.6) 55 

with φm1 the max packing for spheres (0.646 in Mueller, 2009), and b a fitting parameter based on the 56 

variance of the log-Gaussian function, with values given in Mueller (2009) 57 

Overall, the fit with measured rheology data is pretty good, especially considering the large sources of 58 

error, and the fact that the crushed particles are rather different from those used by Mueller et al. (2009, 59 

2011).  60 

 61 

 62 

 63 

Further insights can be gained from curve fitting of these rheological measurements. In the rheological 64 

literature, the maximum packing of particles in a sheared suspension is defined differently from RCP: it is 65 

a fitting parameter determined through fitting of flow curves through the rheological data. Figure S.1 66 

shows the relative consistency (consistency of the suspension divided by the interstitial liquid viscosity) 67 

of the particle suspensions in our experiments. We fit the rheological model by Maron and Pierce (1956) 68 

to our rheological data: 69 

𝜂𝑟 =  
𝜂

𝜂𝑚
= (1 −

φ

φ𝑚
)

−2
    (S.7) 70 

where η is the bulk suspension viscosity, ηm is the liquid viscosity, φ the particle fraction, and φm is a 71 

fitted parameter for maximum packing. In Figure S.1B, φm = 0.44 provides a good fit to our data. This 72 

value is slightly below our experimental measurement of RCP at 0.47 ± 0.02. Another equation, by 73 

Stress = 50 Pa 
Stress = 10 Pa 

Figure S.2: Additional information on particle suspension rheology. A: Relative viscosity measurements 

in experiments with different particle fractions and different applied stress. B: Comparison of measured 

consistency with Krieger-Dougherty and Maron-Pierce fitting models. 



 

 

Krieger and Dougherty (1959), has two fitting parameters: φm and B (the Einstein coefficient), and is 74 

expressed as: 75 

𝜂𝑟 =  
𝜂

𝜂𝑚
= (1 −

φ

φ𝑚
)

−𝐵φ𝑚
   (S.8) 76 

By fixing φm = RCP = 0.47, we obtain B = 5.3 and an exponent value of 2.5, which is within the generally 77 

accepted values between 2 and 3, and fits our data well, although ideally, we would have more data points 78 

for this curve fitting. 79 

 80 

S.3.  Scaling parameters for the lower liquid/magma 81 

These scaling parameters were calculated by Capponi et al. (2016a). The density and viscosity of magma 82 

at Stromboli were taken from Gurioli et al. (2014). 83 

 84 

 Silicone Oil Magma at Stromboli 

Conduit radius (m) 0.0125 2.5 

Density (kg/m3) 990 900 (vesicular liquid) 

2700 (melt)* 

Liquid viscosity (Pa s) 

Surface tension (N/m) 

0.1 

0.021 

50 – 300 

0.1 – 0.2* 

Inverse viscosity, Nf 122 630 – 105 

Film cross section   

(Del Bello et al., 2012) 

0.41 0.26 – 0.36 

Dimensionless film  

(Llewellin et al., 2011) 

0.23 0.14 – 0.24 

Film thickness (m) 0.0029 0.35 – 0.60 

Slug radius (m) 

Conduit-scale Bond number 

Particle-scale Bond number** 

0.0095 

72 

4.6 10-6– 4.6 10-1 

1.89 – 2.14 

2.8 10+5 – 1.7 10+6 

1.3 10-5 – 2.6 10+1 

Table S.1. Scaling comparison between the silicone oil used in experiments with the presumed underlying magma at 85 
Stromboli, Italy. Table extracted from Capponi et al. (2016), except for: * Pichavant et al. (2009, 2013). ** Bo 86 
depends on the characteristic length scale of the pore space between particles; we calculate Bo for the pore 87 
lengthscale range 0.01 – 1 mm for experiments, and 0.01 to 10 mm for Stromboli. 88 

S.4 Details on scaling considerations 89 

Our experiments are idealized to isolate the effects of a particle-rich layer on the rise of large, conduit-90 

filling bubbles. Therefore, we chose to ignore many characteristics which are likely important to fully 91 

constrain normal activity at Stromboli.  92 



 

 

Our experiments do not account for magma convection in the Strombolian conduit [Palma et al., 2011; 93 

Beckett et al., 2014], which can significantly affect bubble rise, by providing an easier path in the 94 

ascending, less viscous, and less crystalline magma. Convection can also disrupt the particle-bearing 95 

layer, which would then not act as a cohesive cap.  96 

Our experiments ignore the possible effect of a large near-surface reservoir of small bubbles that feed 97 

passive degassing and puffing. These bubbles would significantly affect suspension rheology [e.g. Truby 98 

et al., 2015]: in a crystal-rich magma, they most likely decrease viscosity. The high crystallinities of the 99 

near-surface magma at Stromboli mean that its interstitial bubbles are likely highly deformed, which aids 100 

gas connectivity [Oppenheimer et al., 2015].  Therefore, near-surface magma at Stromboli is expected to 101 

be permeable well below the percolation threshold for spherical bubbles of ∼30 vol% [Saar et al., 2001].  102 

Our experiment geometry with smooth cylindrical walls is also idealized. Strombolian eruptions mobilize 103 

a large amount of magma in the conduit, but whether or not the dynamic overturn of the magma could 104 

cause smooth conduit surfaces is unknown. In many experiments the crystal-rich cap rose as a plug, likely 105 

sliding on a film of oil.  With a rough surface, the cap may have been stuck and inhibited slug expansion, 106 

increasing bubble overpressure below the cap. The effect on the trapped bubble regime is unclear: on the 107 

one hand, a stronger cap could trap bubbles more efficiently, on the other hand greater overpressure in the 108 

bubbles may increase their ability to break the cap. A rough surface may have also caused the cap to 109 

deform near the wall where shear stresses are greatest, which could have affected the bubble ascent 110 

regimes. The side flow regime, in particular, may not occur (or may be significantly different) in a system 111 

with rough walls, since bubbles in this regime rose through the path of least resistance at the tube walls 112 

where inefficient particle packing reduced the local viscosity. It is also feasible that the natural conduit 113 

geometry is more dyke-like than cylindrical, in which case gas flow patterns can be deeply affected by 114 

fissure geometry (Pioli et al., 2017). 115 

In our experiments, bubbles ascend in a confined cylindrical conduit, and a closed system. Thus bubble 116 

expansion is adiabatic, and bubble overpressures are likely overestimated due to the restrictive laboratory 117 

conditions compared to a natural scenario [Bagdassarov, 1994]. We also ignored geochemical variations 118 

that occur in rising magmas: our estimates assume the same interstitial liquid in the solid-rich cap and the 119 

solid-free lower liquid, which is unlikely to represent natural cases. Near-surface crystallization changes 120 

the chemistry of the melt, and in basalts the melt viscosity likely increases with crystallinity. Bond 121 

numbers in experiments were ~4.6 x 10-6 – 4.6 x 10-1, and ~10-5 – 26 in magmas (by considering a range 122 

of pore sizes; Table S.1). This suggests that trapped bubbles have limited deformability and therefore may 123 

not flow in the pore spaces between particles. 124 

Our experiments also focused on capturing a large sweep of bubble-cap size ratios. At Stromboli, for 125 

bubble volumes of 1500 – 4100 m3 at atmospheric pressure (Mori and Burton, 2009), bubbles at 20 MPa 126 

(~800 m below the crater) have volumes of 7.6 – 15 m3, which correspond to cylinder lengths of 2.4 – 3.1 127 

m (for a 2 m bubble diameter in the lower crystal-poor magma; Table S.1.). This hypothetical bubble 128 

length is two orders of magnitude smaller than the cap thickness at Stromboli but remains a conduit-129 

filling bubble. Since cap thickness did not seem to affect rheological regimes for bubble rise, our 130 

experiments predict that at low expansion/overpressure these bubbles could be trapped by moderate 131 

magma crystallinity. 132 



 

 

Our experimental sweep is therefore focused on the effects of particles on the rise of conduit-filling 133 

bubbles. It is a first step towards incorporating crystals in models for Stromboli, not a scaled 134 

representation of sub-surface processes in nature. 135 

S.5. Detailed derivation of slug base velocity during slug rise in the lower viscosity liquid. 136 

Bubble rise in a particle-free liquid depends on the inverse viscosity, Nf: 137 

𝑁𝑓 = (𝜌/𝜇) √𝑔𝐷3 (S.9) 138 

where p is the density of the liquid, µ is the viscosity of the liquid, g is the gravitational acceleration, and 139 

D is the inner diameter of the tube. For the properties of the fluid and apparatus geometry, we obtain an Nf 140 

value of ~128; thus, gas slug ascent in the oil is mainly controlled by viscous forces with a significant 141 

degree of inertial contribution. Gas slug ascent can be determined using the model by Wallis (1969) 142 

relating slug ascent velocity to the Froude number (Fr): 143 

𝑈𝑠 = 𝐹𝑟√𝑔𝐷 (S.10) 144 

with Us the velocity of the slug.  We determine the Froude number using equations from Viana et al.  145 

(2003) and Del Bello et al. (2012): 146 

                                𝐹𝑟 = 0.34 (1 + (
31.08

𝑁𝑓
)

1.45

)

−0.71

        (S.11) 147 

with Nf ≈ 128, this gives a slug velocity Us ≈ 0.157 m/s. 148 

S.6. Further evidence of shear-thinning and variable bubble rise in the cap 149 

To test the shear-thinning response of the cap, we tracked base rise velocity in the particle-rich layer for 150 

experiments with bubbles completely encased in the cap (configuration 1; Figure S.3A). Bubble rise 151 

velocity decreased with increasing particle fraction and increasing surface pressure, consistent with an 152 

increase in viscosity. Since bubbles of different size and at different surface pressure apply different 153 

pressures on the cap, the shear-thinning cap responds with different apparent viscosities. At high surface 154 

pressures, bubbles were at most slightly overpressured and had low expansion rates. From this we infer 155 

that applied stress and strain rate on the particle-bearing cap were low and dominated by buoyancy. In 156 

experiments at low surface pressure, in contrast, bubble overpressures were high and expansion generated 157 

higher stress and strain rate in the cap. 158 

Figure S.3B shows that experiments with smaller bubbles were more delayed by the cap, especially in the 159 

deformed regime. Furthermore, Figure S.3B appears to separate out flow regimes, with step-like increases 160 

in experiment duration between slug flow and side flow, and side to deformed regimes. In the example 161 

tracks of 4.7B, the track for base rise with time for a large bubble appears convex upwards, suggesting 162 

that it accelerated as it approached the surface. The non-Newtonian behaviour of the cap is evident in 163 



 

 

bubble base rise velocities, which were significantly higher in experiments with low surface pressures. It 164 

is also evident in the measurements of experiment duration. The total duration of bubble rise from 165 

injection to burst increased disproportionately for experiments with small bubbles in the deformed regime 166 

(φ >0.8 in Figure S.3), compared to the associated increase in relative consistency (Figure S.3B). Thus the 167 

relative consistency of the cap cannot be used alone to accurately predict bubble rise and expansion. 168 

 169 

Figure S.3: Bubble base rise and experiment duration for experiments at surface pressures of 1 kPa and 50 kPa. 170 
Colours indicate initial bubble size, and shapes indicate flow regime. (A) Bubble base rise velocity in the shear-171 
thinning cap. (B) Experiment duration from bubble release to burst, normalised by the duration of a particle-free 172 
experiment with the same initial bubble volume. These values are plotted against the suspensions relative 173 
consistency, calculated from particle fraction with the Krieger-Dougherty fit in Figures 3 and S1. All experiments in 174 
(B) are in configuration 2, with Psurf = 1 kPa, and contain 23 g particles (except for the 17 mL bubble series, which 175 
contain 37 g particles). Since particle mass is constant, increasing particle fractions causes a decrease in cap length. 176 

 177 

Figure S.4 shows variations in surface height during experiments in the deformed regime. The first 178 

deceleration in surface rise with time indicates bubbles gathering below the cap (phase 2 in Figure 7) until 179 

they pierced the cap (phase 3 in Fig. 7). Oscillations in surface rise speeds thereafter occurred 180 

preferentially in experiments with more tightly packed caps and smaller bubbles (10 mL in Figure S.4). 181 

This indicates that bubble size (and thus bubble compression) varied during rise in these experiments, 182 

which may have been caused by variations in particle content or oscillations during rise due to the shear-183 

thinning rheology. 184 

 185 



 

 

 186 

Figure S.4: Track of change in surface height (position) during rise of 10 mL bubbles in the deformed regime. The 187 
first deceleration in surface rise is caused by bubbles gathering below the cap (between stages 2 and 3 in Figure 7B). 188 
The grey dashed line shows surface rise in an experiment in which the bubble expanded smoothly (the tracks of 189 
which are shown in Figure 7C), and the orange line is a particle-free experiment, for comparison. 190 

S.7. Gas migration regimes: Comparison to Oppenheimer et al. [2015] 191 

We identified four gas flow regimes in the particle-bearing cap (Figure 5). Here, we compare these 192 

regimes to those obtained in experiments of Oppenheimer et al. [2015] by continuously injecting air into 193 

particle-liquid suspensions between horizontal plates, and discuss how they affect our interpretation of 194 

gas migration in particle-bearing suspensions. The main parameters that distinguish our experiments from 195 

those of Oppenheimer et al. [2015] are that bubbles are finite (rather than continuously injected), they 196 

initially expand in a low viscosity particle-free liquid which pre-shears the particle-bearing cap, and they 197 

buoyantly rise through the cap. 198 

Two of our four regimes are similar to those in Oppenheimer et al. [2015]: slug flow and deformed 199 

bubbles. Slug flow is the equivalent of the round bubble regime in Oppenheimer et al. [2015], wherein the 200 

suspension acts like a Newtonian fluid of higher viscosity than the liquid alone, and bubble morphology is 201 

the same as for a Newtonian liquid. The deformed bubbles are similar to those of the deformed regime 202 

defined in Oppenheimer et al. [2015]: bubbles twisted through the cap in an irregular shape without 203 

breaking into multiple bubbles. In contrast to Oppenheimer et al. [2015], however, gas advance in our 204 

experiments was often intermittent. The intermittent bubble rise was accompanied by fluctuations in 205 

bubble expansion evident from fluctuations in the rate of surface rise (Figure S.4). This is much more 206 

unsteady behavior than observed in the deformed bubble regime of Oppenheimer et al. [2015]. It likely 207 



 

 

reflects the finite bubble size, and the unidirectional bubble flow through a mush in a cylindrical space. 208 

These conditions mean that bubbles are more affected by local variations in particle content, which cause 209 

local variations in viscosity and in the deformation field. 210 

Side flow, wherein the bubble flowed on the side of the cap, occurred mainly in experiments with low 211 

surface pressures (high bubble expansion rates) and at lower particle fractions than the deformed regime 212 

(Figure 6). In these experiments bubbles flowed against the tube wall, rather than in the centre of the 213 

suspension. In Oppenheimer et al. [2015], bubbles also had high overpressures, but were constantly in 214 

contact with both confining plates. Therefore, the experiment geometry did not allow preferential 215 

migration direction and thus side flow was not observed. 216 

Finally, the trapped bubble regime must occur when the cap strength is greater than the upward force 217 

generated by the rising bubble from buoyancy, overpressure, and accelerating expansion. There is no 218 

equivalent regime in the Oppenheimer et al. [2015] experiments in which continuous bubble injection 219 

allowed bubble overpressure to build until it overcame the suspension strength.  220 
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