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Abstract: Understanding gas-magma dynamics in volcanic conduits and linking them with the 23 

associated geophysical signals at the surface is of fundamental importance in monitoring active 24 

volcanoes. In the past, a significant number of studies have been devoted to this topic, addressing 25 

the onset, the key factors governing each degassing regime and the related markers at the surface, 26 

particularly at basaltic volcanoes. Here, we first review such a broad and increasing literature, 27 

focusing on the main approaches used in the attempt of deciphering conduit dynamics by indirect 28 

observations: 1) analogue laboratory experiments; and 2) seismo-acoustic measurements. Then, we 29 

combine the two techniques into a novel set of experiments, addressing a crucial, yet unexplored, 30 

issue: the irregularity (i.e. the departure from an ideal smooth cylindrical shape) of the conduit 31 

surface. We built a set of epoxy conduits with various fractal dimensions (Dc; i.e. irregularity) of the 32 

internal surface, using silicone oil as a proxy for magma. Different degassing patterns (bubbly, slug 33 

and churn-annular flow) were reproduced by changing systematically: 1) injected gas flux (5 to 34 

180x10-3 l/s); 2) analogue magma viscosity (10 to 1000 Pas); 3) fractal dimension (Dc) of the 35 

conduit surface (i.e. Dc=2, Dc=2.18 and Dc=2.99). The experiments were monitored by means of a 36 

video-camera and a set of sensor aimed to detect the seismic and acoustic signals. Results show that 37 

viscosity strongly influences the transition among degassing patterns and the recurrence rate of slug 38 

bursts at the surface. Moreover, we observed an increase of the exponent of the power law equation 39 

linking squared seismic amplitude to gas flow rate with conduit roughness; the opposite trend was 40 

noticed with increasing liquid viscosity. These results have important implications for linking 41 

seismic tremor to eruption source parameters such as the volume discharge rate at different 42 

volcanoes or for investigating its temporal evolution at a single vent. 43 

 44 

 45 

  46 
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1. Degassing within the conduit at basaltic volcanoes: a review  47 

1.1 Introduction: degassing regimes and eruptive styles 48 

Summarizing the state-of-art on the investigations concerning degassing in silica-poor 49 

volcanic systems is a highly demanding task, due to the  stunning number of research studies 50 

focused on the role of volatiles in tuning effusive-explosive activity at basaltic volcanoes. The 51 

reason for such a broad interest lies, amongst others, on its widespread distribution: over the 70% of 52 

the bulk annual sub-aerial magma discharge derive from basaltic eruptions (Simkin and Siebert, 53 

1994), and basaltic volcanism represents the dominant type of volcanic activity not only on Earth 54 

but also on Moon, Mars and Venus (e.g. Cattermole, 1989, Head et al., 1992; Wilson and Head, 55 

1981). Although vigorous Plinian and sub-Plinian eruptions have been occasionally described (e.g. 56 

Tarawera 1886, Walker et al., 1984; Etna 122 BC, Coltelli et al., 1998; Fontana Lapilli eruption, 57 

>60 ka, Costantini et al., 2009), the most familiar style of explosive activity at basaltic volcanoes 58 

are Hawaiian and Strombolian eruptions.  59 

1.1.1 Hawaiian eruptions 60 

Hawaiian-style eruptions usually begin with the opening of kilometre-long eruptive fissures 61 

where lava clots are spawn off, known as “curtain of fire”; progressive differential cooling causes 62 

part of the fissure to seal off and magma discharge to focus in a single-vent source (Vergniolle and 63 

Mangan, 2000). Most commonly, Hawaiian eruptive style is used to refer to eruptive activity 64 

characterized by discrete gas bursts feeding sustained lava fountains, with discharge rates of 104 to 65 

106 kgs-1 (Houghton and Gonnermann, 2008). Lava fountains eject clots of magma with millimetre 66 

to meter size dimension at a speed of about 100 ms-1 (Wilson and Head, 1981) for a duration of 67 

hours to day. Molten pyroclasts splash down around the vent and might feed rootless lava flows that 68 

spread across the landscape (Mangan et al., 2014). Notably, lava fountains can reach a gas to 69 

magma ratio as high as 70:1 (Greenland et al., 1988). Lava fountains are not exclusive of tectonic 70 
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setting such as Hawaiian volcanoes, but they are commonly observed in other basaltic and alkaline 71 

low-viscosity volcanoes. Only to quote an example, Mt. Etna (Italy) has experienced several 72 

episodes of repeated cyclic lava fountain activity at the summit craters, as for instance during the 64 73 

fountaining episodes in 2000, the 25 paroxysms observed during January 2011-April 2012 and the 74 

19 fire fountains tracked during 2013 (e.g. Andronico and Corsaro 2011; Behncke et al., 2014; De 75 

Beni et al., 2015). Noteworthy, the formation of dispersal ash plumes and fall-out deposits, might 76 

pose severe hazards to aviation (e.g. Scollo et al., 2009; Bonaccorso et al., 2011). 77 

1.1.2 Strombolian eruptions 78 

Strombolian eruptive style takes the name from its archetype volcano Stromboli (Aeolian 79 

Island, Italy), characterized by persistent discrete mild to moderate explosions, lasting a few 80 

seconds, that eject scoriaceous lapilli and bombs, ash and lithic blocks (Rosi et al., 2013). 81 

Generally, Strombolian activity is characterized by individual explosions that typically eject 0.01-82 

10 m3 of pyroclastic material, at a speed up to 50-150 ms-1 (e.g. Blackburn et al., 1976; Vergniolle 83 

and Brandeis, 1996), although pyroclasts speed as high as 405 m/s have been reported for Stromboli 84 

volcano (Taddeucci et al., 2012). Strombolian eruptions represent the most common type of sub-85 

aerial explosive volcanism worldwide; it is not surprising therefore that a significant number of 86 

classifications have been developed to account for the variability observed at different volcanoes or 87 

at the same vent through time. An interesting review of the available classification schemes for 88 

Strombolian-Type activity is offered by Gaudin et al. (2017). In summary, explosive activity has 89 

been classified basing on magnitude and frequency of occurrence. The rapid and discrete emission 90 

of high-temperature gas pocket from 0.1 to 200 m3, with low velocity (up to 20 m/s) and scarce 91 

ejecta is called puffing activity and represents the mildest end-member of Strombolian style (Harris 92 

and Ripepe, 2007; Tamburello et al., 2012; Spina et al. 2016c; Gaudin et al., 2017 and references 93 

therein). Normal strombolian explosions are characterized by jets with an elevation up to 200 m of 94 

gas and incandescent magma fragments lasting up to few seconds and occurring with repose time of 95 
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few seconds up to few hours (e.g. Barberi et al., 1993; Parfitt, 2004). At Stromboli, normal 96 

explosions have been further categorized basing on the dominant size of pyroclastic products (gas, 97 

bomb and/or ash dominated; Patrick et al., 2007) and two additional categories have been 98 

introduced: i) rapid explosions, i.e. weak and very closely spaced eruptions producing a large 99 

amount of bombs a few tens of meters far (Houghton et al., 2016), ii) paroxysmal eruption, ranging 100 

from small scale paroxysm (major eruptions) featuring the quasi-contemporaneous explosions of 101 

multiple vents ejecting jets of pyroclasts for tens of seconds, to large scale paroxysm involving all 102 

the active vents with metre-sized bombs and block ejection 2 km away from the crater area and the 103 

formation of ash-gas plume rising several kilometres high (Rosi et al., 2013).  104 

1.1.3 Origin and transition among different degassing regimes 105 

It must be noted that all of the above-described categories used to classify explosive basaltic 106 

volcanism actually represent a continuum of eruptive styles with a common denominator, the low 107 

viscosity of the magmatic system (10-104 Pas, Shaw et al., 1968). In fact, Houghton and 108 

Gonnermann (2008) pointed out that, in terms of mass discharge rate, well documented eruptions of 109 

different types of explosive activity (including Strombolian and Hawaiian eruptions) display a wide 110 

and overlapping range of values. Moreover, the common belief that Hawaiian eruption can be 111 

distinguished from Strombolians in terms of steadiness due to their distinctive sustained discharge 112 

in time is argued by major fluctuations in exit velocity and mass flux, actually observed in the 113 

former (e.g. Houghton and Gonnermann, 2008). Hence, Houghton et al. (2016) proposed a 114 

classification between the two eruptive end-members based on the duration of the event, with a cut- 115 

off at 300 seconds. 116 

Actually, the key to relate the fluid dynamics in the conduit with the eruptive behaviour lies 117 

in the interplay among magma physical properties, volatile mobility and discharge rate. During 118 

magma ascent, pressure decreases causing the concentration of dissolved volatiles to overcome the 119 

equilibrium concentration relative to the new thermodynamic state and bubble nucleation occurs. 120 
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The mobility of gas bubbles, due to buoyancy, depends on the physical properties of the system, 121 

such as viscosity, and determines the so called degassing pattern. If bubbles are slower than the 122 

ascent velocity of the magma, they are passively transported and the flow pattern is called 123 

“dispersed”; in the assumption of small equally dispersed bubbles we usually refer to homogeneous 124 

flow (e.g. Gonnermann and Manga, 2013). On the contrary, for bubble rise speed greater than the 125 

magma ascent velocity, which is often the case of low viscous systems, depending on the liquid and 126 

gas flow rate, conduit geometry and bubble coalescence, more complex patterns are expected. Flow 127 

patterns characterized by individual conduit-filling bubbles (i.e. Taylor bubbles or slug) are typical 128 

of the “slug flow regime”; in such cases, the liquid at the wall flows downward allowing the gas 129 

phase to move upward (e.g. Pioli et al., 2012). Slug bubbles are separated by slots of liquid phase, 130 

often containing dispersed bubbles. Increasing gas flow rate, the gas fraction becomes sufficient to 131 

allow for local “flooding” (the liquid is carried upward by the gas), and the flow pattern is 132 

characterized by upward and downward movement of the liquid phase in different sections of the 133 

conduit: the so called “churn flow regime” (e.g. Pioli et al., 2012 and references therein). At even 134 

higher gas flux, the gas has the potential to support the upward movement of the liquid phase along 135 

the entire length of the conduit, and this pattern is called “annular flow regime” (e.g. Pioli et al., 136 

2012 and references therein). It is commonly assumed that annular flow characterizes lava fountain 137 

activity whereas slug flow corresponds to the discrete explosions typical of Strombolian activity 138 

(e.g. Seyfried and Freundt, 2000; Pioli et al., 2012; see Fig. 1). Recently, particular focus has been 139 

posed on understanding the transition between puffing and Strombolian activity. According to 140 

Gaudin et al. (2017), the two eruptive styles are part of a continuum, with puffing activity being 141 

related to gas slugs with smaller volume (length of the slug similar to the diameter of the conduit) 142 

than the gas pocket feeding Strombolian style. Similarly, Pering and McGonigle (2018) identify an 143 

additional category of bubbles, i.e., Spherical-Cap Bubbles, with quasi-hemispherical nose and 144 

length minor or equal to the conduit diameter, that would precede the onset of a proper slug flow 145 

regime. Puffing itself, according to the authors (Pering and McGonigle, 2018), would correspond to 146 



7 
 

spherical-cap bubble regime and non over-pressurized slugs, whereas Strombolian explosions 147 

would be related to over-pressurized Taylor bubbles. 148 

Another relevant subject of discussion is what determines in natural conditions the onset and 149 

transition of each degassing regime. In the last decades, two main models have been developed to 150 

investigate the source of the different degassing styles characterizing low-viscosity explosive 151 

activity: the rise speed dependent model (RSD, e.g. Wilson and Head, 1981; Parfitt, 2004) and the 152 

foam collapse model (CF, e.g. Jaupart and Vergniolle, 1988, 1989). According to the RSD model, if 153 

the magma ascent speed is high enough, nucleated bubbles have no potential to segregate from the 154 

magma, i.e. the flow is homogeneous. Due to the growth by diffusion and decompression of 155 

bubbles, gas volume fraction reaches a critical threshold (in the range 60-95 vol. %), that causes 156 

magma fragmentation and the ejection of a mixture of jet of gas and magma flow at the surface, as 157 

observed for Hawaiian eruptions. On the contrary, for low magma velocity, bubbles segregate. 158 

During their ascent they might coalesce in single large gas pocket (i.e. a slug): the differential speed 159 

of bubble in the conduit provides the onset for the initiation of the slug regime, typical of 160 

Strombolian eruptions (e.g. Parfitt, 2004).  In an opposite way, the CF model (e.g. Jaupart and 161 

Vergniolle, 1988, 1989) assumes separate two-phase flow (segregated bubbles) for both 162 

Strombolian and Hawaiian eruptions. According to the CF model, magma is located at storage area 163 

(magma chamber or a sill), where volatile exsolution occurs. The nucleated bubbles buoyantly rise 164 

to the surface and gather at the magma chamber roof where they develop a foam layer. For a critical 165 

thickness of the foam layer, bubbles are forced to coalesce in a gas pocket, that is erupted at the 166 

surface as a slug (Strombolian eruptions). At high gas flux, the instantaneous and complete foam 167 

collapse occurs, generating a Hawaiian eruption.   168 

Possible intermediate configurations have been hypothesized, when the real complexity of 169 

conduit geometry is taken into account. As an example, conduit inclination might enhance gathering 170 

of the gas phase along the wall, promoting coalescence (e.g. James et al., 2004), and conduit 171 
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irregularities as constriction or alternatively horizontal branching from a vertical conduit may 172 

represent gas trapping region favouring foam collapse and unsteady output flux (e.g. James et al., 173 

2006; Menand and Phillips, 2007; James et al., 2013).   174 

1.2 Unravelling the degassing pattern within the plumbing system 175 

Volcanoes are usually conceived as fascinating mysterious system, mostly because their 176 

roots are in deep, inaccessible regions of the Earth Crust. The difficulty in performing direct 177 

observation on the state of the plumbing systems has induced a flourishing number of indirect 178 

techniques to reconstruct the fluid dynamics and degassing state of active volcanoes: above all, 179 

geophysical measurements and laboratory investigations. Concerning the former, the joint analysis 180 

of seismic and acoustic signals recorded on volcanoes has been considered as a very valid tool to 181 

investigate the degassing and eruptive dynamics (e.g. Johnson and Ripepe, 2011; Ichihara et al., 182 

2012). Integrating seismo-acoustic studies and laboratory investigations allows to maximize our 183 

understanding of degassing pattern within the plumbing system and of the related markers observed 184 

at the surface. 185 

1.2.1 Seismo-acoustic signals associated with gas-magma dynamics  186 

A large variety of seismic and acoustic signals are recorded on active volcanoes. According 187 

to the most used classifications (e.g. Chouet, 1996; McNutt, 2005; Wassermann, 2012; Chouet and 188 

Matoza, 2013), the seismic signals can be divided into the following groups, mostly based on 189 

spectral content and duration: volcanic tremor, long period (LP) events, very long period (VLP) 190 

events, volcano-tectonic (VT) earthquakes. The first type is generally characterized by low 191 

frequency (<5 Hz) and long duration. The LP events show unclear S phases in the seismograms, 192 

share the same frequency content as volcanic tremor, but exhibit shorter duration. The VLP events 193 

show dominant periods in the range ~2–100 s. There are also seismic events with longer periods 194 

called Ultra Long Period (ULP) events (e.g. D’Auria et al., 2006). Finally, VT earthquakes are 195 

generally characterized by higher frequency content than the previous mentioned classes, and clear 196 



9 
 

P and S phases in the seismograms. As for the source mechanism, VT earthquakes are generated by 197 

shear failure caused by stress buildup and resulting in slip on a fault plane (e.g. Wassermann, 2012). 198 

On the other hand, volcanic tremor, LP and VLP events are mostly associated with fluid dynamics 199 

within the plumbing system (e.g. Chouet, 1996). However, it has to be noted that other theories 200 

might explain the origin of LP events as slow-rupture failure in unconsolidated volcanic materials 201 

(Bean et al., 2014). 202 

Although there is no established and widely accepted classification for infrasonic signals 203 

recorded on volcanoes, they are generally named after their seismic counterparts. In particular, 204 

infrasonic tremor indicates a continuous, sustained, long-lasting vibration in the air generated by 205 

volcanoes (Garces et al., 2013; Fee and Matoza, 2013; Matoza and Fee, 2014). Explosions are 206 

infrasonic events characterized by a rapid volume expansion (compression) followed by a 207 

rarefaction (decompression) and a coda, with duration from a few to tens of seconds (Fee and 208 

Matoza, 2013). In particular, on the basis of their spectral content, it is possible to distinguish 209 

infrasonic very long period (IVLP) events and infrasonic long period (ILP) events (Fee et al., 2010). 210 

There are even infrasonic Ultra Long Period (IULP) signals, with periods of ~50-230 s, and gravity 211 

waves with longer periods (from 300 s to several minutes) and slower propagation velocity (tens of 212 

m/s) (Fee and Matoza, 2013). 213 

Seismic and acoustic signals have been extensively used to study gas-magma dynamics in 214 

volcanoes having low-viscosity magmas. In particular, the main aims of these studies have been: i) 215 

to investigate the volcano dynamics; ii) to reconstruct the geometry of the shallowest portion of the 216 

plumbing system; iii) to infer quantitative relationships linking seismo-acoustic features and 217 

eruption source parameters. 218 

Concerning the first aim, seismic and infrasonic signals are used to characterize 219 

eruptive/degassing activities. For instance, Strombolian activity is generally associated with 220 

explosion-quakes, visible in both seismic and infrasonic traces, sometimes accompanied by seismic 221 

VLP events (e.g. McNutt et al., 2015). During sustained, long-lasting, explosive eruption (i.e. 222 
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Hawaiian activity) volcanic tremor and infrasonic tremor are generally recorded, with variable 223 

amplitudes depending on the eruption features such as height of lava fountain and vent diameter 224 

(e.g. McNutt, 1994; McNutt and Nishimura, 2008; Fee and Matoza, 2013). Vulcanian eruptions 225 

generate acoustic signals with short duration, high-amplitude compression followed by rarefaction 226 

and a coda lasting up to tens of minutes (Fee and Matoza, 2013) and seismic signals with clear VLP 227 

components (e.g. Ohminato et al., 2006). Finally, sub-Plinian and Plinian eruptions produce 228 

sustained high amplitude seismic and infrasonic tremor (the latter can be detected thousands of 229 

kilometers from the source) (e.g. Fee and Matoza, 2013; Ichihara, 2016). Although examples of 230 

detection of changes in eruptive style, based on seismic and/or infrasonic signals, have been 231 

reported (e.g. Ulivieri et al., 2013; Cassisi et al., 2016; Cannavò et al., 2017), clear thresholds in the 232 

seismo-acoustic signals discriminating different degassing regimes have to be found, yet.  233 

Infrasound can also be used as a strong indicator that an eruption has occurred. In this case, 234 

the long-range infrasonic monitoring can provide important information to characterize volcanoes 235 

in remote areas, not equipped with local monitoring networks (e.g. Matoza et al., 2011). On the 236 

other hand, infrasound recorded by local networks can be used to get detailed information on 237 

ongoing eruptions even if complex multivent systems are active, such as on Etna (Cannata et al., 238 

2011) and Stromboli (Ripepe et al., 2007). The effectiveness of infrasonic investigations is 239 

enhanced when infrasonic signals are integrated with other data, above all seismic (e.g. Johnson and 240 

Aster, 2005; Ichihara et al., 2012) and thermal (e.g. Marchetti et al., 2009; Spina et al., 2017) 241 

recordings. 242 

Regarding the reconstruction of the geometry of the shallowest portions of the plumbing system, 243 

involved in degassing/eruptive phenomena, both seismic and acoustic signals have been used. 244 

Seismic VLP events, sometimes associated with shallow observable explosions/gas releases (as in 245 

Stromboli and Kilauea), allowed to infer the geometry of the shallowest part of the plumbing 246 

system (e.g. Chouet et al., 2003, 2010). For instance, in Stromboli the VLP waveform inversions 247 

permitted to reconstruct both location and geometry of sets of intersecting cracks (mathematically 248 
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equivalent to crack elbow) that act as flow disruption sites (Chouet and Matoza, 2013, and 249 

references therein). Locations of volcanic tremor recorded during eruptions have allowed both to 250 

highlight shallow portions of plumbing system and to track magma migration at different 251 

volcanoes, such as Etna (e.g. Cannata et al., 2013) and Piton de la Fournaise (Battaglia et al., 2005). 252 

As for the infrasound, the geometry of shallow portions of conduit/active vents were reconstructed 253 

by spectral content of infrasonic events/tremor (e.g. Fee et al., 2010; Goto and Johnson, 2011; 254 

Johnson et al., 2018a). In addition, by using variations in time of infrasound features (i.e. peak 255 

frequency, quality factor, seismic–infrasonic time lag, ratio between seismic and acoustic energy) 256 

shallowing or deepening phenomena of the free magma surface inside open vents have been tracked 257 

(Sciotto et al., 2013; Richardson et al., 2014; Spina et al., 2015; Johnson et al., 2018b).  258 

Regarding the relationships between seismo-acoustic features and eruption source 259 

parameters, it is well-known that seismic/acoustic energy and the volume flux during an eruption 260 

can be linked by power laws (e.g. Ichihara, 2016 and references therein): 261 

 262 

!"# ∝ %&'                                                                   (1) 263 

 264 

("# ∝ %&
)                                                                   (2) 265 

  266 

where SET and AET are powers of seismic and acoustic eruption tremors, respectively, 267 

%& 	is the volume flux, α and β are the exponents of the power laws, whose values have been 268 

inferred by using both theoretical models and datasets of observations (see also Table 1 for 269 

notation). Ichihara (2016) summarized the main studies, that have investigated such relationships, 270 

showing fairly large range of exponent values.  271 

Focusing on the seismic power law (equation 1), the exponent ranges from 0.9 to 4.0 272 

(Ichihara, 2016 and references therein). In particular, by analyzing 21 eruptions at 14 volcanoes 273 
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characterized by different eruptive styles and magma viscosities, McNutt (1994) constrained the 274 

following relationship:  275 

 276 

log10(DR) = 1.8 log10 (HP) - 0.08                                                  (3) 277 

 278 

where DR is the Reduced Displacement (defined as a measure of the amplitude of volcanic 279 

tremor corrected for geometrical spreading and instrument magnification; Aki and Koyanagi, 1981), 280 

and HP is the plume height. By this equation, Ichihara (2016) obtained an exponent of 0.9 for the 281 

power law linking seismic energy and volume flux. In the assumptions that i) seismic tremor during 282 

eruptions is composed of Rayleigh waves recorded in far-field and ii) the seismic source is a 283 

vibrating cylindrical conduit, McNutt and Nishimura (2008) found that DR should be proportional to 284 

the product of the pressure fluctuation amplitude and the source volume. The upper boundary of the 285 

range (α = 4) was obtained by Prejean and Brodsky (2011), considering far-field surface waves and 286 

assuming that the resulting force system can be represented by a single force (the counterforce of 287 

the eruption). Recently, Haney et al. (2018) stated that applying the force model of Prejean and 288 

Brodsky (2011) to flows characterised by a constant Strouhal number leads to an exponent α equal 289 

to 6 (corresponding with the dipole acoustic sound radiation; e.g. Woulff and McGetchin, 1976). 290 

The same authors show that, assuming the excess pressure in a reservoir prior an eruption to be 291 

constant, the proportionality between seismic power and eruption rate becomes linear (α = 1). Other 292 

studies obtained exponent values falling in the aforementioned range. For instance, the comparison 293 

between lava flow rate and tremor source amplitude at Piton de la Fournaise suggested a linear 294 

relationship between seismic energy and flow rate (α = 1), related to the proportionality between 295 

energy dissipated by the flow of magma and the flux (Battaglia et al., 2005). A linear relationship 296 

between the cumulative quadratic median amplitude of the seismic tremor and the ash fallout mass 297 

(α = 1) was also found by Bernard et al. (2016) analyzing 2015 Cotopaxi eruption. Variations of α 298 

value, even during the same eruption, have been observed (e.g. Fee et al., 2017) and justified by: i) 299 



13 
 

geometric changes in the vent/conduit due to erosion during the eruption, leading to decrease in the 300 

emitted seismic energy in the waning phase (Fee et al., 2017); ii) modification of the seismic source 301 

mechanism that, according to the evolving eruption features, can be modelled as either single force 302 

or moment tensor (Haney et al., 2018). 303 

As for the study of the acoustic power law (equation 2), the exponent range defined in 304 

literature is even larger (~3-10; Ichihara, 2016 and references therein). For instance, Woulff and 305 

McGetchin (1976) used classical aeroacoustics literature to relate acoustic power and gas exit 306 

velocity. On the basis of it, considering equivalent monopole, dipole and quadrupole sources, the 307 

exponent values (β) should be equal to 4, 6 and 8, respectively. These models and the related 308 

exponents have been used by many authors to infer eruptive parameters from acoustic recordings 309 

(e.g. Vergniolle and Caplan-Auerbach, 2006; Ripepe et al., 2013; Lamb et al., 2015). On the other 310 

hand, assuming pure air jet flows, Matoza et al. (2013) suggested the following relationship 311 

between acoustic intensity (I) and jet velocity (Vj): 312 

 313 

+ , =
./
0

12
                                                                 (4) 314 

 315 

where c is the ambient sound speed, θ the angle from the jet axis, nθ the exponent 316 

corresponding to the aforementioned β. Such exponent ranges from ~5 to 10, as a function of the 317 

temperature ratio and the angle from the jet axis θ. Hence, Matoza et al. (2013) also evidenced the 318 

highly directional nature of jet noise. On the basis of this model, McKee et al. (2017) estimated the 319 

total volatile flux of vigorously jetting fumarole at Aso Volcano.  320 

1.2.2 Analogue experiments to investigate degassing state and related elastic signals in the 321 

conduit 322 

The origin of the experimental approach in geoscience is generally brought back to the 323 

experiment James Hall performed with the aim of explaining folding of sedimentary deposits due to 324 



14 
 

horizontal compression (Hall, 1815). However, the first attempts to apply quantitatively the 325 

experimental approach to volcanological issues have been done around 1950s, partially inspired by 326 

engineering and fluid dynamic studies (e.g. Kavanagh et al., 2018 and references therein).   327 

One of the first experimental investigations linking degassing dynamics with eruptive style 328 

by experimental approach is the above-mentioned foam collapse model (Jaupart and Vergniolle, 329 

1988, 1989; Section 1.1). The laboratory setup consisted of a large diameter tank (i.e. 30 cm), with 330 

a flat roof vented from a vertical conduit at the centre. By filling the tank with fluids with different 331 

properties (e.g. water, silicone oil, glycerol solution) and injecting small air bubbles at the base, 332 

they observed the formation and collapse of a foam layer at the tank roof. The experiments 333 

highlighted the role of a geometrical constriction in promoting local coalescence, and the possible 334 

onset of steady or intermittent behaviour depending on the gas flux (Jaupart and Vergniolle, 1989).  335 

Additionally, the importance of the assumption of separated two-phase flow for basaltic eruption 336 

was assessed (Jaupart and Vergniolle, 1989), in contraposition to the hypothesis of Wilson and 337 

Head (1981), that postulated homogeneous two-phase degassing pattern for Hawaiian eruptive style 338 

(see Section 1.1). The foam collapse setup was later reproduced by Ripepe et al. (2001) to explore 339 

the radiated acoustic signals, by means of a condenser microphone and a piezo-resistive sensor 340 

located respectively in the pipe and within in the reservoir. Ripepe et al. (2001), using water as 341 

magma analogue, identified the signals related to the slug entering the pipe and then bursting at the 342 

surface.  343 

The study of Seyfried and Freundt (2000) represents another milestone in the experimental 344 

investigation of degassing in low viscous systems. The authors assume separate two-phase flow in 345 

the conduit and use three different setups, equipped with pressure transducers, to unravel: i) the 346 

propagation velocity of individual gas pockets (i.e. slugs) as a function of hydrostatic 347 

decompression, liquid properties and conduit diameter; ii) the degassing regime by changing gas 348 

flow rate and liquid properties; iii) the effect of partially blocked conduit. Individual slug injection 349 
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was performed in a 4 m long vertical Perspex tube of 14 mm, where gas slugs were injected by 350 

means of a compressor and a pressurized steel tube. For continuous gas-supply experiments, 351 

constant liquid flow conditions were granted through a liquid reservoir, connected to Perspex tube 352 

of 1 m and cross section 50 mm. Last, to mimic partially blocked conduit, built-in obstacles were 353 

introduced in the Perspex tube.  354 

Since the above-mentioned experimental investigation of Seyfried and Freund (2000), the 355 

injection of pressurized gas within vertical conduits filled with magma analogues has been used to 356 

explore the degassing pattern and/or the related elastic signature by several authors (e.g. James et 357 

al., 2009; Llewellin et al., 2011; Del Bello et al., 2012). For instance, the physical characteristics 358 

(i.e. vesicularity, pressure gradient and flow geometry) of the shallow portion of the magmatic 359 

column have been investigated by Pioli et al. (2012) in a wide range of experimental conditions 360 

(viscosity, gas flux and conduit diameter) combining drift flux theory with a set of experiments 361 

performed in vertical conduit. James et al. (2004) investigated pressure variations measured along 362 

vertical or inclined conduits during single slug movement or continuous gas supply, and identified 363 

strong dynamic pressure variations resulting from the flow of liquid around the slug. Later, James et 364 

al. (2006) addressed pressure changes due to gas pocket passing through a cross-sectional variation, 365 

suggesting that slug flow through conduit geometry changes could be responsible for the single-366 

force components of the VLP events (see Section 1.2.1). The effect of the interaction of the slugs 367 

with a viscous plug located in the shallowest portion of the conduit has been recently explored both 368 

in terms of influence on the explosive activity, flow organization and burst vigour (Del Bello et al., 369 

2015; Capponi et al., 2016), and on the related acoustic and deformation markers (Capponi et al., 370 

2017). 371 

A different branch of analogue experiments devoted to mimic low-viscous degassing 372 

systems makes use of expanding foam fluids, where growing bubbles are generated either by 373 

chemical reaction (e.g. Oppenheimer et al., 2015), by saturation of the analogue mixture (Spina et 374 
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al., 2016a,b), or using sudden pressure reduction on a bubble-bearing fluid (Namiki and Manga, 375 

2005, 2006, 2008; Rivalta et al., 2014). As an example, to explore the seismo-acoustic data from 376 

volcanoes where resonant oscillation of the fluid column is envisaged, Lane et al. (2001) 377 

investigated the oscillatory behaviour of experimental flow using gum rosin mixtures. The setup 378 

included a 1.5 m long borosilicate tube, with a diameter of 3.8 cm, mounted beneath a vacuum 379 

chamber. A set of optical and pressure transducer was used to provide measurement of the flow. 380 

Expanding solutions of gum rosin and acetone have been previously used by Phillips et al. (1995) to 381 

probe the effect on degassing of variation of super-saturation, rate of decompression, solution 382 

temperature and volatile content. Namiki and Manga (2005) investigated the decompression rate for 383 

disequilibrium expansion marking the transition between effusive/explosive activity in basaltic 384 

volcanoes by using a shock tube apparatus. The analogue magma was made up by xanthan gum 385 

solution where bubbles were added by a hand mixer. The interaction in the shallow conduit between 386 

bubbles and different volume/shape of crystals was explored in a series of shock-tube experiments 387 

performed on Ar-saturated silicone oil (viscosity: 1-103 Pas) by Spina et al. (2016a) and Spina et al. 388 

(2016b).  389 

Finally, it is worth mentioning that the investigation of the source of acoustic signals 390 

commonly recorded at basaltic volcanoes during Strombolian activity has inspired an additional 391 

number of experimental works.  Only to quote some, Vidal et al. (2006, 2009 and 2010) addressed 392 

the acoustic signal produced by over-pressurized bursting bubbles, also accounting for non-393 

Newtonian rheology of the analogue melt. Non-Newtonian rheology of the investigated fluid was 394 

also assumed by Divoux et al. (2008), that focused on liquid properties, bubble volume and film 395 

rupture time. Kobayashi et al. (2010) identified different sources of airwaves depending on the 396 

bubble behaviour at different viscosities (10-3-120 Pas). 397 



17 
 

2. Novel experiments on degassing regime and seismo-acoustic signals in complex 398 

conduit geometries 399 

As briefly mentioned before, a very common assumption when modelling numerically and 400 

experimentally volcanic conduit flow is to presume a simple circular or fissure shape with no 401 

variation of cross-sectional area through time or depth. Even though such hypothesis may represent 402 

an approximation of the actual conduit shape, truly parallel-sided vents are not observed in the field 403 

(e.g. Mitchell, 2005). On the contrary, several evidences point toward a coupling between conduit 404 

flow and shape, that might be responsible for sensible cross-sectional changes in conduit shape both 405 

in time and depth (e.g. Macedonio et al., 1994). Moreover, conduit discontinuities represent specific 406 

sites where pressure and momentum changes in the fluid are effectively coupled to the Earth and 407 

might source a wide range of seismic and/or acoustic signals (e.g. James et al., 2006; 2008; Chouet 408 

and Matoza, 2013 and references therein). Therefore, we developed a novel experimental protocol 409 

to realize analogue conduits with precisely constrained complex geometries and different extent of 410 

roughness of the internal wall. The aim was to investigate the related seismo-acoustic signals 411 

generated at different experimental conditions (gas flux, liquid viscosity), hence under different 412 

degassing patterns. Notably, this is the first study combining a wide range of viscosities (10-1000 413 

Pas) to the complex variation in conduit geometry and providing the related measurements of the 414 

seismo-acoustic markers. 415 

2.1    Experimental setup  416 

2.1.1. An innovative technique to reproduce fractal conduit geometries 417 

The quantitative characterization of the spatial pattern of a surface is advantageously 418 

performed by applying the concept of fractals, i.e. self-similarity of the investigated surface at 419 

different scales (e.g. Mandelbrot, 1982). In fact, ample evidences show that fractal dimension (Dc; a 420 

statistical index for the complexity of changes of a pattern at the scale of measurement) is an 421 
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effective descriptor of surface topography (Mark and Aronson, 1984; Pfeifer, 1984; Risović et al., 422 

2009).  423 

Hence, in order to reproduce different extent of roughness of the conduit surface, we defined a 424 

protocol to realize a set of in-house-made epoxy conduits with various fractal dimension of the 425 

internal surface. The protocol allowed us to produce transparent conduits with very precisely 426 

constrained complex geometries, and is composed by two steps, described below. A resume of the 427 

steps required to realize the conduits is presented in Figure 2. 428 

• Step 1: realization of a graphical model of the conduit.  To reproduce a set of conduits 429 

with different extent of roughness, we first have to generate an equivalent number of 430 

surfaces with distinctive fractal dimensions, that will be later used to model the conduit 431 

walls. To this extent, we used the Matlab® code provided by Candela et al. (2009), that 432 

calculates synthetic rough surfaces by means of a Fourier based method, simulating a 433 

fractional Brownian motion on a 2D grid (Stein, 2002; see Candela et al., 2009 for more 434 

details). The code requires as input to define the Hurst exponent H in two perpendicular 435 

directions, an index that is related to fractal dimension and can be used to characterize self-436 

affine properties of the generated 2D surface. We fixed a minimum H equal to 0.1, 437 

corresponding to a maximum fractal dimension of 2.9 (Conduit C3). For our analogue 438 

conduits, we assumed an isotropic distribution, hence the roughness exponent H was 439 

assumed to be the same in the two perpendicular directions. The surface generated was cut 440 

to scale with the final conduit dimension, assuming a length equal to 80 cm and a width 441 

equivalent to the arc of the semi-circumference of the average conduit diameter. Then, the 442 

synthetic surface was duplicated and mirrored to obtain two specular half conduit surfaces 443 

that are fitting at their peripheral boundary. At each step, we carefully double-checked that 444 

the fractal dimension of the surface has not changed, by measuring the slope of the log-log 445 
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plot of power spectrum of the surface profiles against frequency (e.g. Russ, 1994; Florindo 446 

and Bruno, 2012). 447 

The generated synthetic surface with maximum fractal dimension was used to 448 

produce additional surfaces with smaller roughness by smoothing the former with a pixel-449 

wise adaptive Wiener filtering, using neighbourhoods of size 3-by-3 to estimate the local 450 

image mean and standard deviation. In fact, even though it would be possible to generate 451 

different new random fractal surfaces simply by changing the roughness exponent, this 452 

would randomly modify the overall geometry of the final conduit, producing different local 453 

effects and making arduous to compare analogue conduits with different fractal dimensions 454 

and geometries. Therefore, following the above-described filtering procedure, we generated 455 

an additional fractal surface (conduit C2), whose value of fractal dimension computed after 456 

smoothing was estimated to be equal to 2.18. The height variations of synthetic irregularity 457 

(in conduits C3, C2) were scaled within 0-15 mm (average departure from minimum radius 458 

equal to ca. 7 mm); the final horizontal length corresponds to a circumference with average 459 

diameter of 3 cm. A third rectangular smooth surface, equivalent to the surface of a cylinder 460 

with diameter 3 cm, was finally generated to account for the minimum fractal dimension Dc 461 

equal to 2 (i.e. smooth cylinder). A sketch of the synthetic surfaces is shown in Figure 3. 462 

The generated synthetic surfaces were then folded to produce a cylindrical shape and 463 

converted to a solid conduit mesh. Finally, the solid mesh, representing the internal volume 464 

of the modelled conduit, was subtracted from a cylindrical solid mesh (length 80 cm and 465 

diameter 5 cm) to obtain a final model representing the mould of the conduit walls (Fig. 466 

3b,c,d). 467 

• Step 2: Assemblage of experimental conduits. The mould model was subdivided 468 

longitudinally in sections of 20 cm, then radially split in two parts and printed using 469 

polylactic acid (PLA) filaments using a Ultimaker 2© printer. Once printed, radially paired 470 
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mould sections were closed and a silicone elastomer (Rhodosil Silicone 3527 AB©) was 471 

poured inside. 472 

As a result, we obtained 4 silicone conduit models for each conduit, each 473 

representing the internal volume of the conduit sections, that were used to shape the conduit 474 

walls. To do so, the silicone conduit sections were fixed within plastic tubes with diameter 475 

of 5.3 cm. Then, we poured into the tubes epoxy Resine 131 AB©, filling the empty spaces 476 

between the silicone model and the tubes wall. All the cured conduit sections were then 477 

dried in the hoven at 80 °C for one hour. After removal of the tubes and of the silicone 478 

conduit models, the epoxy conduit sections were polished at their junction and 479 

longitudinally glued together, by using the same epoxy mixture Resine 131 AB©, to obtain 480 

the original conduit shape.  481 

2.1.2 Experimental setup for measuring elastic markers of degassing  482 

In order to measure the seismo-acoustic signals related to different conduit geometries, the 483 

in-house-built analogue conduits were integrated to the device for seismo-acoustic characterization 484 

of degassing pattern already described in Spina et al. (2018). Here we briefly recall the main 485 

characteristics of the setup. 486 

The experimental device (Fig. 4) can be conceptualized in two main parts: i) an analogue 487 

volcano, scaling the basaltic system, and ii) a set of sensors measuring the elastic signals radiated 488 

along the conduit and in the atmosphere. Air-gas is provided to the analogue conduit through a 489 

compressor system, connected to a set of flow-meters (Cryotek Eng) modulating the gas flow in the 490 

range 10-3 to 1.2 l/s. The analogue conduit is hooked to a steel support, which is on turn granting for 491 

the suppression of oscillations of the steel support, external to the experimental device. An area of 492 

ca. 2 cm2 with a depth of 1 mm is carved in the surface of the epoxy conduit to allocate the 493 

accelerometer.  494 
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The sensor system is composed by i) one ceramic shear accelerometer ICP J352C33 model 495 

(PCB Piezotronics) with a sensitivity of 0.1 V/g in the band 0.5-10 000 Hz; ii) two piezo-film 496 

sensors SDT Shielded Piezo Sensors with a sensitivity of 15-20 mV/µstrain; iii) one microphone 497 

ICP 378B02 model (PCB Piezotronics) with a sensitivity of 50 mV/Pa in the band 7-10 000 Hz (±1 498 

dB), and ± 2 dB in the band 3.75-20 000 Hz. The acquisition system is a DAS50 (SEFRAM) 499 

allowing recording and real-time visualizing four channels with a sampling rate up to 1 MHz. 500 

Silicone (Wacker©) oils with viscosities in the range 101-103 Pas and density of 970 kg/m3 501 

were used as proxy for basaltic magma. Silicone oil represents a well-known analogue for basaltic 502 

magma, previously used to scale the dynamics of gas mobility in low-viscous magmatic systems 503 

(e.g. Jaupart and Vergniolle, 1989; Nguyens et al., 2013; Spina et al., 2016a, b). An extensive 504 

discussion on the a-dimensional parameters permitting to scale the geometry and the fluid dynamics 505 

of this laboratory system to real volcano can be found in Spina et al. (2018). 506 

2.2 Description of analytical methods for characterizing degassing behaviour  507 

To investigate the degassing state of shallow conduits with different extent of internal 508 

complexity (i.e. different fractal numbers of the internal surface), we performed a series of 509 

experiments using vertical conduits C1, C2 and C3 (Dc equivalent to 2, 2.18 and 2.99, respectively; 510 

see Section 2.1.1). A total number of 72 experiments was repeated by changing systematically for 511 

each of the three aforementioned conduit geometries C1, C2 and C3: i) the viscosity (10, 100 and 512 

1000 Pas) of the analogue magma; ii) the air flow rate (5, 10, 30, 60, 90, 120, 150, 180 x10-3 l/s). 513 

Snapshots from experiments performed using 10 Pas silicone oil at increasing gas flow rates in 514 

conduit C1, C2 and C3 are provided in Supplementary Figure 1, Supplementary Figure 2, 515 

Supplementary Figure 3, respectively. To isolate the role of conduit roughness on the propagation 516 

of individual slugs, an additional set of experiments was performed by manually injecting a fixed 517 

gas volume (10, 30, 45, 60 ml) within each conduit using a graduated siring pump, and repeating 518 

each trial 5 times to ensure reproducibility. The experiments were conducted in stagnant liquid to 519 
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grant for the ideal condition for separated two-phase flow. Each experiment was filmed using a 25 520 

fps video camera.  521 

The characterization of different experimental conditions was performed by direct 522 

observation, i.e. evaluating the degassing pattern from the spatial distribution of the two phases (as 523 

schematized in Fig. 1), and –within the slug regime- from quantitative measurement of the sample 524 

(silicone oil+gas) height at each time, that provide information on slug frequency and gas volume 525 

fraction. In fact, the latter can be estimated by computing the increase in the height of the sample in 526 

respect to the initial height at zero gas flux, against the total (gas+liquid) height. Sample height was 527 

measured at the center of the parabolic profile of the liquid by image analysis (by using the software 528 

ImageJ, Tracker) with a sampling rate of 5 fps. The initial sample height was intentionally fixed for 529 

all the experimental conditions at 45 cm. The pattern of ascent and collapse of the sample height 530 

(see Fig. 5 for an example) reflects the arrival and burst of slugs at the surface. By counting the 531 

number of slug bursts per unit time, we obtained the slug frequency (i.e. frequency of slug arrival) 532 

that characterizes different experimental conditions.  533 

In experiments featuring the injection of single bubbles, the terminal velocity of buoyant 534 

slugs was measured by picking the position of the slug front during its ascent through the conduit 535 

by image analysis (using the software Tracker). Slug front position was sampled at 5 fps for 10 and 536 

100 Pas experiments and 0.20 fps for the 1000 Pas experiments, due to the extremely slow 537 

propagation velocity of the gas pocket in the more viscous fluid. We verified that no loss of 538 

information had occurred, by comparing measurements performed at 5 and 0.20 fps.   539 

To facilitate the comparison with previous literature investigations, in the following section 540 

gas flux is also converted to superficial gas velocity by dividing the measured flux for the cross-541 

sectional conduit area, i.e. to 7.06 cm2. Superficial gas velocities in our experiments ranged from 542 

10-3 to 0.25 m/s, partially overlapping to previous studies (e.g. Pioli et al 2012). 543 
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2.3 Description of analytical methods for analysing seismo-acoustic signals 544 

In order to analyze the seismic and acoustic signals generated in laboratory and related to 545 

different degassing regimes, we performed 72 laboratory experiments. As already described in 546 

Section 2.2, the following parameters were systematically changed in the experiments: i) conduit 547 

roughness, indicated by C1, C2 and C3 (see Section 2.1.1); ii) silicone oil viscosity (10, 100, 1000 548 

Pas); iii) air flow rate (5, 10, 30, 60, 90, 120, 150, 180 x10-3 l/s). During each experiment, ~70-549 

second-long signals, sampled at 50,000 Hz, were recorded by both microphone and accelerometer, 550 

and successively corrected for the instrument response. Concerning seismic signals, we focused on 551 

the data recorded by the accelerometer because it showed higher sensitivity and higher signal to 552 

noise ratio with respect to the piezo-film, allowing to reliably record weak conduit vibrations. 553 

Similar to the seismo-acoustic signals recorded in volcanic environments, both long lasting 554 

tremor-like signals and shorter (generally a few tenth of a second) amplitude transients (hereafter 555 

referred to as events) were recorded. Examples of acoustic and seismic signals are shown in Figure 556 

6. The relationship between seismic and acoustic signals shown in this figure has been evaluated by 557 

comparing the patterns of RMS amplitude time series and by calculating the coherence function 558 

(Figure 6g,h, respectively). In this case, the former shows sometimes synchronous patterns 559 

suggesting the occurrence of seismo-acoustic events and hence the presence of sources radiating 560 

elastic energy in both conduit (seismic signals) and air (acoustic signals). However, it is worth 561 

noting that all the seismic RMS amplitude peaks do not have an acoustic counterpart, suggesting 562 

that there are also seismic sources uncoupled with the air, but rather related to interplay between 563 

fluid flow and conduit wall during gas ascent. The coherence exhibits several frequency peaks with 564 

high values.  565 

The following investigations were performed: i) detection of events; ii) analysis of 566 

amplitude dependence on conduit roughness, silicone oil viscosity and air flow rate; iii) study of the 567 
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power laws linking signal energy and air flow rate in different conditions of conduit roughness and 568 

silicone oil viscosity. 569 

Regarding the former analysis, the algorithm STA/LTA (Short Time Average / Long Time 570 

Average; Trnkoczy, 2012), widely used to automatically pick the phases of earthquakes, was 571 

applied to detect events. In particular, the duration of the short window, the duration of the long 572 

window and the ratio threshold were fixed to 0.01 s, 0.1 s and 2.5. The number of detected events is 573 

shown in Figure 7. 574 

Focusing on the analysis of amplitude dependence on experimental conditions, the signals 575 

were band-pass filtered in the frequency band 10-10,000 Hz by Butterworth filter. This frequency 576 

range was chosen because both the used sensors show flat response in 10-10,000 Hz. Successively, 577 

time series of RMS (root mean square) amplitudes were computed by a 0.2-s-long sliding window. 578 

Then, each experiment was characterized by a median value calculated on the RMS amplitude time 579 

series. The use of the median in place of the mean allows to reduce the influence of the amplitude 580 

transients and hence to focus on the tremor-like continuous signal. To have an idea on the 581 

dispersion of the RMS amplitude values, also 25° and 75° percentiles were calculated on the time 582 

series. The results obtained for all the experiments are shown in Figure 8. Successively, to evaluate 583 

separately the effects of air flow rate, conduit roughness and silicone oil viscosity on the signal 584 

amplitudes, RMS median values, 25° and 75° percentiles, computed for all the experiments, were 585 

plotted versus the different conditions (Figure 9).  586 

Concerning the study of the power laws, we investigated the trend of increase in 587 

acoustic/seismic amplitudes with increasing air flow rate for the different conditions of conduit 588 

roughness and silicone oil viscosity. In particular, we performed nonlinear regressions on the basis 589 

of the following equations: 590 

 591 

45!67 ∝ %
'                                                                 (5) 592 

 593 
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45!87 ∝ %
)                                                                 (6) 594 

 595 

where RMSS and RMSA are the median values of the RMS amplitudes estimated during each 596 

experiment for seismic and acoustic signals, respectively, % is the air flow rate, α and β are the 597 

exponents of the power laws. RMSS and RMSA are squared to be proportional to the signal energy. 598 

The exponents obtained in the different conditions of conduit roughness and silicone oil viscosity 599 

are shown in the chessboards of Figure 10 by a color scale. RMS amplitude values squared 600 

obtained in each experiment and corresponding  best fitting curves are shown in Supplementary 601 

Figure 4. 602 

2.4 Characterization of degassing behaviour 603 

2.4.1 Observations of two-phase flow patterns 604 

In accordance with the observations of Pioli et al. (2012), our experiments, confirm and 605 

extend for a higher range of liquid viscosities (10-103 Pas) that at low superficial gas velocities 606 

rheological attributes of the analogue magma are the most dominant factors in determining the 607 

stability of each degassing pattern. In fact, the increase in viscosity causes the gas flux threshold for 608 

each regime transition to decrease. 609 

Experiments performed at 10 Pas exhibited the most widespread range of degassing 610 

behaviours, as illustrated in Figure 11.  At 5x10-3 l/s (equivalent to superficial gas velocities usg of 611 

7x10-3 m/s) individual bubbles with total length mostly on the order of the conduit diameter are 612 

observed; this condition is typically described in the spherical-cap bubble regime (Pering and 613 

McGonigle, 2018). Increasing gas flux causes bubble length to increase: slug regime is observed 614 

from 10 x10-3 up to 60 x10-3 l/s, usg equal to 0.01 to 0.08 m/s. Coherently, Pioli et al. (2012) reported 615 

true slug flow condition for usg >10-2 m/s in pure syrup and syrup mixtures-airflow (viscosities of 616 

6.5 to 300 Pa s). At higher gas flux (90-180x10-3 l/s, equivalent to superficial gas velocities in the 617 
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range 0.12-0.25 m/s), bubbles coalesce in a single channel, and a locally or globally sustained liquid 618 

film at the conduit wall is pushed upward from the gas phase: churn-annular flow is observed.  619 

At 100 Pas, slug regime is observed below 30x10-3 l/s (usg of 0.04 m/s). Above this 620 

threshold, the degassing pattern is described by churn-annular regime. Pioli et al. (2012) noted 621 

slightly higher threshold for transition to churn regime, equivalent to 0.9 m/s for the lowest 622 

viscosity mixture (6.5 Pa s) and 0.4 m/s for the pure syrup (300 Pa s). 623 

We did not observe any slug flow in the investigated range of gas fluxes at viscosities of 624 

1000 Pas, where the lowest gas flux is already associated to a churn-annular flow pattern.   625 

In the high viscosity experiments (100 and 1000 Pas), high gas fluxes (above 90 x10-3 l/s) 626 

are associated to the formation of a train of small highly pressurized gas pockets, remarkably linked 627 

to distinctive signals in seismic and acoustic data, resembling gliding, i.e. the shift of spectral lines 628 

observed in the tremor signal at active volcanoes such for instance Arenal (Costa Rica; Lesage et 629 

al., 2006) and Redoubt (Alaska; e.g. Hotovec et al., 2013). The detailed study of the source process 630 

of this highly complex signal is out of the focus of this study and will be the subject of further 631 

researches. Finally, at high gas flux (for injected gas volume larger than the conduit volume) 632 

supplied slugs, i.e. large gas bubbles that remain connected and fed from their reservoir during their 633 

ascent in the conduit (Seyfried and Freundt, 2000), were observed. In volcanic environment, the 634 

occurrence of supplied gas requires the sudden release of large gas quantities as in the case of foam 635 

collapse (e.g. Seyfried and Freundt, 2000). 636 

2.4.2 Measurements in the slug regime: slugging frequency and gas volume ratio 637 

As mentioned above, the pattern of sample height at each time step provides relevant 638 

information on the gas volume ratio of the two-phase flow and the slugging frequency, i.e. the rate 639 

of arrival of gas pockets at a given conduit section. Figure 5 a,b and c shows an example of three 640 

curves displaying the variation in time of the height of the two-phase analogue mixture for 10, 100 641 
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and 1000 Pas experiments, respectively, at a flow rate of 5x10-3 l/s. The periodic rise and fall at the 642 

top of the surface of a liquid-gas mixture in slug flow in a sawtooth wavelike pattern has been 643 

previously described (Azzopardi et al., 2014; Kanno and Ichihara, 2018).  It results evident how the 644 

frequency of slug burst at the surface (marked by an instantaneous drop in the height of the sample) 645 

is decreasing dramatically with increasing viscosity.  646 

By comparing the initial height at zero gas flux with the final height at each time, and 647 

dividing for the total volume, we obtain an estimation of the gas volume ratio of the two phase flow 648 

mixture.  Gas volume ratio spans in the range 0.25-0.40 for 10 Pas experiments, increasing steadily 649 

up to the attainment of the threshold for annular flow (<60x10-3 l/s) and then reaching a plateau. 650 

Similarly, at 100 Pas, gas volume ratio spans in the range 0.2-0.4.  651 

Slug frequency can be defined as the number of slugs passing at a specific point along a 652 

pipeline over a certain period of time (e.g. Gokcal et al., 2010). Slug frequency strongly decreases 653 

with increasing liquid viscosity, as observed at lower viscosities (ca. 0.2-0.6 Pas) by previous 654 

authors (e.g. Gockal et al., 2010). At 10 Pas, slug frequency lies in the range 7-22 events per 655 

minute, increasing with increasing gas flux. At 100 Pas, the increase in slug frequency with gas flux 656 

is less pronounced and is delimited to 1-2.3 events per minute (Fig. 12).    657 

It is noteworthy that, at the same gas flux, measurements performed in the smooth conduit 658 

C1 exhibit a higher slug frequency than observed in fractal conduits C2 and C3. This pattern is 659 

extremely evident at high gas flux (e.g. 60x10-3 l/s), at the boundary of transition to churn-annular 660 

flow.  661 

2.4.3 Measurement of slug velocity 662 

Average velocities measured on individually injected gas slug with fixed volumes are 663 

plotted in Figure 13. The slug speed decreases of one order of magnitude with an equivalent 664 

increase of liquid viscosity, coherently with prediction of gas slug velocity. In fact, terminal ascent 665 
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velocity of the gas slug, for non-spherical large bubbles is computed as (White and Beardmore, 666 

1962):   667 

9: = ;< ∗ ( ?@A )                                                             (7) 668 

with D equivalent to the pipe diameter, g corresponding to gravitational acceleration and Fr to 669 

Froude number that can be derived from: 670 

;< = 0.345 ∗ (1 − JKLM NO.P)                                                  (8) 671 

where Nf is the inverse viscosity, an a-dimensional number computed as: 672 

QR =
STU/AWX/A

Y
                                                               (9) 673 

with Z and [ liquid density and viscosity, respectively (e.g. James et al., 2013). In our experiments, 674 

Nf computed according to (9) ranges in between 0.015 and 1.5, corresponding to 1.5x10-4<Fr< 675 

0.015 and to terminal velocities of ca. 0.08 to 8 mm/s from 103 Pas viscosity to 10 Pas analogue 676 

magma. Coherently, an order of magnitude of 101, 100 and 10-1 mm/s for ascent velocity of 677 

individually buoyant slugs was observed in 10, 100 and 1000 Pas experiments.  678 

Noteworthy, at 10 Pas a significant decrease of up to ca. 30% in the terminal ascent velocity of the 679 

slug is observed with increasing fractal dimension of the conduit surface (Figure 13).  680 

2.5 Characterization of seismo-acoustic data 681 

STA/LTA analysis of the signals recorded during the 72 experiments led to detect ~660 682 

acoustic events and ~870 seismic events. As shown in Figure 7, there is a strong dependence of the 683 

event number on the experimental conditions, in particular liquid viscosity and gas flow rate. 684 

Indeed, it is evident how the increase in viscosity decreases the number of events. In addition, 685 

focusing on low/intermediate viscosities (10 and 100 Pas), the increase in air flow rate generally 686 
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increases the number of events. However, such a pattern is not always evident, especially taking 687 

into account high viscosities and seismic signals.  688 

Focusing on the signal amplitudes, the experiments show clear increases in RMS amplitudes 689 

of both seismic and acoustic signals with increasing air flow rate (Figures 8 and 9a, d). In addition, 690 

the acoustic amplitudes show a clear increase with increasing silicone oil viscosity (Figure 9c) and 691 

a less marked increase with increasing conduit roughness (Figure 9b). As for the variations of 692 

seismic amplitudes with variable viscosity/roughness, no significant patterns were found.  693 

The study of the power laws, linking acoustic squared amplitudes and air flow rate in 694 

different viscosity/roughness conditions, shows exponents (β in equation 6) ranging between ~1 695 

and ~3.8 (Figure 10a). As mentioned in section 2.2, these values are low if compared with the 696 

range Ichihara (2016) collected from literature data (β  = 3 - 10). However, it has to be noted that β 697 

values, that do not fall in the aforementioned range, have been found by field observations. For 698 

instance, linear relationship between infrasonic eruption tremor power and magma discharge rate (β 699 

= 1) was observed by Ichihara (2016) by analyzing sub-Plinian events in the 2011 eruption of 700 

Shinmoe-dake volcano. In addition, the acoustic exponents do not show any clear pattern of 701 

variation with changes in experimental conditions.  702 

Concerning the power laws linking seismic squared amplitudes and air flow rate, the 703 

estimated exponents (α in equation 5) range between ~0.7 and ~4.1. These values fall in the range 704 

estimated by literature (Ichihara, 2016; see section 2.2). Furthermore, unlike acoustic signals, there 705 

are clear patterns of increase of exponent with increasing conduit roughness and decreasing oil 706 

silicone viscosity (Figure 10b). It has also to be noted that some experiments are characterized by 707 

amplitude distribution with fairly wide interquartile ranges (Figure 8), that can affect the reliability 708 

of the estimated exponents. In particular, the widest interquartile ranges are mainly observed in the 709 

C3 experiments for both acoustic and seismic signals. 710 

 711 
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2.6 Discussion on the relationship between conduit geometry, magma viscosity, 712 

degassing behaviour and related seismo-acoustic signals  713 

Monitoring active volcanoes takes great advantage from the observation of measurable 714 

pattern changes in geochemical and geophysical data. However, the fundamental requisite for a 715 

functional interpretation of such indirect observations is the knowledge of the link between the 716 

dynamics of magmas at depth and their geophysical-geochemical markers at the surface. Among the 717 

factors influencing such an interplay, the geometry of magmatic conduits is fundamental as: 1) it 718 

affects the behavior of the volatile-bearing magma; 2) the interaction of magma with conduits 719 

having different shapes provides various sources of elastic energy release (e.g. acoustic and seismic 720 

events). That is why imaging the sub-surface structure of volcanoes is one of the oldest, yet very 721 

current, targets of volcanology, benefiting from a broad spectrum of techniques (e.g. seismicity, 722 

ground deformation, muon radiography, infrasound, etc; e.g. Brenguier et al., 2007; Lesparre et al., 723 

2012; Sciotto et al., 2013; Palano et al., 2017). Nonetheless, the resolution offered by indirect 724 

geophysical measurements is generally too coarse to resolve meter- or sub-meter scale details, as 725 

required by volcanologists. Only recently, a robotic approach has been used at Hawai´i to map 726 

geometry and surface undulation of the eruptive fissure feeding the 1969 Mauna Ulu eruption 727 

(Parcheta et al., 2016). Three types of scale-variability were identified by LIDAR measurements: 728 

cm-scale surface roughness, dm/m-scale irregularities due to fracturing of the wall rock, and 729 

dm/hm-scale sinuosity due to the local and regional stress regime (Parcheta et al., 2015). It becomes 730 

evident that the paradigm of a smooth cylindrical volcanic conduit with circular cross-section is an 731 

oversimplification that does not correlate with seismic, ground-deformation and field observations 732 

(e.g. Tibaldi, 2015). Noteworthy, the shape-irregularities of the conduit influence the dynamics of 733 

bubble-bearing magmas and might provide temporary trap regions for the gas phase (Seyfriend and 734 

Freundt, 2000). These results claim for caution when modelling volcanic processes with 735 

oversimplifying assumptions about their conduit geometries. For such reason, the modulation of 736 
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exit vent geometry on the dynamics of a starting jet and on its effect on the radiated acoustic signals 737 

has been recently investigated (e.g. Cigala et al. 2017; Swanson et al., 2018; Johnson et al., 2018b). 738 

Therefore, in order to shed light on this direction, we adopted an analogue approach to 739 

investigate for the first time through laboratory experiments the feedback between conduit flow and 740 

shape and the relative elastic fingerprints (acoustic and seismic signals) in cylindrical conduits with 741 

increasing degree of departure from the ideal parallel-sided cylindrical vent. The extent of surface 742 

irregularity, i.e. roughness, was quantified by means of fractal dimension, a scale-invariant property 743 

of the system that is conveniently used to map the topography of a surface. Hence, we 744 

systematically changed fractal dimension of the conduit surface (i.e. 2, 2.18 and 2.99 for conduits 745 

C1, C2 and C3, respectively) and physical properties of the analogue magma, by testing a range of 746 

viscosities (10-1000 Pas) representative of basaltic systems.   747 

Observations of the degassing pattern in our experiments, show that increasing gas flux 748 

progressively produces longer slug bubbles that finally merge marking the shift from slug to churn-749 

annular regime. An increase in the dimension of the bubble for the same gas flux is also 750 

accompanying an increase in viscosity. As previously noticed by Pioli et al. (2012), liquid viscosity 751 

affects the stability of the degassing pattern at low-intermediate gas rate. In fact, with increasing 752 

liquid viscosity at low gas flux (<60x10-3 l/s) the slug regime is not stable and transition to churn-753 

annular flow is favored (e.g. Figure 11). At high gas flux the condition for churn-annular flow is 754 

reached for the entire range of viscosities. It is to note that an increase in absolute viscosity of up to 755 

two orders of magnitude is expected upon cooling and crystallization of a primitive basaltic melt 756 

(from 1250 down to 1150 °C), imposing a cooling rate of 3K/min, as expected in shallow dykes 757 

(Kolzenburg et al., 2016).  This would imply that at relatively low and stable gas flux, the increase 758 

in viscosity caused by cooling of the system can likely induce the transition from slug flow to churn 759 

regime, producing a shift of the activity from Strombolian to fire fountain episode.  760 

According to our experimental observations, fluid viscosity also controls the recurrence time 761 

of slug bursts occurring at the surface, the higher viscosities being related to longer recurrence time, 762 
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as evident from Figure 5. In the slug regime, the number of slugs bursting at the surface decreases 763 

from 7-22 events/minute at 10 Pas to 1-2.3 events/minute at 100 Pas (Figure 12), slightly 764 

increasing with gas flux. Coherently, Dominguez et al. (2016) investigated the relationship between 765 

repose time (time elapsed between two consecutive explosions) and magma viscosity for a broad 766 

range of pulsatory activity including Strombolian and Vulcanian eruptions. They found that repose 767 

times are positively correlated with viscosity, and to one order of magnitude follow the simple 768 

relationship η (Pa s)≈100∗tmedian (s), with η and tmedian corresponding to the viscosity of the magma 769 

and the median of the repose time, respectively, that apply also to our experiments. In our 770 

experiments assuming an average value of 14.5 and 1.65 events per min for 10 and 100 Pas 771 

experiments, the repose times (i.e. the inverse of slug frequency) correspond to 0.07 and 0.6 772 

seconds, respectively, hence comply by the order of magnitude with the proposed relation. 773 

Therefore, our experiments are in accordance with the statistical analysis of Dominguez et al. 774 

(2016), in assigning to magma viscosity the most dominant role in controlling eruption periodicity. 775 

Although we did not observe any clear effect of surface roughness of the experimental 776 

conduit on degassing regime at high liquid viscosities (100 and 1000 Pas), at 10 Pas we noticed that 777 

the increase in conduit roughness translates into a decrease in slug frequency, particularly at the 778 

highest gas flux within the slug regime (30 and 60x10-3 l/s). Similarly, a progressive decrease in the 779 

velocity of individual slugs was observed in conduits with increasing fractal dimension of the 780 

internal surface, of up to 30% in the case of conduit C3. We believe the friction exerted by the 781 

fractal surfaces to be responsible for the observed decrease in slug frequency and slug velocity in 782 

conduits C2 and C3 at 10 Pas. The increase in the effect of conduit roughness on slug frequency, 783 

evident in Figure 12 for gas flux above 30 x10-3 l/s, can be related with the increase in gas volume 784 

fraction as the system approaches the boundary of the transition between slug and churn-annular 785 

flow. In fact, it has been previously shown that the effect of conduit roughness is significant at high 786 

values of superficial gas to liquid velocity ratio, i.e. in the inertia driven regime (e.g. Bhagwat and 787 

Ghajar, 2016), and for higher values of two phase mass flux and gas content (e.g. Shannak, 2008). 788 
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When a bigger portion of the conduit circumference is wetted by the liquid film, the wall drag is 789 

higher than in the case of partial conduit surface in contact with a gas phase moving at low velocity, 790 

as expected for bubbly and slug flow at low gas flow rate (Bhagwat and Ghajar, 2016). The increase 791 

in bubble length as the system get closer to the condition for churn-annular flow is coherent with 792 

such hypothesis. Similarly, the absence of an effect of wall roughness on slug frequency for 100 Pas 793 

experiments (Figure 12) and on slug velocity for 100 and 1000 Pas (Figure 13) experiments is 794 

likely the result of the marked decrease in the ascent velocity of the gas phase with increasing fluid 795 

viscosity (e.g. Bhagwat and Ghajar, 2016). 796 

Noteworthy, the investigation of the role played by friction in dissipating energy of the 797 

single and two phase fluids in different rough pipe has been largely debated after the pioneering 798 

experiment by Darcy (1857). However, the majority of these studies are dealing with limited 799 

relative roughness (roughness height ε to conduit diameter D; up to 5% in percentage) and have 800 

been mostly performed in micro/mini-channels (e.g. Taylor et al., 2006), mostly covering turbulent 801 

flow and through smooth pipe (e.g. Shannak, 2008 and references therein). At the macro-scale, 802 

some authors investigated frictional pressure drop in smooth and rough surfaces using air-water 803 

mixtures (e.g. Chisholm, 1978; Bhattacharyya,1985). Amongst them, Shannak (2008) performed 804 

experiments in 52.5 mm smooth and rough pipes and found that, even at the macro-scale, the pipe 805 

relative roughness (in the range 10-6-10-4) can enhance frictional pressure drop up to 20%. Although 806 

the differences in the liquid properties of the investigated fluids and in the relative roughness (here 807 

on the order of  25% in percentage) do not allow to push further the comparison, we believe that 808 

frictional effects might have played a role in decreasing the velocity of buoyant slugs (Figure 13a) 809 

in the case of the 10 Pas experiments. Hence we suggest that for low viscosity magmas (<100 Pas) 810 

in conduits with similar ε/D ratio as here (i.e. 0.25), the irregularities of the conduit surface (i.e. 811 

cross-sectional variations, blockage, flaring) affect the propagation velocity of slugs and 812 

consequently their occurrence rate at the surface. 813 
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Concerning the seismo-acoustic signals recorded during the laboratory experiments, several 814 

comments can be made on: i) number of detected seismic and acoustic events; ii) dependence of 815 

signal amplitudes from experiment parameters; iii) variability of exponents of the power laws 816 

linking squared signal amplitudes and air flow rate.  817 

As for the first point, it is evident how the number of events is mostly influenced by silicone 818 

oil viscosity and air flow rate, as evidenced also from observations of degassing pattern (Figure 7). 819 

In particular, the observed decrease in the number of events with increasing oil viscosity is 820 

associated to the fact that most of the events are due to the bubble bursts and, as explained in 821 

Section 2.4.3, slug speed decreases with increasing viscosity. The increase in the occurrence rate of 822 

the events with increasing air flow rate, especially evident for the acoustic events, is caused by the 823 

input of a higher amount of gas in the system. However, such a pattern is not so evident for higher 824 

viscosities, likely as a consequence of the transition from slug (characterised by frequent bubble 825 

bursts) to churn-annular (with rarer bubble bursts) regime occurring at much lower air flow rate 826 

(Figure 11). According to these evidences, conditions of highly periodic explosions and related 827 

seismo-acoustic events (as during the first phase of the July-August 2014 eruption of Etna volcano; 828 

Spina et al., 2017) can be obtained only in case of very constant feeding gas rate and steady magma 829 

viscosity. The lack of a clear trend in the number of seismic events versus air flow rate is due to the 830 

presence of seismic sources unrelated to bubble bursts, confirmed by the higher number of seismic 831 

events compared to the acoustic ones. This is a common feature on actual volcanoes, where most of 832 

the LP events have not acoustic counterparts, suggesting that their sources are uncoupled with the 833 

atmosphere, for instance because of cap rocks topping the uppermost part of the plumbing system 834 

(e.g. Johnson and Aster, 2005; Andronico et al., 2013). 835 

Regarding the seismo-acoustic signal amplitudes, clear amplitude increases with increasing 836 

air flow rate and oil viscosity have been noted (Figures 8 and 9). The former amplitude increase is 837 

expected on the basis of the equations (1) and (2), and of the studies dealing with relationships 838 

between seismo-acoustic features and eruption source parameters (summarized in Section 1.2.1), as 839 
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well as of hydraulic engineering investigations (e.g. Dinardo et al., 2013). The latter observation, 840 

evident for the acoustic signals, is likely to result from the role played by the viscosity during the 841 

bubble ascent: high viscosity values make overpressure to be maintained within ascending bubbles 842 

(e.g. Cashman and Scheu, 2015, and references therein); hence, high overpressure results in high 843 

elastic radiated energy (e.g. James et al., 2009). However, it has to be noted that the elastic radiation 844 

depends also on other parameters such as the film rupture time, hard both to be controlled in 845 

laboratory experiments and to be estimated on the field (Vidal et al., 2006, 2010). 846 

Concerning the power laws linking squared amplitudes and air flow rate, we noted a striking 847 

variability of the exponents α and β with changes in the experimental conditions in terms of oil 848 

silicone viscosity and conduit roughness (Figure 10). In particular, we observed clear patterns of 849 

increase of the exponent α with increasing conduit roughness and decreasing oil silicone viscosity. 850 

Assuming that the released seismic energy depends exclusively on the power expended to push the 851 

fluid up through the cylindrical conduit, this power is function of the average flow velocity, as well 852 

as of a frictional factor (e.g. Johnson and Aster, 2005). This latter parameter, in turn depends on the 853 

Reynolds number of the two-phase flow, on the kinematic viscosity and on the wall roughness (e.g. 854 

Johnson and Aster, 2005; Taylor et al., 2006; Shannak et al. 2008). On the basis of this, it can be 855 

inferred that the geometry of the shallow portions of plumbing system involved in 856 

degassing/eruptive activities, as well as the magma physical and chemical properties, play an 857 

important role in determining the relationship linking seismo-acoustic signals and eruption source 858 

parameters. These experimental observations justify not only the different power laws estimated in 859 

distinct volcanoes/eruptions (Ichihara et al., 2016 and references therein), but also the temporal 860 

variations in power laws observed during a single eruption (Fee et al., 2017; Haney et al., 2018). 861 

Indeed, several syn-eruptive processes active on the conduit walls can cause conduit roughness to 862 

vary over time, hence modifying  the exponents of the aforementioned power laws even during a 863 

single eruptive event: only to quote some, thermal erosion and magmatic chilling (e.g. Bruce and 864 

Huppert, 1989), conduit erosion by shear stress and abrasion due to the collision of pyroclasts with 865 
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the walls (e.g. Macedonio et al., 1994), enlargement of conduit cross-section at depth by stoping 866 

(gradual collapse of the ceiling of a magma reservoir; e.g. Mitchell, 2005). All the same, the 867 

physical properties of magma are expected to change during the course of the eruptive activity in 868 

response to phenomena as crystallization and degassing (increasing magma viscosity) or as a 869 

consequence of magmatic refilling.  870 

Real volcanic systems might be characterized by an even higher degree of complexity. For 871 

instance, in our experiments, the rheology of the liquid phase is Newtonian at the strain rate of 872 

interest (<<10s-1), even for high molecular weight silicone oils (e.g. 1000 Pas silicone oil) and the 873 

analogue magma is crystal-free. For volcanic systems, this is true if the strain rate remains below 874 

the structural relaxation time scale of the fluid (e.g. Mader et al., 2013) and for low solid fraction, as 875 

increasing solid percentage produces an increase of viscosity and induces a shear thinning behavior 876 

(Soldati et al., 2016). Furthermore, it is remarkable that the existence of a significant solid fraction 877 

or of a plug at the top of the conduit, is known to play an additional role in modulating the activity 878 

and the transition among different eruptive styles (e.g. Giordano et al., 2007; Gurioli et al., 2014; 879 

Del Bello et al., 2015; Suckale et al., 2016; Namiki et al., 2017). Further studies should account for 880 

the role of particles and for the existence of more evolved regions in the conduit. All the same, it 881 

would be beneficial to investigate flow patterns and related elastic fingerprints in a wider range of 882 

geometries, with different aspect ratio (e.g. dike or sill shape) and various degree of roughness 883 

(ampler range of ε/D ratio).  884 

 885 

3. Conclusive remarks 886 

Understanding the dynamics governing different degassing patterns (hence the related 887 

eruptive style) and linking them with observable markers at the surface is one of the fundamental 888 

task of modern volcanology, boasting a substantial number of relevant studies. Here, we reviewed 889 
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the ample literature dealing with degassing state in basaltic volcanoes, focusing particularly on two 890 

approaches: the investigation of seismo-acoustic signals and the use of analogue laboratory 891 

techniques to mimic shallow plumbing system.  In this scenario, and despite the general agreement 892 

on its fundamental role in controlling both the behaviour of the two-phase mixture and the release 893 

of elastic energy, the geometry of the feeding system and its interplay with volcanic flow remain 894 

poorly explored. With the aim of filling this gap, we presented a set of novel experiments aimed at 895 

investigating the effect of conduit roughness on degassing state and on the related seismic and 896 

acoustic field. We created a novel technique to realize analogue conduits with well-known internal 897 

conduit geometries. Following the procedure, we assembled three conduits with different fractal 898 

dimensions of the internal surface, and monitored the degassing behaviour upon various 899 

experimental conditions (fluid viscosity, gas flow rate) by means of a video-camera and of acoustic 900 

(microphone) and seismic (accelerometer) sensors. Results are summarized below. 901 

- The viscosity of the liquid is playing the most relevant role, affecting both the stability 902 

of degassing regimes at low gas flux, and the repose time between consecutive slug 903 

explosion at the surface. 904 

- The roughness of the conduit does not affect the degassing regime at high viscosity (100 905 

and 1000 Pas); on the contrary, at 10 Pas, friction at the conduit wall causes a decrease 906 

in slug velocity, that might reach up to 30% for the highest evaluated roughness, and 907 

consequently a decrease of slug frequency. 908 

- Acoustic and seismic discrete events tend to increase with gas flow rate until the 909 

attainment of churn-annular regime. This trend is much evident for acoustic events than 910 

for seismic ones, likely due to the presence of sources unrelated to slug bursts in the 911 

latter case. 912 

- The power laws linking squared seismic and acoustic amplitudes and air flow rate were 913 

evaluated for different viscosities and conduit roughness. The values of the seismic and 914 
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acoustic exponents, α and β, are coherent with literature data and show a broad 915 

variability, as observed in nature. Furthermore, we observed a clear pattern of increase 916 

of the seismic exponent α with increasing conduit roughness and decreasing oil silicone 917 

viscosity. This observation has fundamental implications in interpreting different power 918 

laws observed either at distinct volcanoes or at the same vent as a consequence of 919 

possible syn-eruptive processes (conduit erosion, blockage, etc). 920 

 921 

 922 
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 926 

 927 
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Figure captions 1362 

Figure 1. Sketch of degassing patterns and related eruptive styles for bubbly (a), slug (b) 1363 

and annular flow (c).  1364 

Figure 2. Simplified sketch of the procedures for realizing epoxy conduits with different 1365 

degrees of fractal dimension of the internal surface.  1366 

Figure 3. (a) Synthetic surfaces generated for conduit C1 (fractal dimension 2), Conduit C2 1367 

(fractal dimension 2.18), Conduit C3 (fractal dimension 2.9); (b), (c) and (d) Sketches of the 1368 

conduit molds models for conduit C3, C2, and C1 respectively. A picture of a section of each 1369 

conduit mould (0-200 mm, left side) is shown at the right top of each panel. 1370 

Figure 4.  (a, b, c): Frontal picture of the experimental conduits C1, C2 and C3, 1371 

respectively. (d, e, f): Top picture of the experimental conduits C1, C2 and C3, respectively. (g) 1372 

Sketch of the experimental device (not to scale) for reproducing volcano degassing pattern and 1373 

measuring the related seismo-acoustic signal (see Spina et al., 2018 for details). The shape of the 1374 

conduits here represented has an illustrative purpose and it is not meant to reproduce the exact 1375 

shape of conduit C2 and C3. 1376 

Figure 5. Variation in time of the height of the analogue two-phase magma measured at the 1377 

center of the parabolic profile of the sample from video images at 5x10-3 l/s with a sampling rate of 1378 

5 fps for 10 Pas (a), 100 Pas (b) and 1000 Pas (c) analogue magmas for conduit C1 (blue solid line), 1379 

C2 (green dashed line) and C3 (red dashed line). 1380 

Figure 6. Examples of signals recorded by microphone and accelerometer during the 1381 

experiment performed with the following conditions: roughness C3, silicone oil viscosity of 10 Pas 1382 

and air flow rate of 30x10-3 l/s. (a) Amplitude transients in the acoustic signal. (b) Amplitude 1383 

transients in the seismic signal. (c) 60-sec-long signal recorded by the microphone. (d) 60-sec-long 1384 

signal recorded by the accelerometer. (e) Short Time Fourier Transform calculated on the acoustic 1385 

signal by using a 0.2-sec-long sliding window. (f) Short Time Fourier Transform calculated on the 1386 
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seismic signal by using a 0.2-sec-long sliding window. (g) Normalised RMS amplitude time series 1387 

of the seismic (black) and acoustic (blue) signals shown in (c,d). (h) Coherence function of the 1388 

seismic and acoustic signals shown in (c,d). (i) Variation in time of the height of the analogue two-1389 

phase magma measured at the center of the parabolic profile of the sample from video images. 1390 

Figure 7. Histograms showing the number of events detected in each experiment by 1391 

analyzing acoustic (a) and seismic (b) signals. C1, C2 and C3 indicate the increasing roughness of 1392 

the conduit.  1393 

Figure 8. RMS amplitude values obtained in each experiment by analysing acoustic (a) and 1394 

seismic (b) signals. In particular, the black circles indicate the median values, the white triangles 1395 

and the white flipped triangles indicate the 25° and 75° percentiles, respectively. C1, C2 and C3 1396 

indicate the increasing roughness of the conduit. 1397 

Figure 9. RMS amplitude values (black circles) calculated in both acoustic and seismic 1398 

signals for all the experiments plotted versus the different experimental conditions in terms of air 1399 

flow rate (a,d), conduit roughness (b,e) and silicone oil viscosity (c,f). The white squares indicate 1400 

the median values, the white triangles and the white flipped triangles indicate the 25° and 75° 1401 

percentiles, respectively. C1, C2 and C3 indicate the increasing roughness of the conduit. 1402 

Figure 10. Exponent values of the power laws linking acoustic (a) and seismic (b) energies 1403 

and air flow rate in different conditions of conduit roughness and silicone oil viscosity. C1, C2 and 1404 

C3 indicate the increasing roughness of the conduit. 1405 

Figure 11. (a) Degassing pattern observed at different gas fluxes and viscosity for our 1406 

experimental systems (valid for conduits C1, C2, C3). The yellow stars represent the experimental 1407 

observation of a transition between slug and churn-annular regime. (b,c,d,e) Examples of signals 1408 

recorded by microphone and accelerometer during experiments performed with different conditions 1409 

in terms of air flow rate, conduit roughness and silicone oil viscosity. 1410 

Figure 12. Frequency of slug bursting at the surface measured in the slug regime at different 1411 

gas fluxes from local maxima in the flow front curves. Results from conduit C1, C2 and C3 are 1412 
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reported in blue, green and red color, respectively. Circle and diamond markers stand for 10 Pas and 1413 

100 Pas measurements, respectively. 1414 

Figure 13. Average terminal velocity of individually injected slug in 10 Pas (a), 100 Pas (b) 1415 

and 1000 Pas (c) analogue magmas. Results from conduit C1, C2 and C3 are reported in blue, green 1416 

and red color, respectively.  Diamonds, square, cross and circle marker indicate a slug volume of 1417 

10, 30, 45 and 60 ml, respectively. 1418 

 1419 

Table captions  1420 

Table 1: Notation of physical and statistical variables mentioned in this work. 1421 

 1422 

Supplementary figures captions: 1423 

 1424 

Supplementary Figure 1. Snapshots from 10 Pas experiments performed in conduit C1 at different 1425 

steps of gas flux (5, 10, 30, 60, 90, 120, 150, 180x10-3 l/s). The frames were selected from videos 1426 

after 30 seconds of recording. 1427 

Supplementary Figure 2. Snapshots from 10 Pas experiments performed in conduit C2 at different 1428 

steps of gas flux (5, 10, 30, 60, 90, 120, 150, 180x10-3 l/s). The frames were selected from videos 1429 

after 30 seconds of recording. 1430 

Supplementary Figure 3. Snapshots from 10 Pas experiments performed in conduit C3 at different 1431 

steps of gas flux (5, 10, 30, 60, 90, 120, 150, 180x10-3 l/s). The frames were selected from videos 1432 

after 30 seconds of recording. 1433 

Supplementary Figure 4. RMS amplitude values squared obtained in each experiment by 1434 

analyzing acoustic (a) and seismic (b) signals (black dots) and the corresponding best fitting curves 1435 

(black lines). 1436 

   1437 
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Figure 1 1440 

  1441 
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 1442 

Figure 2 1443 

PROCEDURE TO REALIZE FRACTAL CONDUIT GEOMETRIES

STEP 1: REALIZING THE MOULD MODEL

STEP 2: ASSEMBLAGE OF THE EXPERIMENTAL CONDUIT 

Generate the fractal surface with maximum fractal dimension C3 (D=2.99) by  Candela et al. 2009.

 Duplicate and mirror to grant for boundary closure. Scale to the final conduit dimension. 

Apply a smoothing filter to obtain a surface with smaller fractal dimension (e.g. C2, D=2.18). 

Fold the surface and close it at the boundaries to obtain a solid mesh of the internal conduits volume. 

For each surface, build a cylinder with same length and bigger diameter (5 cm) than the solid mesh.

Subtract the solid mesh from the cylinder to obtain the negative mould of the conduit volume

Print the moulds of the conduit sections by 3D printing 

Pour silicone elastomer (Rhodosil Silicone 3527 AB©) in the moulds and let it cure

Fix the silicone models of the conduit sections in plastic tubes 

Pour epoxy resine (Resine 131 AB©) in the plastic tubes and let it cure

Remove elastomer models. Extract epoxy conduit sections and assemble them vertically. 

Repeat the same procedure for each fractal conduit .
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Figure 3 1446 
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Figure 4  1448 
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Figure 5 1450 
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Figure 6 1452 
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Figure 7 1454 
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Figure 8 1457 
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Figure 9 1460 
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Figure 10  1462 
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Figure 11 1464 
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Figure 12 1467 
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Figure 13 1469 
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 1472 

Table	of	parameters		
Dc	
SET						

Fractal	dimension	of	the	conduit	surface	(i.e.	irregularity)	
Power	of	seismic	eruption	tremor	

AET		 Power	of	acoustic	eruption	tremor			
RMSS	 Median	values	of	Root	Mean	Square	amplitude	of	experimental	seismic	signal			
RMSA		 Median	values	of	Root	Mean	Square	amplitude	of	experimental	acoustic	signal												
%&		 Eruption	volume	flux		
%	 Experimental	air	flow	rate	
α   	 Exponent	of	seismic	power	law	

β        	 Exponent	of	acoustic	power	law	
DR					 Reduced	displacement	of	seismic	tremor	
HP				 Eruptive	plume	height	

I	
Vj	
nθ	

Acoustic	intensity	
Jet	velocity	
Exponent	corresponding	to	the	aforementioned	β	

θ  Angle	from	the	jet	axis		
c	 Ambient	sound	speed	
us	 Terminal	slug	ascent	velocity	
Fr		 Froude	number	
D	 Conduit	diameter	
g	 Gravitational	acceleration	
Nf		 Inverse	viscosity	
ρ Liquid	density	
η Liquid	viscosity	
ε Roughness	height	
ηM		 Magma	viscosity	
tmedian Median	of	inter-eruptive	repose	time	
 1473 

Table 1  1474 
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Supplementary Figure 11477 
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Supplementary Figure 2 1479 
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Supplementary Figure 3 1481 
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Supplementary Figure 4 1484 


