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Abstract 9 

Magma permeability is the most important factor controlling the transition between effusive 10 

and explosive styles during magma ascent at active volcanoes. When magma permeability 11 

is low, gas bubbles in the melt expand as the pressure decreases; above a critical gas 12 

volume fraction threshold, magma fragments, generating an explosive eruption. On the 13 

contrary, if magma is sufficiently permeable, gas ascends through the conduit towards the 14 

surface faster than the magma ascent speed, producing decoupling of gas and magma and 15 

reducing the maximum vesicularity. This decoupled flow inhibits fragmentation and leads to 16 

either an effusive eruption or quiescent degassing. Accurate modelling of permeability 17 

behaviour is therefore fundamental when simulating magma ascent processes. In this work, 18 

we compare different permeability models for low viscosity magmas using a 1D steady-state 19 

model. We use, as a test case, the 2007 effusive eruption at Stromboli volcano, Italy. We 20 

compare the numerical solutions computed using the linear Darcy’s law with those obtained 21 

using the non-linear Forchheimer relation. Our numerical results show that, using Darcy’s 22 

law and appropriate permeability models, it is possible to obtain an effusive eruption in 23 

agreement with observations. However, we found that, in the shallow conduit, the limit of 24 

applicability of Darcy’s law (that is the modified Reynolds number Rem < 10) is exceeded due 25 

to high gas flow rates. Furthermore, we show that using Forchheimer’s law and some 26 

parametric expressions for viscous and inertial permeabilities, results can be compatible with 27 
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an effusive eruption, once appropriate values are chosen. However, one of the parameters 28 

required to obtain an effusive eruption, the friction coefficient between gas and melt, is 29 

several orders of magnitude lower than that determined from measurements of solid erupted 30 

samples. This result requires further experimental verification. We propose that our novel 31 

permeability modelling regime is suitable for basaltic volcanism. We highlight that 32 

permeabilities derived from studying solid samples are not representative of the actual 33 

permeability of a molten magma, at least in the case of low viscosity basaltic magmas. 34 

These findings have fundamental implications for the quantification of permeability, 35 

modelling of volcanic processes and volcanic eruption dynamics, and the forecasting of 36 

volcanic eruptions. 37 

 38 

Keywords: permeability; Darcy; Forchheimer; Stromboli; conduit dynamics; basalts.  39 

 40 

1.  Introduction 41 

Rapid, unpredictable transitions between effusive and explosive volcanic activity 42 

dramatically alter the impact of an eruption and pose a real challenge to policy-makers 43 

tasked with mitigating the risks associated with volcanic eruptions. Transitions in eruptive 44 

style are controlled primarily by variations in the degree of coupling between ascending 45 

magma and exsolved volatiles. During magma ascent, bubbles in the magmatic mixture may 46 

start to move faster than magma, developing different flow regimes or patterns. There exist 47 

several regimes describing gas-liquid flow in a vertical pipe or conduit, each of them defined 48 

by relative volumetric flow rate of both phases (Wallis et al. 1969) or by a specific distribution 49 

and dynamics of both phases (Pioli et al., 2012). For example, we can have a bubbly flow 50 

regime, in which non-interacting separated bubbles ascend uniformly distributed in the liquid, 51 

a slug flow regime, in which bubbles coalesce in a few large bubbles with diameter 52 

comparable to the conduit diameter, or an annular flow regime, in which liquid forms a sort of 53 

annular ring at the conduit walls, with gas ascending along the centre of the conduit 54 
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(Gonnermann and Manga, 2013; Pioli et al., 2012). Another important pattern that can 55 

develop during the ascent is a permeable flow, in which gas flows through interconnected 56 

pathways within the melt (Jaupart and Allegre, 1991; Melnik et al., 2005; Rust and Cashman, 57 

2004), favouring outgassing and effusive eruptions (Degruyter et al., 2012).  58 

Although this study focuses on Stromboli volcano where no lava lake is present, 59 

observations of quiescent degassing from basaltic lava lakes provide a useful initial platform 60 

to examine degassing models. Indeed, similarly to Stromboli’s quiescent degassing, lava 61 

lakes show a variety of degassing mechanisms, produced by a combination of pervasive 62 

quiescent degassing from the entire surface of the lake with zones of somewhat more 63 

vigorous degassing or boiling, often associated with areas where overturn of cooler crust is 64 

taking place (Jaggar, 1917). Of the three degassing models presented above, the annular 65 

model is not suitable, as the pattern of degassing on the lake surface is not focussed on the 66 

centre of the lake. The slug flow regime would produce explosions that are not the normal 67 

degassing mechanism at lava lakes. On Stromboli, the explosions associated with slug flow 68 

produce only a fraction of the degassing flux observed during quiescent degassing (Mori and 69 

Burton, 2009) excluding this degassing pattern. Bubbly flow may explain the points of boiling 70 

on lava lakes, but do not readily explain the pervasive degassing across a lava lake surface. 71 

Here, we therefore focus on models of permeable gas flow through magmas, as this appears 72 

to be the mechanism which best explains volcanological and degassing observations of 73 

quiescent outgassing in basaltic volcanism. 74 

Darcy (1856) introduced the first quantitative model of permeability of a gas through 75 

a porous solid medium. Eichelberger et al. (1986) were among the first to apply Darcy’s law 76 

to model outgassing in volcanic conduits. Darcy’s law has been often used in magma ascent 77 

models, mainly to describe the separation between gas and silicic melt during magma 78 

ascent (as in Costa et al., 2007a, 2007b, de’ Michieli Vitturi et al., 2008, 2010, 2013; Diller et 79 

al., 2006; Melnik et al., 2005; Melnik and Sparks, 1999, 2002a), but also outgassing through 80 

conduit walls (de’ Michieli Vitturi et al., 2008; Diller et al., 2006; Jaupart and Allègre, 1991). 81 

In Darcy’s equation, gas flow behaviour is controlled by an equilibrium between 82 
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pressure and viscous forces:  83 

  

 
 

  

  
                                                                                  

Here      is the pressure gradient in a porous medium,    the gas dynamic 84 

viscosity,    is the Darcian permeability and    the gas velocity relative to the porous 85 

medium. Permeability is usually expressed as a function of porosity, and the permeability-86 

porosity relationship is commonly expressed using the Kozeny-Carman model (Kozeny, 87 

1927; Carman, 1937). Starting from that model, Costa (2006) derived a new permeability-88 

porosity relation based on a fractal pore-space geometry assumption and on the Archie law. 89 

Compared to the classical Kozeny-Carman relation, the new formulation shows, for different 90 

natural samples, a higher permeability at low porosity and a lower permeability at higher 91 

porosity, implying that gas flow is higher at low porosity than at high porosity. 92 

Rust and Cashman (2004), however, recognised that the relationship between 93 

pressure gradient and gas flow rate in natural volcanic rock samples is non-linear, because 94 

inertial energy losses become more important at higher fluid flow rates. Darcy’s law is only 95 

valid for low Reynolds number flows (Rust and Cashman, 2004) where the energy loss is 96 

dominated by the viscous forces. A modified Reynolds number (Rem) is used to determine 97 

the flow regime of the fluid within the porous medium (Holdich, 2002). The upper limit that is 98 

usually considered for the applicability of Darcy’s law is between Rem=1 and Rem=10 99 

(Sobieski and Trykozko, 2014). 100 

To fit experimental data, Rust and Cashman (2004) used the Forchheimer’s 101 

relationship, which explicitly distinguishes inertial from viscous forces in a permeable flow: 102 

  

 
 

  

  
   

  

  
  

                                                                         

where    is the fluid density,    is viscous permeability and    is the inertial permeability. As 103 

     (that is Rem   ) and      , Forchheimer’s law reduces to Darcy’s law. Rust and 104 

Cashman (2004) found a simple power-law relationship between    and   , which 105 

adequately describes the experimental observations from a range of silicic eruptions. Bai et 106 
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al. (2010, 2011) investigated the permeability of basaltic magma of Stromboli. They 107 

measured permeability on products from degassing experiments, and performed Lattice 108 

Boltzmann permeability numerical simulations of 3D tomographic reconstructions of the 109 

same experimental samples to quantify the relationship between porosity and permeability, 110 

deriving new formulations for   ,    and    which adequately matched their observations. 111 

Here, we investigate different permeability models through a 1D numerical steady-112 

state model for magma ascent, using magma properties such as composition, viscosity, 113 

depth, etc., of the 2007 effusive eruption at Stromboli volcano as input parameters. 114 

Stromboli is a well-studied “laboratory” volcano. The 2007 eruption was the largest effusive 115 

event observed in the last 30 years, and was intensively monitored with a range of 116 

geophysical and geochemical instruments, producing a wonderful test case for modelling 117 

studies. The 2007 eruption was associated with remarkably high degassing rates of SO2 and 118 

CO2 and almost complete absence of explosive activity at the vents (Burton et al., 2009; 119 

Aiuppa et al., 2010). This well-observed, quasi-steady-state eruption is therefore an ideal 120 

candidate to examine whether the Darcy’s and Forchheimer’s laws, with the permeability-121 

porosity relationships derived by Bai et al. (2010, 2011), could explain the observations of 122 

outgassing and effusive activity. 123 

 124 

2.  Methods 125 

2.1. Steady-state conduit model 126 

The 1D steady-state model for magma ascent illustrated below is a development of 127 

the model presented by La Spina et al. (2015, 2016). Here we extended the previous model 128 

by including terms to model magma fragmentation and by properly treating flow regimes 129 

below and above the fragmentation level. 130 

The flow of the magmatic multiphase, multi-component mixture along the z-axis is 131 

treated as a continuum and the state of the each of two phases, denoted by the index 132 

     , is characterized by its volume fraction (  ), mass density (  ), velocity (  ), and 133 
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specific entropy (  ). Below the fragmentation level, we consider a liquid phase (denoted 134 

with index  ), made of a mixture of melt, crystals and dissolved gas, and a gas phase 135 

(denoted by index  ), which represents bubbles of exsolved gases. Above the fragmentation 136 

level, instead, the liquid phase is replaced by a dispersed particle phase (still denoted by 137 

index  ), made of fragments of magma, whilst the gas phase represents the mixture of 138 

exsolved gases. Thus, for the volume fractions, the saturation constraint         holds. 139 

Since the gas phase is always referred to as the exsolved gas phase, we will use, without 140 

ambiguity, the subscripts    and    to refer to the two different gas species (H2O and CO2). 141 

Furthermore, the subscripts    and    are used to refer to the dissolved gas species, the 142 

subscript   is used for the melt, while   ,   , and    are used to refer to the three different 143 

minerals (plagioclase, clinopyroxene and olivine).  144 

Separation of the gas phase from the liquid/particle phase is permitted (      145 

where          
     and       

), and different pressures between the gas and the 146 

liquid/particle phase can also be taken into account (      where          
     and 147 

      
). By tuning appropriate relaxation parameters we can force an instantaneous 148 

pressure and velocity equilibrium between gas and liquid phases. For the temperatures, an 149 

equilibrium condition between the phases is assumed (        
        

).  150 

Following La Spina et al. (2015), a steady-state one-dimensional system of 151 

conservation equations is derived from the theory of thermodynamically compatible systems 152 

(Romenski et al., 2010), where the differential equations are expressed not as separate 153 

phases, but for the whole mixture:  154 
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These are, respectively, the conservation equation for the mixture density (Eq. 3), 155 

momentum (Eq. 4) and energy (Eq. 5). Here, we have defined the mixture density as 156 

            and the mixture velocity as            , where    and    are the mass 157 

fractions of the liquid and gas phase. Furthermore   is the gravitational acceleration,    is 158 

the viscosity of the liquid phase,    is a non-dimensional variable, which is 0 below the 159 

fragmentation level and 1 otherwise,   is the conduit radius, which is assumed to be 160 

constant,    and    are the specific internal energies, and    and    are the specific 161 

entropies. The fragmentation model adopted in this work is based on a critical gas volume 162 

fraction criterion with a threshold of 0.75 (see Supplementary Material). Although the critical 163 

volume fraction criterion has been shown to be oversimplified compared to other criteria 164 

(Papale, 1999; Zhang, 1999), Degruyter et al. (2012) have illustrated that using different 165 

fragmentation mechanisms in a one-dimensional conduit model leads to similar results. As in 166 

Costa et al. (2009), Degruyter et al. (2012) and Melnik and Sparks (2002b), the viscous 167 

terms included in Eqs. (4,5) are derived from Poiseuille’s approximation for 1D laminar flow. 168 

The following balance equation, instead, defines variations of the liquid volume 169 

fraction along the conduit:   170 

     

  
  

 

    
                                                                         

The relaxation parameter      (m2s-1) controls the disequilibrium between the gas and 171 

liquid pressures (La Spina et al., 2015). Here we assume equilibrium between the two 172 

pressures (i.e.      1).  173 

The exsolution of each gas component and the corresponding dissolved contents are 174 

governed by the following balance equations 175 
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where    

   is the mass fraction of the dissolved gas phase   with respect to the liquid 176 

crystal–free phase, while    

     
 is the value at the equilibrium. The relaxation parameter      177 

(s) controls the rate of the exsolution process and thus the disequilibrium. In this work we 178 

assume an equilibrium exsolution (i.e.       ). 179 

The variations of the volume fractions of each crystal component are governed by:   180 

 

  
             

 

    
           

  
                                                        

 Here    is the volume fraction of the crystal component   while   
  

 is the same 181 

physical quantity at the equilibrium. The relaxation parameter      (s) in Eq. (9) controls the 182 

disequilibrium crystallisation process. We assume that the crystallisation follows the 183 

equilibrium profile (i.e.       ). 184 

Finally, the relative motion of the gas with respect to the liquid phase is expressed by 185 

the following differential equation:   186 

 

  
 
  

 

 
 

  
 

 
    

  

  
    

  

  
            

 
 

    

 

    
        

     

     
        

     

     
 
  

                                        

The relaxation parameter      (kg-1m3s) controls the degree of decoupling between 187 

the gas and the liquid phase. By multiplying all terms of Eq. (10) by     , we can see that 188 

when this relaxation parameter is small enough we are forcing the relative velocity to be 0. 189 

On the contrary, the larger is      the stronger the decoupling. The influence of the relaxation 190 

parameter      on the numerical solution is investigated throughout this work.  191 

As reported in La Spina et al. (2017), above the fragmentation level we used the 192 

model adopted by Yoshida and Koyaguchi (1999), where the interphase friction force is 193 
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chosen such that the terminal velocity of solid particles is equal to the velocity of a particle 194 

driven by the buoyancy force in a low-viscosity fluid. Below the fragmentation depth, instead, 195 

the decoupling between magma and gas phase is calculated using a permeability model 196 

(Degruyter et al., 2012; La Spina et al. (2017)). In the numerical model presented here, we 197 

compare the results arising from Forchheimer’s law and Darcy’s law. When Forchheimer’s 198 

law is used, the relaxation parameter   
   

 takes the following form: 199 

  
   

   
  

  
 

         

  
 

      

  
   

   
          

  

 

  

                                   

where    is a drag coefficient, and    is the average size of the fragmented magma particles. 200 

The formulation of the Forchheimer’s law adopted here is derived from Degruyter et al. 201 

(2012) by writing the equation for the relative velocity from the conservation of momentum 202 

for both magma and gas phase. Expressions for viscous and inertial permeabilities can be 203 

found in the literature, e.g. in Bai et al. (2010, 2011) for Stromboli, or they can be calculated 204 

following Degruyter et al. (2012). When Darcy’s law is used, the relaxation parameter   
   

 is 205 

derived from Eq. (11) by neglecting the inertial term, i.e. 206 

  
   

   
  

  
 
      

  
   

   
          

  

 

  

                                                  

The model presented above is expressed via a very general formulation, and can be 207 

used to describe magma ascent dynamics for a wide range of basaltic volcanic activity. The 208 

application to a specific volcano is achieved by providing proper constitutive equations to 209 

describe the specific rheological, solubility, crystallisation and outgassing behaviour, 210 

together with equations of state for each component. In this work, we describe the effusive 211 

activity at Stromboli volcano during the 2007 effusive eruption, and the corresponding 212 

constitutive equations are reported in the Supplementary Material. 213 

 214 

3. Results 215 

Here, we present the results of our model applied to the 2007 effusive eruption on 216 
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Stromboli. The eruption began on the 27 February and ended on the 2 April, after 34 days of 217 

activity. Modal analysis of the products collected during the eruption shows a highly 218 

porphyritic magma with a total crystal content of 45–51 vol.%, with plagioclase as the 219 

dominant phase (29–33 vol.%), followed by clinopyroxene (11–14 vol.%) and olivine (4–5 220 

vol.%) (Landi et al., 2009). Similar crystal compositions are observed during normal 221 

Strombolian explosive activity, and during previous effusive events (for example during the 222 

1985-1986 and 2002-2003 eruptions). The average lava effusion rate in the first 6 days was 223 

~8 m3/s, fed by a combination of steady-state magma supply and drainage of resident 224 

magma (Ripepe et al., 2015), which then decreased to ~3 m3/s (Marsella et al., 2009), 225 

probably supplied by steady-state ascent of magma from depth. During the eruption, the 226 

crater area underwent an internal collapse of approximately 1.6x106 m3 (Marsella et al., 227 

2009). Assuming a vesicularity ranging between 0.15 and 0.45 (Landi et al., 2009), after the 228 

first 6 days of the eruption we obtain a volume of 2.3-3.5x106 m3 of DRE (dense rock 229 

equivalent), more than enough to generate the observed crater collapse. Therefore, if the 230 

eruption was driven mainly by the emptying of a shallow reservoir and not by a continuous 231 

supply of magma from depth, it should have ended approximately after the first 6 days of 232 

effusive activity. Since the eruption continued for further 24 days, this implies that it was 233 

driven by magma ascending steadily from depth, overprinted with an initial additional 234 

contribution from drainage of the shallow reservoir. 235 

We have chosen this effusive event because the activity was accompanied by high 236 

degassing rates but no visible explosions, representing an ideal case to investigate the 237 

dynamics of magma/gas decoupling, and to test the permeability models of Bai et al. (2010, 238 

2011) and their link to the eruptive dynamics. Furthermore, as discussed in La Spina et al. 239 

(2015), notwithstanding the complexity of the plumbing system of Stromboli, the 2007 240 

eruption points towards a relatively simple steady-state process of lava effusion and syn-241 

eruptive degassing during ascent from depth, which is well addressed by the model 242 

presented here. With our model, we do not aim to reproduce the overall eruptive activity 243 

observed at Stromboli, but to describe the effusive eruptions involving an uninterrupted 244 
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magma ascent from depth to the surface. 245 

To properly describe the effusive activity at Stromboli, we consider two different gas 246 

species, water and carbon dioxide, and three different minerals, plagioclase, clinopyroxene 247 

and olivine. The constitutive equations adopted to simulate the 2007 Stromboli effusive 248 

eruption have been described in detail by La Spina et al. (2015). Furthermore, the 249 

equilibrium crystallisation and exsolution assumed for this work is justified by the results of 250 

La Spina et al. (2015, 2016), where they show that the high plagioclase content in samples 251 

from the 2007 effusive eruption and the observed volume flow rate are consistent with 252 

equilibrium conditions. La Spina et al. (2016) have shown that, for the 2007 Stromboli 253 

effusive eruption, a simple vertical magma ascent would be too fast to allow equilibrium 254 

crystallisation, implying that magma should rise from depth in disequilibrium up to a shallow 255 

reservoir where it reaches the equilibrium crystal content before being erupted. However, the 256 

agreement with the observations suggests that, at least at the first order, the ascent 257 

dynamics are well reproduced when instantaneous crystallisation and exsolution are 258 

considered.  259 

The numerical solutions we present here are obtained using a shooting technique, 260 

which consists of searching for the initial magma ascent velocity that allows us to obtain the 261 

desired pressure condition (i.e. atmospheric pressure) or Mach 1 at the exit of the conduit 262 

(de' Michieli Vitturi et al., 2008). We consider a magma rising from 10 km depth, with an inlet 263 

pressure of 250 MPa (La Spina et al., 2015). We also assume a total (dissolved and 264 

exsolved) initial volatile content of 3.0 wt% for water and 2.0 wt% for carbon dioxide 265 

(Bertagnini et al., 2003; Burton et al., 2007a; La Spina et al., 2015). The inlet temperature 266 

has been set to 1383 K, in agreement with the crystallisation temperature of highly 267 

porphyritic magma (Bertagnini et al., 2008; Métrich et al., 2001). The conduit radius is 268 

chosen to agree with the volume flow rate observed during the 2007 effusive eruption (  = 269 

0.7 m). 270 

 271 

3.1. Numerical results using Darcy’s law 272 
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We compare the numerical solutions computed using Darcy’s permeability model 273 

(see Eq. 12) with several Darcian permeabilities proposed in the literature for Stromboli 274 

samples. In particular, we adopt here the Darcian permeabilities reported by Bai et al. (2010, 275 

2011):  276 

  

                            
 
 

  

                               
 
 

  
                         

    
 

                                                   

In Fig. 1 we plot these Darcian permeabilities as function of vesicularity (where 277 

vesicularity is      ). In Polacci et al. (2009), the permeabilities of Stromboli lapilli-size 278 

scoria collected during normal Strombolian activity from December 2004 to May 2006 and 279 

pumice samples collected from the 5 April 2003 and 15 March 2007 paroxysmal eruptions 280 

were reported. Because there are no permeability data on products from effusive activity at 281 

Stromboli, we use data obtained from samples from normal Strombolian activity to model 282 

permeability during effusive behaviour. This assumption is thoroughly justified as these 283 

pyroclastic products are the closest approximation texturally and compositionally to the 284 

Stromboli magma flowing in the shallower conduit (Landi et al. 2009). Polacci et al. (2009) 285 

showed that permeabilities from scoria samples are an order of magnitude higher than those 286 

from pumices. Similarly, as we see from Fig. 1, permeabilities of scoria samples are at least 287 

one order of magnitude higher than those obtained using Eq. (13). We define, therefore, a 288 

new fit of the power law expression for Darcian permeability to the permeability data of 289 

scoria samples of Polacci et al. (2009): 290 

  
                             

 
                                                  

Using these Darcian permeabilities, we compute the numerical solutions of our 291 

model, and the results are reported in Fig. 2. Here, we illustrate pressure, vesicularity, 292 

temperature and velocity profiles along the conduit. The results show that using   

              293 

and   

           gas and magma stay coupled and the fragmentation threshold is reached, 294 

generating therefore an explosive eruption. With   
            instead, the decoupling between 295 
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magma and gas is sufficient to prevent the reaching of the critical gas volume fraction, 296 

leading to the observed effusive eruption. The velocity profiles show that, using   
            297 

(black solid and dashed lines), the gas phase starts to separate from magma at ~1 km 298 

depth, and the decoupling becomes stronger and stronger approaching the vent. Adopting 299 

  
       (red solid and dashed lines), gas and magma starts to decouple near the vent, but 300 

not enough to prevent the vesicularity increase, and the critical gas volume fraction value for 301 

fragmentation is reached right below the vent. Using   

           or   

             , gas remains 302 

trapped into the magma and thus the fragmentation threshold is reached deeper in the 303 

conduit (respectively ~1 km and ~2.1 km below the vent). 304 

In Table 1 we compare data collected during the 2007 effusive eruption with the 305 

corresponding physical quantities calculated at the conduit vent. Adopting the Darcian 306 

permeability proposed here, not only are we able to obtain an effusive eruption preventing 307 

fragmentation, but also the total crystal content, the volume flow rate, and the CO2 flux 308 

measured at the vent agree with the observations.  309 

To complete the analysis, we need to demonstrate that our results are within the 310 

upper limit of applicability of Darcy’s law. The modified Reynolds number (     used to 311 

check the applicability of Darcy’s law refers to the velocity of the bubbles with respect to the 312 

melt, and it is calculated as follows (Sobieski and Trykozko, 2014):  313 

    
          

  
                                                                       

where   is a characteristic linear dimension calculated as the volume open to the fluid flow 314 

divided by the surface area over which gas must flow (Holdich, 2002): 315 

  
  

  

 

 
 

  

  

  
  

                                                                        

To evaluate the average bubble radius, we used the formulation reported in 316 

Degruyter et al (2012), i.e. 317 
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where    is the bubble number density. For this set of simulations, we have calculated     318 

along the conduit assuming different bubble number densities:                       m-3 319 

(Bai et al., 2010, 2011; Polacci et al., 2009). The numerical results show that, for all the    320 

chosen,     is lower than 10 in the deeper part of the conduit, but it increases at shallower 321 

depths, exceeding the upper limit of applicability of Darcy’s law.  322 

We can conclude that the Darcian permeability proposed by Bai et al. (2010, 2011) 323 

cannot predict a magma/gas decoupling sufficient to avoid fragmentation and cannot 324 

generate a numerical solution for an effusive eruption. Furthermore, while using the 325 

expression for Darcian permeability proposed here we can prevent the numerical solution 326 

from reaching the fragmentation threshold, the results have shown that, in the shallower part 327 

of the conduit, the modified Reynolds number exceeds the upper limit of applicability of 328 

Darcy’s law, implying that the numerical results cannot be accepted. 329 

 330 

3.2. Numerical results using Forchheimer’s law 331 

We now investigate the effect of the Forchheimer’s law on the numerical solutions. 332 

Bai et al. (2010) were able to relate    and    as function of the bubble diameter, obtaining 333 

the following expressions: 334 

  
                         

     
                            

                                                       

where   is the average bubble diameter in microns. They also presented further expressions 335 

for viscous and inertial permeabilities as a function of both the pore size and pore fraction of 336 

the sample, fitting the semi-empirical Ergun equations (Ergun, 1952) with their data: 337 
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For our computations, we calculate the average bubble diameter using the expression for 338 

the average bubble radius reported in Eq. (17), i.e.          . The average bubble 339 

radius is a function of the bubble number density   , which means that, depending on   , 340 

we will have different viscous and inertial permeabilities. 341 

Using the velocity relaxation parameter derived from the Forchheimer’s law (Eq. 11), 342 

we compute the numerical solutions of our model. Fig. 3 reports pressure, vesicularity, 343 

temperature and velocity profiles along the conduit, obtained using the viscous and inertial 344 

permeability reported in Eq. (18) respectively assuming                       m-3. 345 

Solutions obtained with a high bubble number density show that the fragmentation threshold 346 

is reached at a depth of ~2 km, resulting in an explosive eruption. Assuming a bubble 347 

number density of 109 m-3, the fragmentation threshold is still reached a few meters below 348 

the vent.  349 

We have also performed numerical simulations using the permeability models 350 

derived from the Ergun equations (Eq. 19), but for all the bubble number density investigated 351 

(i.e.                       m-3) the results are quite similar to each other, reaching the 352 

fragmentation threshold at a depth of ~2.5 km. 353 

In conclusion, using Forchheimer’s law and the permeability models described by Bai 354 

et al. (2010), magma/gas decoupling is not sufficient to prevent fragmentation and an 355 

explosive eruption is always obtained. 356 

 357 

3.3. Sensitivity analysis on Darcy’s law 358 

To investigate if other permeability expressions can lead to an effusive eruption when 359 

Darcy’s law is taken into account, we consider the parametric formulation for viscous 360 

permeability introduced by Degruyter et al. (2012):  361 

   
       

 

 
  

                                                                         

In Eq. (20),     is the throat-bubble size ratio,   is the tortuosity factor, and    is the 362 

average bubble size, which, following Gonnermann and Manga (2005), can be determined 363 
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from the bubble number density and the gas volume fraction according to Eq. (17). Using 364 

this parametric expression of Darcian permeability, we perform a sensitivity study on   ,  , 365 

   . We then calculate the modified Reynolds number at the vent, to check if there exist 366 

combinations of these parameters for which Darcy’s law is valid along the conduit. Bai et al. 367 

(2010, 2011) and Polacci et al. (2009) have shown that bubble number density of Stromboli 368 

samples ranges from 109 to 1012 m-3. The tortuosity factor, instead, is not well constrained for 369 

basalts. This parameter reflects how tortuous a degassing pathway is in comparison to a 370 

linear path, and its lower bound is 1 (a linear path). Regarding the upper bound, instead, we 371 

assume that permeable pathways in low viscosity magmas are less tortuous than those in 372 

high viscosity magma. Thus, for simplicity, we have chosen the same upper limit for 373 

tortuosity factor used by Degruyter et al. (2012) for rhyolitic magmas, where they set an 374 

upper bound of 10. Finally, for the throat–bubble size ratio, we consider the range 0.1–1 375 

(excluding the case of    =0). The parameters space investigated is, therefore, the following: 376 

109–1012 m-3 for bubble number density   , 1–10 for the tortuosity factor   and 0.1–1 for the 377 

throat–bubble size ratio    . 378 

In Fig. 4 we report the combination of investigated parameters which leads to an 379 

explosive (grey region) or an effusive eruption (white region). As demonstrated by Degruyter 380 

et al. (2012), permeable pathways with a high throat-bubble size ratio favour the separation 381 

between melt and gas, increasing the likelihood of an effusive eruption. Similarly, permeable 382 

channels with a low tortuosity factor promote gas/magma decoupling, and the likelihood of 383 

an effusive eruption. Furthermore, a higher bubble number density reduces inter-bubble 384 

connections, favouring overpressure and magma fragmentation. 385 

From the general formulation of viscous permeability in Eq. (20) it is possible to 386 

obtain appropriate values of   ,     and   in order to fit the permeabilities reported in Eqs. 387 

(13) and (14). In Fig. 4 we indicate with a coloured square the combination of values which 388 

fits respectively   

           (blue square),   

              (green square),   
        (red square), 389 

and   
            (black square). All the permeabilities illustrated in Bai et al. (2010, 2011) 390 
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correspond to a bubble number density of 1011 m-3 and a tortuosity factor of 4. What 391 

differentiates them is the throat–bubble size ratio, which is respectively 0.1 for   

             , 392 

0.2 for   

           and 0.3 for   
       . In order to achieve the best fit of the permeability 393 

  
            reported in Eq. (14), we found that the most appropriate parameters to use in Eq. 394 

(20) were   =1010 m-3,  =5 and    =0.8.  395 

As done in the previous simulations with Darcy’s law, we have calculated     for 396 

each combination of the investigated parameters. We found that     exceeds 10 in the 397 

shallower part of the conduit, meaning that Darcy’s law cannot be used in the model to 398 

simulate the ascent dynamics in the last kilometres of the conduit, implying, again, that the 399 

results obtained with a Darcian model cannot be accepted for this conduit region. 400 

 401 

3.4. Sensitivity analysis on Forchheimer’s law 402 

To check if there exists a combination of parameters for which the numerical solution 403 

does not reach the fragmentation threshold, hence representative of an effusive eruption, we 404 

performed a sensitivity analysis using Forchheimer’s law and the parametric formulation for 405 

viscous and inertial permeability introduced by Degruyter et al. (2012). The expression for 406 

inertial permeability used here is the following: 407 

   
     
  

  

    
                                                                     

With respect to the sensitivity analysis with Darcy’s law, we have now another 408 

parameter to investigate, the friction coefficient   . This is related to the internal roughness of 409 

the porous medium (Degruyter et al., 2010), and the smaller this value, the greater the 410 

inertial permeability and the lower the influence of turbulence (Forchheimer’s law converges 411 

towards Darcy’s law). We do not have constraints on    for basaltic magmas, but Degruyter 412 

et al. (2010) estimated    between 10 and 100 for rhyolitic melts. Starting from these 413 

estimations, we have performed a sensitivity analysis on   ,     and  , investigating the 414 

same parameters space used before. The numerical results show that, using both   =10 and 415 
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  =100 for all the combinations of the other parameters studied, we obtain an explosive 416 

eruption. This result is ascribed to the friction coefficients used, which are too high to be 417 

feasible for a low viscosity magma such as Stromboli’s basalt. When a gas is flowing through 418 

a liquid medium with a low bulk viscosity, the liquid is deforming due to the passage of the 419 

gas. The lower is the viscosity, the easier the liquid deforms at the passage of the gas, 420 

which, in turn, reduces the friction of the gas with the surrounding liquid. In the case of a high 421 

viscosity liquid, instead, we expect that the permeable pathways do not deform with the 422 

passage of the gas, resulting in a higher value of the friction coefficient. Degruyter et al. 423 

(2012) showed that low friction coefficients (they investigated values between 10-4 and 102) 424 

promote effusive rather than explosive eruptions. Since we have no physical constraints on 425 

the friction coefficient, we performed a series of sensitivity analyses decreasing the value of 426 

   (up to 10-6) progressively. With the parameter space for   ,     and   defined, the 427 

numerical results show effusive eruptions starts to occur when   =0.01. In Fig. 5 we report 428 

the combinations of   ,     and   for the general formulation for viscous permeability and 429 

inertial permeability reported in Eqs. (20, 21) which lead to an explosive (grey region) or an 430 

effusive eruption (white region) assuming   =10-5.  431 

Following Degruyter et al. (2012), we have calculated Stokes and Forchheimer 432 

numbers. The Stokes number    is a non-dimensional number which represents the ratio of 433 

the magma response time scale and the gas phase characteristic flow time: 434 

   

          

  

 
  

                                                                             

where     and    are respectively the density of the liquid phase and the velocity at the 435 

reference state,    is the viscosity of the gas phase (assumed constant),   is the radius of 436 

the conduit, and         is the viscous permeability calculated at the critical volume fraction 437 

for fragmentation (Eq. (20)). The velocity at the reference state is computed as 438 
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where    and     are respectively the pressure and the viscosity of the liquid at the reference 439 

state, and   is the length of the conduit (Degruyter et al. (2012)). When    is small, magma 440 

and gas are coupled, whilst for larger    the degree of coupling decreases, allowing gas to 441 

ascend more rapidly than magma. The Forchheimer number   , instead, is the ratio of the 442 

inertial and viscous term in the Forchheimer’s law: 443 

   
            

         
                                                                            

where     is the density of the gas phase at the reference state, and         is the inertial 444 

permeability calculated at the critical gas volume fraction for fragmentation (Eq. (21)). For 445 

small    outgassing is controlled by viscous permeability, whilst for larger    inertial effects, 446 

and therefore inertial permeability, dominates. To compare the Stokes and Forchheimer 447 

numbers obtained from our simulations with those calculated by Degruyter et al. (2012), we 448 

have considered as reference state the inlet of the conduit. Therefore, similarly to what has 449 

been done by Degruyter et al. (2012), the values for the reference pressure, temperature, 450 

liquid and gas density, and liquid viscosity are those at the inlet of the conduit (see Table 2). 451 

Note that the densities and the liquid viscosity are calculated using the constitutive equations 452 

reported in the Supplementary Materials. 453 

For each numerical simulation computed at different   ,    ,   and    we have 454 

calculated the Stokes and Forchheimer numbers. In Fig. 6 we have plotted in a       map 455 

which combination of these two values allows us to produce an effusive (blue dots) or an 456 

explosive (red dots) eruption. A curve splits the        space in two regions: one in which 457 

we obtain an effusive eruption, and the other one in which we have an explosive eruption. 458 

The behaviour of the curve obtained here is similar to that illustrated in Degruyter et al. 459 

(2012), with the Stokes numbers being ~5 orders of magnitude higher. This discrepancy is 460 

essentially related to the different magma compositions adopted and due to the different 461 

initial conditions and assumptions taken into account. If we define     and     as the 462 

parameters lying on the separation curve reported in Fig. 6, then, for    <~100,     is 463 

constant at a value of ~40, whilst for    >~100,     increases following a non-linear relation. 464 
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 465 

4. Discussion 466 

Our results show that a key parameter to avoid explosive activity is the friction 467 

coefficient, which should be much smaller compared to estimations from rhyolitic samples 468 

reported by Degruyter et al. (2010, 2012). There are no empirical constraints on this 469 

parameter for basaltic samples, therefore our results provide a testable estimate for    in 470 

basaltic samples to be verified through appropriate experiments. Here, we derive an 471 

indication of the order of magnitude of this value drawing from the data in Bai et al. (2010). 472 

Extrapolating the data from the plot of the pressure gradient versus flow velocity for 473 

permeability measurements of sample St52c reported in Fig. 5 of Bai et al. (2010), we are 474 

able to fit the parameters   ,    ,   and    for the viscous and inertial permeability and 475 

compare the pressure gradient extrapolated from the plot with that computed by fitting at the 476 

same velocity. Tuning properly   ,     and   we found several possible values for   , all in 477 

the range between 1 and 20, which are still too high to produce an effusive eruption. Clearly, 478 

this is just a rough estimation of the friction coefficient of basaltic samples and appropriate 479 

experiments are required to assess its value.  480 

Nevertheless, the predicted low values for the friction coefficient needed to obtain a 481 

solution representative of an effusive eruption could be potentially affected by the 482 

assumptions required by the model. Indeed, a limitation of the model proposed here is the 483 

assumption of a cylindrical geometry with a fixed radius for the entire conduit. Costa et al. 484 

(2009), for example, have shown that the assumption of a complex geometry, such as a 485 

dyke that evolves into a cylindrical conduit, has an important impact on the fragmentation 486 

depth and on the ascent dynamics. However, as soon as the dyke evolves into a cylinder, it 487 

causes an acceleration of the magmatic mixture, promoting fragmentation. Although a 488 

complex plumbing system seems to have an important effect on the fragmentation depth and 489 

on the ascent dynamics, we can assume that it does not affect the style of the simulated 490 

eruption, and, therefore, our investigation on permeability and outgassing models. Another 491 
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important aspect that cannot be taken into account in the current model is the presence of 492 

regions within the conduit (such as sill or reservoirs) where magma could slow down and 493 

allow a more efficient degassing, preventing fragmentation and therefore an explosive 494 

activity. Furthermore, our model does not consider gas loss through conduit walls, which 495 

could decrease the gas content within the conduit preventing, thus, an explosive behaviour. 496 

Finally, an important assumption that could have affected the predicted low values for the 497 

friction coefficient is that the values obtained for gas flowing through a solidified rock have 498 

been considered valid also for gas flowing through a hot and fluid melt. Our current state of 499 

knowledge of gas flow in a viscous liquid magma is based on measurements of flow in solid 500 

porous media, which are difficult to imagine as realistic proxies for a low viscosity melt. This 501 

suggests that in general, for basaltic magmas, permeability parameters obtained from solid 502 

products are unlikely to accurately describe the real permeability behaviour leading to 503 

decoupling between gas and melt during magma ascent. In a porous, solid medium, 504 

permeable channels are well established and do not change because of gas flow, while in a 505 

low-viscosity liquid medium, permeability pathways are not fixed, and they could change and 506 

evolve due to the presence of a gas flow. Experiments in such flow regimes would allow a 507 

proper evaluation of the friction coefficient and, ultimately, an overall refinement of 508 

outgassing models.  509 

 510 

5. Conclusions 511 

By using Darcy’s and Forchheimer’s laws, we have implemented and tested several 512 

different permeability relationships in a multiphase, steady-state numerical model for magma 513 

ascent to study the decoupling between gas and magma during an effusive eruption, and 514 

ultimately comparing the results with real observations. 515 

Using Darcy’s law and Darcian permeabilities reported in the literature for Stromboli 516 

(Bai et al., 2010, 2011), we found that gas/melt decoupling is not enough to prevent 517 

fragmentation. By fitting the permeability data obtained by Polacci et al. (2009) on Stromboli 518 
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scoria clasts, we derived a new expression for Darcian permeability, and with this new model 519 

and using Darcy’s law, gas is able to separate from magma leading to an effusive eruption. 520 

However, we find that the modified Reynolds number in the shallower part of the conduit is 521 

above the limit of applicability of Darcy’s law, preventing this law to describe outgassing in 522 

the upper part of the conduit. 523 

With Forchheimer’s law and expressions for viscous and inertial permeabilities from 524 

Bai et al. (2010), gas and magma are not able to decouple sufficiently, generating an 525 

increase in vesicularity up to the critical gas volume fraction necessary to trigger 526 

fragmentation and to generate an explosive eruption.  527 

We have also performed a sensitivity analysis using Darcy’s law and the parametric 528 

expression for viscous permeability proposed by Degruyter et al. (2012). Although we found 529 

a set of values with which the numerical solution represents an effusive eruption, for all of 530 

these numerical simulations, the limit of applicability of Darcy’s law is still exceeded, making 531 

all these results not acceptable. 532 

From the sensitivity analysis on Forchheimer’s law and the parametric expression for 533 

viscous and inertial permeabilities proposed by Degruyter et al (2012), instead, we found 534 

that there exists a set of parameters for which the conduit model produces an effusive 535 

eruption. We therefore propose that this model can be used to describe outgassing of 536 

basaltic effusive eruptions, and highlight that the implied low friction coefficient between gas 537 

and magma required by this approach could be tested experimentally. Our results suggest 538 

that the permeability parameters determined using standard techniques on solid erupted 539 

samples cannot produce the observed behaviour, highlighting the need for a new paradigm 540 

to describe outgassing in low viscosity magmas. Our combined Forchheimer/Degruyter 541 

degassing model provides that new paradigm.  542 
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Tables 557 

Data at the vent Units   

             

                
          

            Observation 

Vesicularity vol.% 98 96 99 75 ~50 (Bai et al., 2011) 

Fragmentation 
Depth 

m 999 2144 9 – – 

Plagioclase vol.% 44 44 39 28 29–33 (Landi et al., 2009) 

Clinopyroxene vol.% 24 23 23 18 11–14 (Landi et al., 2009) 

Olivine vol.% 11 11 8 5 4–5 (Landi et al., 2009) 

CO2 Flux kg/s 207 460 95 98 10–130 (Aiuppa et al., 2010) 

Volume flow rate m
3
/s 4.8 10.8 2.3 2.4 ~3 m

3
/s (Marsella et al. 2009) 

 558 
Table 1: Data at vent obtained with the numerical simulations using Darcy’s law. 559 

 560 

Parameter Symbol Mean value 

Reference pressure    250 MPa 

Reference temperature    1383 K 

Reference liquid density     2500 kg m
-3

 

Reference gas density     460 kg m
-3

 

Reference liquid viscosity     6 Pa s 

Gas viscosity    1.5   10
-5 

Pa s 

Conduit length   10000 m 

Conduit radius   0.7 m 

Critical gas volume fraction        0.75 

 561 
Table 2: Reference parameters for calculation of Stokes and Forchheimer numbers. In order 562 

to compare the Stokes and Forchheimer numbers with those obtained by Degruyter et al. 563 

(2012), we assume as reference values the pressure and temperature values at the inlet of 564 

the conduit. Reference densities and liquid viscosity are also calculated at the inlet of the 565 

conduit. The viscosity of the gas is assumed to be constant throughout the conduit. 566 

 567 

Figure captions 568 

Figure 1: Darcian permeabilities for Stromboli products. Plot of the Darcian 569 

permeabilities considered here as function of vesicularity (where vesicularity is      ). The 570 

curves illustrated here are, respectively, the profile of   

          (blue line),   

              571 
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(green line),   
        (red line) and   

            (black line). The symbols, instead, are the 572 

permeability-porosity data obtained from samples from normal Strombolian activity reported 573 

in Polacci et al. (2009). 574 

 575 

Figure 2: Numerical solutions for the 2007 Stromboli effusive eruption obtained using 576 

Darcy’s law. Profiles of the pressure (top-left panel), vesicularity (top-right), temperature 577 

(bottom-left), and velocities (bottom-right) calculated using Darcy’s law. The solution 578 

computed using   

           is indicated with blue lines, while that calculated with   

              579 

is plotted with green lines. Furthermore, with the red lines we represent the solution 580 

computed adopting   
       , whilst profiles with black lines are obtained using   

           . 581 

The temperature profiles obtained using   
        and   

            show a strong increase near 582 

the vent (~20-50 K), in response to the strong crystallisation of plagioclase. This high 583 

temperature gradient arises from the assumption of instantaneous crystallisation considered 584 

in this study.  La Spina et al. (2016) have shown that, for the 2007 Stromboli effusive 585 

eruption, a simple vertical magma ascent would be too fast to allow instantaneous 586 

crystallisation, suggesting that the temperature at the vent might be lower than the one 587 

calculated. 588 

 589 

Figure 3: Numerical solutions for Stromboli 2007 effusive eruption obtained using 590 

Forchheimer’s law. Profiles of the pressure (top-left panel), vesicularity (top-right), 591 

temperature (bottom-left), and velocities (bottom-right) calculated using Forchheimer’s law. 592 

The solution computed using   =1012 is indicated with blue lines, while that calculated with 593 

  =1011 is plotted with green lines. Furthermore, with the red lines we represent the solution 594 

computed adopting   =1010, whilst profiles with black lines are obtained using   =109. 595 

 596 

Figure 4: Sensitivity analysis using Darcy’s law. Results from the sensitivity analysis on 597 

the bubble number density, throat-bubble size ratio, and tortuosity factor using Darcy’s law. 598 
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The grey region indicates the combinations of parameters which leads to an explosive 599 

eruption, whilst the white one to an effusive eruption. The blue, green, red and black square 600 

represents the combination of parameters which fits respectively   

          ,   

             , 601 

  
        and   

           . 602 

 603 

Figure 5: Sensitivity analysis using Forchheimer’s law with   =10-5. Results from the 604 

sensitivity analysis on the bubble number density, throat-bubble size ratio, and tortuosity 605 

factor using Forchheimer’s law with   =10-5. The grey region indicates the combinations of 606 

parameters which leads to an explosive eruption, whilst the white one to an effusive 607 

eruption. 608 

 609 

Figure 6: Relation between Stokes and Forchheimer number in terms of 610 

effusive/explosive eruption for Stromboli basaltic magma. Plot of the Forchheimer 611 

numbers against the Stokes numbers obtained from the sensitivity analysis using 612 

Forchheimer’s law. We indicate with a blue dot the       pair for which the corresponding 613 

solution leads to an effusive eruption, whereas with a red dot the solution which lead to an 614 

explosive one. We underline here that, although the Stokes numbers for   

          , 615 

  

             ,   
        and   

            can be calculated, the corresponding Forchheimer 616 

numbers cannot be computed, since those permeability-porosity relationship are based on 617 

the Darcy’s law and not on the Forchheimer’s law.  618 

  619 
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