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a b s t r a c t

The eruption style of silicic magmas is affected by the loss of gas (outgassing) during ascent. We

investigate outgassing using a numerical model for one-dimensional, two-phase, steady flow in a

volcanic conduit. By implementing Forchheimer’s equation rather than Darcy’s equation for outgassing

we are able to investigate the relative influence of Darcian and inertial permeability on the transition

between effusive and explosive eruptions. These permeabilities are defined by constitutive equations

obtained from textural analysis of pyroclasts and determined by bubble number density, throat–bubble

size ratio, tortuosity, and roughness. The efficiency of outgassing as a function of these parameters can

be quantified by two dimensionless quantities: the Stokes number, the ratio of the response time of the

magma and the characteristic time of gas flow, and the Forchheimer number, the ratio of the viscous

and inertial forces inside the bubble network. A small Stokes number indicates strong coupling

between gas and magma and thus promotes explosive eruption. A large Forchheimer number signifies

that gas escape from the bubble network is dominated by inertial effects, which leads to explosive

behaviour. To provide context we compare model predictions to the May 18, 1980 Mount St. Helens

and the August–September 1997 Soufri�ere Hills eruptions. We show that inertial effects dominate

outgassing during both effusive and explosive eruptions, and that in this case the eruptive regime is

determined by a new dimensionless quantity defined by the ratio of Stokes and Forchheimer number.

Of the considered textural parameters, the bubble number density has the strongest influence on this

quantity. This result has implications for permeability studies and conduit modelling.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The efficiency of gas escape during the ascent of silicic magma
governs the transition between effusive and explosive eruptions
(Slezin, 1983, 2003; Eichelberger et al., 1986; Jaupart and Allegre,
1991; Woods and Koyaguchi, 1994; Gonnermann and Manga,
2007). If the gas can escape readily from the magma, an effusive
outpouring of lava occurs. On the other hand, when the gas stays
trapped within the ascending magma, it provides the potential
energy needed to fragment the magma and produce an explosive
eruption. Gas can separate from magma through a network of
coalesced bubbles or fractures, both horizontally into the conduit
walls and vertically to the surface (Stasiuk et al., 1996; Melnik
and Sparks, 1999; Tuffen et al., 2003; Gonnermann and Manga,
2003). Here we study vertical gas segregation through a network

of bubbles in order to quantify the effects of permeability on the
outcome of an eruption.

Juvenile pyroclasts contain information on the pore-scale
geometry of the magma at the time they are quenched. Pyroclasts
ejected by Vulcanian eruption, for example, preserve some
evidence for the effusive dome-forming phase prior to fragmenta-
tion. Formenti and Druitt (2003) found that syn-explosion bubble
nucleation may occur, resulting in a uniformly distributed poros-
ity change of o15%, which suggests that porosity trends with
depth are approximately preserved in the pyroclasts. Giachetti
et al. (2010) used such pyroclasts to determine pre-explosive
conditions of the 1997 eruptions at Soufri�ere Hills Volcano,
Montserrat. Products of Plinian eruptions on the other hand can
record the state of the magma at fragmentation provided post-
fragmentation deformation is limited. This is true for highly
viscous magmas and relatively small pyroclasts. A snapshot of
the outgassing history can thus be found in these pyroclasts, and
measuring their permeability can provide insights into outgassing
(Fig. 1; Klug and Cashman, 1996; Melnik and Sparks, 2002a; Rust and
Cashman, 2004; Bernard et al., 2007; Takeuchi et al., 2008; Wright
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et al., 2009; Bouvet de Maisonneuve et al., 2009; Yokoyama and
Takeuchi, 2009).

It has been suggested that outgassing during magma ascent
can be described by Forchheimer’s law (Forchheimer, 1901; Rust
and Cashman, 2004), an extension to Darcy’s law, which accounts
for the effects of turbulence
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where z is the direction of flow, P is the pressure, U is the volume
flux, mg is the viscosity, rg is the density of the gas phase. The
Darcian permeability, k1, and the inertial permeability, k2, account
for the influence of the geometry of the network of bubbles
preserved in the juvenile pyroclasts. Fig. 1 compiles permeability
measurements as a function of the connected porosity found in
pyroclasts. In general, permeability increases with increasing
porosity, but there is large variability in the data sets. Effusive
products are overall less porous than their explosive counterparts,
but have a similar range over 5–6 orders of magnitude in Darcian
and inertial permeability.

Textural studies have shown that the spread of permeability
found in juvenile pyroclasts is caused by the variation in size,
shape, tortuosity, and roughness of connected channels through
the network of bubbles (Fig. 1; Blower, 2001; Bernard et al., 2007;
Wright et al., 2006, 2009; Degruyter et al., 2010a,b). Several
constitutive equations that link these parameters to the Darcian
and inertial permeability have been proposed. In the present
study we use the Kozeny–Carman or equivalent channel equa-
tions as discussed by Degruyter et al. (2010a)
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c , ð2Þ
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with fc the connected porosity, rt the throat radius (the minimum
cross section between two coalesced bubbles). The parameter m is
the tortuosity or cementation factor connected to the tortuosity t
using Archie’s law

t2 ¼f1�m
c , ð4Þ

with the tortuosity defined as the length of the connected
channels divided by the length of the porous medium. The
parameter f0 is a fitting constant that only appears in the
expression for k2, which we refer to as the roughness factor. We
adapt this formulation for outgassing in a conduit flow model and
apply it to two well-studied eruptions: (i) the Plinian phase of the
May 18, 1980 eruption of Mount St. Helens, USA (MSH 1980) and
(ii) the dome-forming eruptions of August–September 1997 at
Soufri�ere Hills Volcano, Montserrat (SHV 1997). These case
studies allow us to understand the implications of using For-
chheimer’s equation rather than Darcy’s equation for outgassing
during an eruption. We use scaling to quantify the relative
importance of the textural parameters and show where further
understanding is needed.

2. Model

Conduit flow models have been successful in the past to
demonstrate how gas loss determines eruption style (Woods
and Koyaguchi, 1994; Melnik and Sparks, 1999; Yoshida and
Koyaguchi, 1999; Slezin, 2003; Melnik et al., 2005; Kozono and
Koyaguchi, 2009a,b, 2010). We adapt the model from Yoshida and
Koyaguchi (1999) and Kozono and Koyaguchi (2009a,b, 2010),
which assumes a one-dimensional, steady, two-phase flow in a
pipe with constant radius. Relative motion between the magma
(meltþcrystals) and gas phase is accounted for through inter-
facial drag forces. The exsolution of volatiles is in equilibrium and
the magma fragments when the gas volume fraction reaches a
critical value ff . We consider fragmentation governed by a
critical strain rate (Papale, 1999) and critical overpressure
(Zhang, 1999); details are in Appendix B. This changes the flow
from a permeable foam to a gas phase with pyroclasts in
suspension at which point the magma–gas friction and wall
friction forces are adjusted. The model of Kozono and Koyaguchi
(2009a) is adapted for our purpose in two ways: (i) the descrip-
tion of the magma rheology and (ii) the description of the
interphase drag force.

The governing equations are

dðrmumð1�fÞÞ
dz

¼�
dn

dz
q, ð5Þ

Fig. 1. Summary of the relationship between of connected porosity fc and permeability. The blue area represents the spread in data collected on pyroclasts from effusive

eruptions, the red area represents the data spread on pyroclasts from explosive eruptions for (a) Darcian permeability k1 (Wright et al., 2009), and (b) inertial permeability

k2 (Rust and Cashman, 2004; Mueller et al., 2005; Takeuchi et al., 2008; Bouvet de Maisonneuve et al., 2009; Yokoyama and Takeuchi, 2009). Data from pyroclasts ejected

by Vulcanian explosions are treated as effusive. Data are mostly from silica-rich pyroclasts, but also includes mafic products as porosity–permeability data does not appear

to depend on composition. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)
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Eqs. (5) and (6) represent the conservation of mass and Eqs.
(7) and (8) the conservation of momentum for the magma phase
(m) and the gas phase (g), where z is the vertical coordinate, u is
the vertical velocity, r is the density, f is the gas volume fraction,
n is the gas mass flux fraction, q is the total mass flux, P is the
pressure, Fmg is the magma–gas friction, and Fmw and Fgw are the
wall friction with the magma and gas phase respectively. The
magma is incompressible and the gas density follows the ideal
gas law

rg ¼
P

RT
, ð9Þ

where R is the specific gas constant of water and T is the
temperature. Gas exsolution is governed by Henry’s law for water

n¼
c0�sP1=2

1�sP1=2
ðnZ0Þ, ð10Þ

where s is the saturation constant for water and c0 is the initial
(dissolved) water content.

2.1. Rheology

The wall friction is governed by the magma phase below the
fragmentation depth. As viscosity exerts a first order control on
eruption dynamics, we replace the constant viscosity used in
Kozono and Koyaguchi (2009a,b) by a viscosity mm that depends
on magma properties by combining models of Hess and Dingwell
(1996) and Costa (2005):
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where rc is the conduit radius, c¼ sP1=2 is the dissolved water
mass fraction, w is the crystal content, B is Einstein’s coefficient,
and c1, c2, c3 are the fitting coefficients. Once magma fragments
we use turbulent gas-wall friction

Fgw ¼

0, frff ,

lw

4rc
rg9ug9ug , f4ff ,

8><
>: ð15Þ

where lw is a drag coefficient.

2.2. Outgassing

Below the fragmentation depth Eq. (1) is implemented for the
interphase drag force Fmg; above the fragmentation depth we use
the model in Yoshida and Koyaguchi (1999). To ease calculations
before and after fragmentation there is a gradual transition region
between ff and a slightly higher gas volume fraction that we

define as ft ¼ff þ0:05
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where CD is a drag coefficient and ra is the average size of the
fragmented magma particles. To implement the Kozeny–Carman
type equations (2) and (3) we have to make some further
assumptions about the network of bubbles:

1. Various critical porosity values for percolation have been cited
in the literature (Blower, 2001; Burgisser and Gardner, 2004;
Okumura et al., 2006; Namiki and Manga, 2008; Takeuchi
et al., 2009; Laumonier et al., 2011) ranging from 0.1 to 0.8 gas
volume fraction. Here we assume continuous percolation, i.e.
the percolation threshold is zero and the connected porosity is
equal to the gas volume fraction (fc ¼f). Zero permeability
has the same effect as very low permeability as the two phases
remain coupled in both cases. We note that varying the
tortuosity factor is therefore equivalent as varying the perco-
lation threshold as it controls the rate at which the perme-
ability increases. A high tortuosity factor leads to a longer
delay in developing permeability as would a larger percolation
threshold.

2. The average throat radius rt ¼ f tbrb, where ftb is the throat–
bubble size ratio and rb is the average bubble size.

3. The average bubble size is determined from the bubble
number density and the gas volume fraction as in
Gonnermann and Manga (2005)
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f
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These assumptions bring us to the following closure equations for
the permeability:

k1 ¼
ðf tbrbÞ

2

8
fm, ð18Þ

k2 ¼
ðf tbrbÞ

f 0
fð1þ3mÞ=2: ð19Þ

Bounds on the four parameters can be found in the literature:
Nd ¼ 108

21016 m�3 (Klug and Cashman, 1994; Polacci et al., 2006;
Sable et al., 2006; Giachetti et al., 2010), f tb ¼ 0:121 (Saar and Manga,
1999; Degruyter et al., 2010a), m¼1–10 (Le Pennec et al., 2001;
Bernard et al., 2007; Wright et al., 2009; Degruyter et al., 2010a,b),
and Degruyter et al. (2010a) estimated f0 between 10 and 100 for
pumices. For comparison, f0 for permeameter standards used by Rust
and Cashman (2004) is estimated to be around 0.025 and for packed
beds a value of 1.75 is found (Ergun, 1952).

The set of equations (5)–(19) can be converted into two
ordinary differential equations for P and f. We set the differential
velocity between the two phases to be initially zero. In combina-
tion with two boundary conditions: (i) initial pressure P0, and (ii)
atmospheric pressure or the choking condition at the vent, this
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two-point boundary value problem is solved using the ordinary
differential equation solver ode23s built in Matlab (Shampine and
Reichelt, 1997) in combination with a shooting method. Table 1
summarizes model parameters used in this study.

The behaviour of this model allows us to distinguish between
explosive and effusive eruptions. Fig. 2 shows profiles of pressure,
gas volume fraction, velocity, and permeability for a representa-
tive explosive and effusive case. In the explosive case the pressure
rapidly decreases just prior to fragmentation, while in the effusive
case the pressure remains close to magmastatic (Fig. 2a). The gas
volume fraction reaches high values in the case of an explosive
eruption, while in the effusive case it reaches a maximum and
decreases at low pressures (Fig. 2b). The velocity of the gas phase
starts to differ from that of the magma phase at depth in the case
of an effusive eruption, while in the explosive case velocities of
both phases are nearly equal until fragmentation after which they
start to differ (Fig. 2c). Both Darcian and inertial permeability are
larger at similar pressures in the case of an effusive eruption
compared to the explosive case (Fig. 2d).

3. Stokes and Forchheimer number

We focus on the influence of the textural parameters Nd, f tb, m,
and f0 on the eruption style. We therefore non-dimensionalize
Eqs. (5)–(19) using initial and boundary conditions as reference
values to extract dimensionless quantities that depend on tex-
tures (see Appendix A for details). These are found to be the
Stokes number, St, and the Forchheimer number, Fo. St is the ratio
of the response time scale of the magma and the characteristic
flow time of the gas phase

St¼
tV

tF
¼

rmk10

mg

rc

U0

, ð20Þ

with U0 and k10 the reference velocity and Darcian permeability
respectively (Appendix A). When St is small the magma and gas
phase are closely coupled and ascend at the same speed, while for

a large St the gas decouples from the magma and can ascend more
rapidly than the magma. Fo is the ratio of the inertial term and
the viscous term in Forchheimer’s equation

Fo¼
rg0k10U0

k20mg

, ð21Þ

with rg0 and k20 the reference gas density and inertial perme-
ability respectively (Appendix A). For a low Fo the outgassing is
controlled by the Darcian permeability, while for a high Fo the
inertial permeability is dominant. We are now able to explore the
effusive–explosive transition in terms of St and Fo when conduit
geometry and magma properties are held constant. In other
words, by looking at specific eruptions we can single out the
influence of textures from other parameters. This strategy is used
in the following section. Monte Carlo simulations are used to
explore the texture parameter space defined by Nd, f tb, m, and f0.
We determine if the eruption is explosive or effusive for each
combination of parameters and then map the results on the
(St,Fo)-space.

4. Results

4.1. Mount St. Helens May 18, 1980 eruption

The MSH 1980 eruption is a good case study of an explosive
eruption as extensive data has been collected on magma proper-
ties, conduit geometry, and textures. We use the magma proper-
ties as obtained by Blundy and Cashman (2005) and listed in
Table 1. Following Dobran (1992) the conduit length was esti-
mated from lithostatic pressure P0=rg ¼ 5291 m for a wall rock
density of 2700 kg/m3. The fragmentation criterion is set by a
critical gas volume fraction ff at 0.8 as found in the white pumice
produced by this eruption (Klug and Cashman, 1994). We use a
conduit radius of rc¼30 m to match the mass flow rates estimated
by Carey et al. (1990). Fig. 2 shows the typical behaviour of an
explosive eruption for these conditions.

The results of the Monte Carlo simulations over the texture
parameter space are divided into explosive and effusive eruptions
and projected on a (St,Fo)-map (Fig. 3). Parameters leading to
explosive eruptions occupy a region of the (St,Fo)-space separated
from the ones leading to effusive eruptions. The separation
between these two regions can be approximated by a linear
relationship defined by a critical Stokes number Stc and critical
Forchheimer number Foc

Fo¼
Foc

Stc
ðSt�StcÞ: ð22Þ

Such a relationship can be expected when inspecting Eq. (A.14)
that shows that the dimensionless drag is inversely correlated
with St and linearly with Fo. For MSH 1980 conditions we found
Stc � 10�3 and Foc � 50.

The definition of St and Fo in combination with the effusive–
explosive map can now be used to interpret the influence of each
of the textural parameters individually (Fig. 3a). Starting from an
arbitrarily chosen point on the (St,Fo) map, we increase the value
of one of the textural parameters, while keeping the others
constant. Increasing the bubble number density Nd leads to higher
coupling between gas and magma, while turbulent outgassing
becomes less dominant. This results in conditions favourable for
explosive eruptions. The opposite effect is noted for the throat–
bubble ratio ftb. An increase of the tortuosity factor m leads to
increased coupling between the gas and magma as well as
increased dominance of turbulent outgassing, which makes
explosive eruptions more likely. Increasing the roughness factor
f0 increases Fo and leaves St constant. This brings conditions

Table 1
Parameter space explored with the conduit model.

Parameter Symbol Value Unit

Constants

Specific gas constant of water R 461.4 J kg�1 K�1

Einstein constant B 2.5

Constants equation (13) c1 0.9995

c2 0.4

c3 1

Ash particle size ra 1�10�3 m

Gas-wall drag coefficient lw 0.03

Gas-ash particle drag coefficient CD 0.8

Textures

Bubble number density Nd 108–1016 m�3

Tortuosity factor m 1–10

Friction coefficient f 0 10�4–102

Throat–bubble ratio f tb 0.05–0.5

Conduit geometry MSH 1980 SHV 1997

Length L 5291 5000 m

Radius rc 30 22.5 m

Magma properties MSH 1980 SHV 1997

Density rm 2500 2450 kg m�3

Temperature T 1159 1123 K

Volatile content c0 4.6 4.6 wt%

Crystal content w0 0.4 0.45

Pressure P0 140 120 MPa
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closer to the explosive regime where outgassing is governed by
the inertial term in Eq. (1). The size of the arrows is based on the
variability of each of the parameters found in the literature. The
large range in measurements of bubble number density implies

that this is the main textural feature that controls outgassing. The
influence of other parameters is smaller, but we note that
uncertainty can be large, especially in the case of the roughness
factor f0 for which data are sparse.

Fig. 2. Illustrative solutions to the conduit model for MSH 1980 conditions with Nd ¼ 1015 m�3, m¼3.5, f tb ¼ 0:1, f 0 ¼ 10 (red) and SHV 1997 conditions with Nd ¼ 109 m�3,

m¼2.2, f tb ¼ 0:3, f 0 ¼ 10 (blue) using a fragmentation criterion based on volume fraction. (a) depth versus pressure, (b) porosity versus pressure, (c) velocity versus

pressure with the dashed curves indicating the gas velocity and the solid curves showing the magma velocity, and (d) the Darcian (solid curves) and the inertial

permeability (dashed curves). (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)

Fig. 3. St–Fo map for the MSH 1980 magma properties and conduit geometry. The white area represents the explosive regime, and the grey area the effusive regime.

(a) The arrows indicate how one travels on the map by increasing one of the textural properties starting from a randomly chosen point. The relative lengths of the arrows

are determined by the range defined in Table 1. (b) The black area is defined by the textural properties found in the pyroclasts of the MSH 1980 eruption. It lies in the low

St and high Fo region showing that the gas–magma flow was coupled and outgassing was turbulent. The dashed curves indicate the transition between effusive and

explosive regimes for strain-rate fragmentation (SR) and overpressure fragmentation (OP), while the solid curve indicates fragmentation at a critical gas volume fraction

(VF). See Appendix B for details on fragmentation criteria.
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The textural studies by Klug and Cashman (1994, 1996)
provide constraints on where the MSH 1980 eruption falls on
this regime diagram (Fig. 3b). A bubble number density of
Nd ¼ 1015 m�3 and tortuosity factor of m¼3.5 was measured.
The St and Fo number range for the MSH 1980 eruption
(Fig. 3b) predict a permeability between 5� 10�14 m2 and 5�
10�12 m2 near fragmentation in agreement with the data of Klug
and Cashman (1996). The failure of the bubbles to form larger
connected channels does not allow for the gas to decouple from
the magma and an explosive eruption results (StoStc). The
spread for the roughness factor f0 puts the MSH 1980 eruption
in the turbulent outgassing regime (Fo4Foc), implying that the
outgassing was dominated by the inertial permeability. Measure-
ments of inertial permeability on MSH 1980 pyroclasts could test
this hypothesis.

The use of a critical gas volume fraction as a criterion for
fragmentation has been shown to be oversimplified and a stress-
based criterion either by critical strain rate or gas overpressure is now
favoured (Dingwell, 1996; Papale, 1999; Zhang, 1999). However,
using different fragmentation mechanisms in a one-dimensional
conduit model leads to qualitatively similar results as the runaway
effect that leads to increased acceleration will ensure all fragmenta-
tion criteria will be met over the same narrow depth interval (Melnik
and Sparks, 2002b; Massol and Koyaguchi, 2005). In other words, a
critical gas volume fraction has similar consequences as a critical
strain rate or overpressure in this type of model. This effect is
demonstrated here using a criterion based on strain rate and one
on overpressure (Appendix B). The strain rate criterion leads to
explosive eruptions at a gas volume fraction of about 0.85, while
the overpressure criterion was equivalent to a gas volume fraction
near 0.6. This leads to a shift in the critical Stokes number defining
the transition curve, while its shape is preserved (Fig. 3b). We have
chosen the critical gas volume fraction that matches the observations
in the pyroclasts of the MSH 1980 and note that this is equivalent to
the choice of a critical stress criterion.

The calculated mass flow rates vary little within each of the
eruption regimes, showing that textural parameters have little
influence on it. Rather, mass flow rate appears dominantly controlled
by the magma properties and conduit geometry in combination with
the imposed boundary conditions at the top and bottom of the
conduit. In the explosive regime the mass flow rate is limited by the
choked flow condition at the vent and the conduit radius. For the
MSH 1980 conditions we obtain 2� 107 kg=s by setting the conduit
radius to match the mass flow rate estimates of Carey et al. (1990). In
the effusive regime the top boundary condition becomes the ambient
pressure and mass flow rates are controlled mostly by magma
viscosity and conduit radius (Melnik et al., 2005; Kozono and
Koyaguchi, 2009a,b). For the MSH 1980 conditions we find a mass
flow rate around 2� 106 kg=s, an order of magnitude smaller than in
the explosive case. The lava dome growth that followed the MSH
1980 eruption had mass flow rates around 125� 104 kg=s (Moore
et al., 1981). This large mismatch implies that the rheology and/or
geometry during the dome-forming eruption significantly changed
from the explosive MSH 1980 eruption. These issues could be
addressed by incorporating improved rheology laws (Cordonnier
et al., 2009) as well as crystallization kinetics (Blundy and Cashman,
2005; Melnik et al., 2011) into the model. However, we can conclude
that bubble number density, throat–bubble size ratio, tortuosity, and
roughness factor play a secondary role in controlling the mass
flow rate.

4.2. August–September 1997 Soufri�ere Hills Volcano dome-forming

eruptions

The SHV 1997 dome-forming eruptions provide a well-defined
case study for an effusive eruption. Note that we use our model only

for the dome-forming phase and not for the Vulcanian eruptions,
which require a model that contains transient dynamics (Melnik and
Sparks, 2002b; de’Michieli Vitturi et al., 2010; Fowler et al., 2010). We
used the eruption conditions summarized by Melnik and Sparks
(1999) and Clarke et al. (2007): a temperature of 1123 K, conduit
length of 5 km, initial pressure of 120 MPa, volatile content of 4.6 wt%
water, and magma density of 2450 kg/m3. As was evident from the
simulations under MSH 1980 eruption conditions, in the case of
effusive eruptions crystallization due to decompression needs to be
taken into account in order to capture the lower mass flow rates. We
adopt the parametrization as formulated by de’Michieli Vitturi et al.
(2010) based on the work of Couch et al. (2003) for the relationship
between w and P

w¼min wmax,w0þ0:55 0:58815
P

106

� ��0:5226
 !" #

, ð23Þ

where wmax ¼ 0:6 and the initial crystal volume fraction is 0.45.
Setting the conduit radius at rc¼22.5 m gives a mass flow rate of
3:5� 104 kg=s in the effusive regime, in agreement with Druitt et al.
(2002). Fig. 2 shows example (effusive) profiles produced for these
conditions. The mass flow rate in the explosive regime under SHV
1997 conditions is higher by nearly two orders of magnitude,
2:2� 106 kg=s. We stress that this is not related to the mass flow
rate associated to the Vulcanian explosions at Soufri�ere Hills Volcano
as we only model steady state eruptions, which are dynamically very
different from the Vulcanian eruptions (Melnik and Sparks, 2002b;
de’Michieli Vitturi et al., 2010; Fowler et al., 2010).

Using again the strategy of Monte Carlo simulations over the
textural parameter space, we obtain a new (St,Fo)-map for SHV 1997
conditions that is split into an effusive and explosive region by a
transition curve approximated by Eq. (22) with Stc ¼ 2:5� 10�5 and
Foc ¼ 100. There is a strong shift of the transition curve compared to
MSH 1980 with Stc about two orders of magnitude smaller. This is
due to the two orders of magnitude increase of the effective viscosity
controlled by the increase in crystal content during ascent.
A parameter that is highly uncertain is the critical condition for
explosive eruption, as we cannot interpret pyroclast vesicularity of
the SHV 1997 eruption in the same fashion as the quenched samples
from MSH 1980 eruption. We have chosen ff ¼ 0:8.

The bubble number density of the SHV 1997 eruptions during the
dome-forming stage is between 109 and 1010 m�3, based on the
large-bubble population in the pyroclasts produced by the Vulcanian
eruptions (Giachetti et al., 2010). The St–Fo region defined by this
number is indicated in black in Fig. 4a. This region can be refined by
using the relationship between pressure and gas volume fraction in
the conduit as reconstructed by Clarke et al. (2007) and Burgisser
et al. (2010). Using Monte Carlo simulations we can search for the St–
Fo values that best fit this profile. There is a large spread of the data
near the top of the conduit (o10 MPa) indicating a complex and
non-unique behaviour in the conduit plug in between Vulcanian
eruptions (de’Michieli Vitturi et al., 2010). Therefore we fit the model
to the data at greater depth (410 MPa). The best fit as determined
by the lowest chi-square value was St¼ 2:6� 10�1, Fo¼ 3:7� 104,
which can be formed by e.g. Nd ¼ 109:5 m�3, f tb ¼ 10�0:5, m¼2.1, and
f 0 ¼ 10 (Fig. 4b). Below the conduit plug, bubbles create large enough
pathways through the magma to allow gas escape at low gas volume
fraction, thereby hindering magma acceleration (St4Stc). Fig. 4b
indicates, as in the case of MSH 1980, that outgassing is turbulent
(Fo4Foc) and dominated by inertial permeability.

4.3. Influence of turbulent outgassing on the effusive–explosive

transition

The transition curve separating the effusive and explosive
eruption regimes in terms of textures is determined by a critical
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Stokes and Forchheimer number, the values of which will depend
on magma properties and conduit geometry, i.e.

Stc ¼F1ðRe,Fr,Ma,c0,w0,ff ,d,s,arÞ, ð24Þ

Foc ¼F2ðRe,Fr,Ma,c0,w0,ff ,d,s,arÞ: ð25Þ

Regardless of the exact forms of these equations, the results show
a change in the eruption dynamics when changing from laminar
(Fo5Foc) to turbulent outgassing (FobFoc). This becomes more
clear when we inspect Eq. (22) and rewrite it as

St¼ Stc 1þ
Fo

Foc

� �
: ð26Þ

We see that in the case of laminar outgassing (Fo5Foc) the
transition is simply described by St� Stc. In the case of turbulent
outgassing (FobFoc) the transition occurs when

P¼
St

Fo
¼
rmk20

rg0rc
�Pc ¼

Stc

Foc
, ð27Þ

with P a new dimensionless quantity defined as the ratio of the St
and Fo. Textural measurements on juvenile pyroclasts in combi-
nation with our numerical results suggest that FobFoc (Figs. 3b
and 4b) and thus that P is the relevant quantity for the effusive–
explosive transition rather than St. Eq. (27) reveals that the
variation of P is mostly due to the ratio of the characteristic
inertial permeability with respect to the conduit radius as the
density ratio between the magma and the gas will not vary much
over a wide range of parameters. Hence, in order to have an
effusive eruption the inertial permeability that has to develop
during a volcanic eruption needs to be higher in a conduit with a
large radius than one with a small radius. In other words, a
conduit with a large radius is more likely to produce an explosive
eruption.

5. Concluding remarks

We developed a model to study the effect of outgassing on
eruption style with a specific focus on the effect of using Forchhei-
mer’s equation instead of Darcy’s equation. We suggest that the
inertial term in Forchheimer’s equation is dominant during both

explosive and effusive eruptions. In terms of textural parameters,
the radius of connected channels through the bubble network
dominates the outgassing dynamics. The channel radii are controlled
by bubble number density and throat–bubble size ratio, and can
vary over many orders of magnitude. Higher tortuosity and rough-
ness factor increase the chances for an explosive eruption, but are
less important. However, attention needs to be drawn towards the
roughness factor as it is the least constrained parameter. Even if the
roughness factor would be lowered by several orders of magnitude,
the estimated Fo for MSH 1980 and SHV 1997 would still be above
Foc . In terms of dimensionless parameters this means that the shift
in eruption style is not governed by St as previously assumed (e.g.,
Melnik et al., 2005; Kozono and Koyaguchi, 2009a,b) but by P as
defined in Eq. (27). This result has implications for (i) permeability
studies on juvenile pyroclasts that need to quantify the controls on
inertial permeability (Rust and Cashman, 2004; Mueller et al., 2005;
Takeuchi et al., 2008; Bouvet de Maisonneuve et al., 2009;
Yokoyama and Takeuchi, 2009; Degruyter et al., 2010a) and (ii)
conduit models that need to include the inertial term in the closure
equation for outgassing (Fowler et al., 2010).

Products from effusive eruptions tend to have a lower porosity
than their explosive counterparts, while their permeability can
reach similar high values (Fig. 1). Although pyroclasts of effusive
eruptions can be altered by bubble expansion after dome collapse
or bubble collapse during emplacement, the porosity–permeabil-
ity measurements in combination with the conduit model show
that high permeability at low porosity can be explained by a
larger radius of permeable channels. Such channels can develop
due to low bubble number density (Giachetti et al., 2010) and
early coalescence due to pre-eruptive magma heating (Ruprecht
and Bachmann, 2010) or deformation (Okumura et al., 2006;
Laumonier et al., 2011). Hysteresis, whereby high permeability is
preserved and porosity is decreased by bubble collapse, can
further enhance the difference between effusive and explosive
products (Saar and Manga, 1999; Rust and Cashman, 2004;
Michaut et al., 2009).

Several additions to the model can be made to improve quanti-
fication of the effusive–explosive transition. The most important
includes adding spatial (Dufek and Bergantz, 2005) and temporal
variations (Melnik and Sparks, 2002b; de’Michieli Vitturi et al., 2010;
Fowler et al., 2010) as well as non-equilibrium growth of bubbles

Fig. 4. (a) St–Fo map for the SHV 1997 eruption conditions as determined from Monte Carlo simulations. The black area is defined by the textural properties found in the

pyroclasts produced by the SHV 1997 eruptions. We can refine the black region to the white point by using the data points of pressure and gas volume fraction collected by

Clarke et al. (2007) and Burgisser et al. (2010) in Fig. (b). The grey area in Fig. (b) represents the uncertainty in the model used by Burgisser et al. (2010) to obtain pre-

explosive gas volume fraction. The blue line is the best fit of the model to this data for P410 MPa: St¼ 2:6� 10�1, Fo¼ 3:7� 104, e.g. Nd ¼ 109:5 m�3, f tb ¼ 10�0:5, m¼2.1,

and f 0 ¼ 10. (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this article.)
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(Burgisser and Gardner, 2004; Gonnermann and Manga, 2005) and
crystals (Melnik et al., 2011). In explosive eruptions, delayed bubble
growth will reduce development of permeability and crystals will not
be able to grow fast enough to increase viscosity and reduce the
ascent speed. On the other hand, in effusive eruptions both bubble
and crystal growth will be closer to equilibrium. Including spatial and
temporal variation will help identify the development of heteroge-
neity of permeability inside the conduit.

By treating the textural properties independent from magma
properties and conduit geometry we were able to distill the
relative importance of these properties on outgassing. However,
textures are intimately tied to the magma properties as they
control nucleation, growth, deformation and coalescence of bub-
bles. For example, bubble number density will increase with
increasing decompression rate (Toramaru, 2006) and decrease
due to coalescence (Burgisser and Gardner, 2004), while tortuos-
ity can be lowered by deformation (Degruyter et al., 2010a).
Incorporating the coupling between the textures and the magma
properties is worthy of future study.
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Appendix A. Non-dimensionalization

We scale the equations of the conduit model to permit better
interpretation of the results. The model parameters can be
divided into three main groups: (i) conduit geometry L, rc , (ii)
magma properties P0, T, c0, ff , rm, w0, and (iii) magma textures
f tb, f 0, Nd, m. From these parameters we define all other char-
acteristic scales: a reference gas density

rg0 ¼
P0

RT
, ðA:1Þ

a reference viscosity

log m0 ¼�3:545þ0:833 ln 100c0þ
9601�2368 ln 100c0

T�ð195:7þ32:25 ln 100c0Þ
,

ðA:2Þ

y0 ¼ 1�c1 erf

ffiffiffiffi
p
p

2
w0 1þ

c2

ð1�w0Þ
c3

	 
� �� ��B=c1

, ðA:3Þ

ml0 ¼ m0y0, ðA:4Þ

a reference mass and volume flux

q0 ¼
P0

L

rmr2
c

8ml0

, U0 ¼
q0

rm

, ðA:5Þ

and the reference Darcian and inertial permeability

k10 ¼
fm

f ðf tbrb0Þ
2

8
, ðA:6Þ

k20 ¼
ðf tbrb0Þf

ð1þ3mÞ=2
f

f 0

, ðA:7Þ

with

rb0 ¼
ff

4p
3

Ndð1�ff Þ

0
B@

1
CA

1=3

: ðA:8Þ

We then define the dimensionless quantities

u0m ¼
um

U0
, u0g ¼

ug

U0
, r0g ¼

rg

rg0

, m0m ¼
ml0

m0

,

k01 ¼
k1

k10
, k02 ¼

k2

k20
, q0 ¼

q

q0

: ðA:9Þ

Substituting these in the conservation equations gives

u0m ¼
1�n

1�f
q0, ðA:10Þ

r0gu0g ¼
1

d
n

f
q0, ðA:11Þ

u0m
du0m
dz0
¼ �

3

4
d

1

Ma2

dP0

dz0
�

1

Fr2
þ

F 0mg

1�f
�

F 0mw

1�f
, ðA:12Þ

r0gu0g
du0g
dz0
¼ �

3

4

1

Ma2

dP0

dz0
�

1

Fr2
r0g�

1

d
F 0mg

f
�

F 0gw

f
, ðA:13Þ

F 0mg ¼

1

St
1þFo

k01
k02
r0g9u0g�u0m9

� �
fð1�fÞ

k01
ðu0g�u0mÞ, frft ,

1

k01St
1þFo

k01
k02
r0g9u0g�u0m9

� �� �1�t 3

8

1

ar
CDr0g9u0g�u0m9

� �t

fð1�fÞðu0g�u0mÞ, ft ofrff ,

3

8

1

ar
CDr0gfð1�fÞ9u0g�u0m9ðu

0
g�u0mÞ, f4ff ,

8>>>>>>>>>>><
>>>>>>>>>>>:

ðA:14Þ

F 0mw ¼

8m0mu0m
Re

, frff ,

0, f4ff ,

8><
>: ðA:15Þ

F 0gw ¼

0, frff ,

lw

4
r0gu02g , f4ff ,

8><
>: ðA:16Þ

n¼
c0�sP01=2

1�sP01=2
ðnZ0Þ, ðA:17Þ

with Re the Reynolds number of the magma phase

Re¼
rmrcU0

ml0

, ðA:18Þ

Ma the Mach number of the gas phase (water)

Ma¼
U0ffiffiffiffiffiffiffiffi
4
3RT

q , ðA:19Þ

Fr the Froude number

Fr¼
U0ffiffiffiffiffiffiffi
grc
p , ðA:20Þ

d the density ratio between the gas and the magma phase

d¼
rg0

rm

, ðA:21Þ

s the saturation water content at initial pressure P0

s¼ sP1=2
0 , ðA:22Þ

and ar the ratio between the ash size and the conduit radius

ar ¼
ra

rc
: ðA:23Þ
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St is the Stokes number, the ratio of the response time scale of the
magma and the characteristic flow time of the gas

St¼
tV

tF
¼

rmk10

mg

rc

U0

ðA:24Þ

and Fo is the Forchheimer number the ratio of the inertial term
and the viscous term in Forchheimer’s equation

Fo¼
rg0k10U0

k20mg

: ðA:25Þ

From this scaling analysis we find two parameters that are
influenced by textures, St and Fo. When keeping the conduit
geometry and magma properties constant only St and Fo will
vary, while others remain constant (Table 2). Therefore, the
textural control on the effusive–explosive transition can be
projected onto a St–Fo plane. We create such a St–Fo map for
two case studies by doing Monte Carlo simulations within the
defined texture parameter space (Table 1).

Appendix B. Fragmentation mechanisms

We investigate the effect of different fragmentation mechan-
isms on the results, using either a criterion based on (i) critical
strain-rate, (ii) overpressure or (iii) volume fraction. The strain-
rate criterion was defined by Dingwell (1996) and Papale (1999)
as

dum

dz
40:01

G

mm

, ðB:1Þ

with G¼10 GPa. Note that we use the elongational strain-rate and
not the shear-strain rate, which cannot be assessed by a one-
dimensional model (Gonnermann and Manga, 2003). Overpres-
sure cannot be directly calculated in our model as the pressure
between both phases is at equilibrium. However, we assume that
the overpressure can be quantified by the dynamic pressure
induced by the interphase drag between the two phases

dPD

dz
¼ Fmg : ðB:2Þ

Integrating this equation along with the governing conservation
equations gives us an estimate of the overpressure PD in the
bubble network. Following Zhang (1999), fragmentation occurs
when

PD4
2ð1�fÞ
ð1þ2fÞ

Pc , ðB:3Þ

where we used Pc¼100 MPa (Webb and Dingwell, 1990). Our
results show a shift in the transition curve (Fig. 3b), but do not
produce any qualitative difference in the results. These findings
are in agreement with other studies comparing different frag-
mentation mechanisms (Melnik and Sparks, 2002b; Massol and
Koyaguchi, 2005).
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