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lcanic vent into a flow or a dome is subjected to a marked change of boundary
conditions which strongly affects the distribution of gas pressure and stress within the flow. A numerical
code is implemented to study the role of degassing-induced crystallization. The 2-D governing equations for
a compressible viscous liquid are solved with a fully axially symmetric Finite Element Model for different
crystal contents and vent geometrical shapes. The potential effects of gas pressure, deformation rates and
elongational stresses on the stability of endogenous dome growth are studied for two shallow vent
structures. For common eruption conditions, values of the internal gas pressure at the vent may be as large as
2 MPa. The magnitude of gas pressure at the vent is sensitive to the amount of crystallization and to the
shape of the shallow conduit beneath the vent. High tensile stresses of ≈2 MPa are generated at the vent,
which may account for ring fracturing of the dome and gas escape through shallow fissures. Such failure
conditions may also lead to a change of exit conditions, from lateral spreading to the vertical protrusion of a
lava spine.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Lava dome explosions and collapses are major hazards (Nakada
and Fujii, 1993; Watts et al., 2002) and have motivated a large number
of studies on shallow conduit flow processes (Gonnermann and
Manga, 2003; Melnik and Sparks, 2005; Costa et al., 2007) and lava
dome behaviour (Newhall and Melson, 1983; Iverson, 1990; Voight
and Elsworth, 2000). Few studies, however, have treated the coupling
between conduit and dome flows, and specifically how eruption
behaviour depends on local flow conditions at the vent, where lava
exits the volcanic conduit and spreads horizontally (Hale and Wadge,
2003, 2008).

Dome carapaces can fail during growth episodes, leading to the
formation of individual lava lobes (Watts et al., 2002), so-called
whaleback structures growing perpendicular to the flow direction as
well as lava spines (Nakada and Fujii, 1993; Nakada et al., 1999). In
some cases, concentric ring fractures develop above the vent and
allow the degassing of magma (e.g.: (Matthews et al., 1997; Bluth and
Rose, 2004). The link between brittle behaviour and degassing is
obvious but potentially involves a host of different processes. The
fracturing of magma may occur in the eruption conduit or within the
dome itself. Following Gonnermann and Manga (2003), Hale and
Muhlhaus (2007); Collier and Neuberg (2006) have proposed shear
failure at the conduit margins, which provides pathways for gas
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escape and hence may prevent explosive regimes. Dome explosion or
collapse has been attributed to large gas pore pressures and a highly
discontinuous and irregular outer skin (Newhall and Melson, 1983).
Evidence for excess pore pressure within dome lavas has been
provided by many authors (Blake, 1990; Sparks, 1997; Fink and
Griffiths, 1998; Massol and Jaupart, 1999; Lensky et al., 2004). The
volume fraction of gas within lava domes varies within a large range of
0 to 70% (Ramsey and Fink, 1999; Kueppers et al., 2005), indicating
that complex controls are at play. For instance, the texture of the
1980–1989 Mount St Helens lava dome alternated between a
scoriaceous interior beneath a smooth skin and a smooth interior
beneath a scoriaceous skin (Anderson and Fink, 1990). Fink and
Griffiths (1998) have used analog experiments on the spreading of
crust-formingmaterials to establish awidely used classification of lava
dome morphology. The main variables are flow rate, viscosity and the
magnitude of heat lost to the atmosphere (or water for subaqueous
flows). In some cases, however, it has been proposed that the main
control on dome emplacement is not cooling but degassing-induced
crystallisation (Sparks et al., 2000). Degassing-induced crystallization
depends on pressure changes during ascent and spreading at the
surface, which depend on flow rate, but it also affects the rheology of
magma and lava, and hence the eruption rate. Thus, one cannot
specify the two processes independently and a self-consistent model
of dome-forming eruptions requires a full dynamical framework
specifying how excess pore pressures, flow stresses, degassing and
crystallization develop.

Much information on phenomena that occur during lava dome
build-up may be obtained from the extensive literature on polymer
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extrusion. Extrusion out of a thin tube proceeds in an increasingly
complex fashion as the flow rate grows larger (Migler et al., 2002). The
polymer is smooth for small extrusion rates and develops a series of
different instabilities with increasing rate. The so-called sharkskin
instability comes first, characterized by quasi periodic surface rough-
ness, followed by stick–slip behaviour at higher extrusion rates. As the
flow rate is increased further, gross melt fracture occurs as the
polymer gets extruded in an irregular fashion. Detailed laboratory
experiments and numerical calculations demonstrate that the key
process is elongational deformation as the material exits the tube
(Venet and Vergnes, 2000; Arda and Mackley, 2005). Such flow
processes are expected for most types of materials, independently of
their rheological behaviour (Venet and Vergnes, 2000).

The formation of ring-fractures that develop in the axial region of a
dome and the generation of spines that protrude out of a dome
provide important clues on the mechanisms of magma failure. In this
paper, we argue that the behaviour of gas-laden crystal-bearing
magma as it exits a volcanic vent is a key to such phenomena. We
pursue two goals: (1) detail the dynamics of magma extrusion from a
vertical conduit, and (2) use the appropriate boundary conditions for
determining failure conditions within the lava. As an alternative to
studies that focus on the dome itself (e.g.: (Voight and Elsworth, 2000;
Hale and Wadge, 2003)), we couple the physics of ascent through the
volcanic conduit with mainly horizontal spreading immediately
outside the vent. Existing models are either 1-D or 1.5-D (e.g.
(Gonnermann and Manga, 2003; Melnik and Sparks, 2005; Woods
et al., 2006)) or focus on processes occurring in the conduit below the
vent (Collier and Neuberg, 2006). To our knowledge, the only model
that tackles ascent in a conduit and lateral spreading in a dome
deals with an incompressible liquid and hence cannot be used to
investigate the coupling between vesicularity and crystallinity (Hale
andMuhlhaus, 2007; Hale andWadge, 2008). We have explored some
basic features of vesicular viscous flows in a previous paper (Massol
et al., 2001). Here, we take into account the pressure dependence of
the two viscosity coefficients that are required to describe such
flows as well as the equation of state for crystallising magma. We
study two different boundary conditions: a) a condition of zero hori-
zontal and vertical velocity at a wall of already solidified magma
corresponding to endogenous growth, referred to as laterally-
constrained (LC) and b) a free surface condition such that lava can
develop horizontal velocities above the vent, corresponding to exo-
genous growth, referred to as laterally-unconstrained (LU). We focus
on the role of degassing-induced crystallisation and on the effect of
the conduit shape near the vent, and investigate the conditions for
magma fracturing.

2. Magma flow conditions

In most cases, lava that accumulates in a dome has lost gas on its
way to Earth's surface. Degassing during ascent at depth involves a
large number of processes that are active over a large pressure range
and that are currently debated (Stasiuk et al., 1996; Cashman and
Blundy, 2000; Gonnermann and Manga, 2003; Melnik and Sparks,
2005; Taisne and Jaupart, 2008). These processes are outside the scope
of the present paper which is focussed on the vicinity of the eruptive
vent. Magma has already lost gas when it enters superficial conduit
levels and we consider a low initial dissolved water content consistent
with the small eruption rates of dome eruptions. Such dissolved water
content corresponds to what is left at the pressures that prevail at
shallow depth. We shall see that these small water contents are
sufficient to achieve gas volume fractions in excess of 60% at the vent,
which are relevant to dome lavas. We shall study the complex gas
pressure distributions generated by the rapid changes of velocity that
occur as lava exits the vent. Such changes induce large decompression
rates leading to large gas overpressures. We investigate the effect
of different exit boundary conditions and conduit geometry on
flow parameters such as pressure and velocities and on parameters
measurable in the field such as gas content.

We now discuss the model assumptions and framework. As
magma flows, it loses heat to the conduit walls. For the large conduit
apertures that are relevant to dome eruptions, the width of the
thermal boundary layer is negligible compared to the conduit radius
(Bruce and Huppert, 1990; Sparks et al., 2000; Collier and Neuberg,
2006). We thus neglect heat losses and assume that temperature
changes are small (Mastin and Ghiorso, 2000).

2.1. Degassing and crystallisation kinetics

With small amounts of water, the extrusion of magma is a slow
process and we may safely assume that dissolved water in the melt is
everywhere in thermodynamic equilibriumwith a gas phase.We use a
solubility law of the form:

x = spn; ð1Þ

where x is the mass fraction of volatiles dissolved in the melt at
pressure p and s a coefficient determined from experiment. For water
in silicic melts, we take s=4.11×10−6 Pa−1/2 (Burnham, 1979). Due to
non-linear form of this solubility law, large changes of dissolved water
contents occur at small pressures which induce crystallisation of
microlites (Cashman and Blundy, 2000; Sparks et al., 2000; Hammer
and Rutherford, 2002; Szramek et al., 2006; Martel et al., 2006). The
mass fraction of crystals in the magma may be kinetically controlled
(Hammer and Rutherford, 2002; Melnik and Sparks, 2005), but we do
not consider such effects here as we focus on the slow eruption rates.
We use a simple crystallisation law compatible with experimental
data and observations (Whitney, 1988; Moore and Carmichael, 1998;
Hammer and Rutherford, 2002). Assuming equilibrium, the mass
fraction of crystals, fcx, depends on the amount of degassing according
to:

fcx = αcx
x0−x
x0

� �
; ð2Þ

where x0 the initial mass fraction of dissolved water, x the mass
fraction of dissolved water and αcx a coefficient that represents the
maximum mass fraction of crystals. For example, in our calculations,
x0=6 10−3 wt.% and at atmospheric pressure fcx=0.6 for αcx=0.75. This
linear equation for the crystal content may be thought of as the first
term in a local expansion of a more complicated relationship, which is
valid for the small variations of dissolved volatile content of interest
here.

Microlite crystallization acts to increase the mass fraction of
dissolved water in the residual melt, and hence affects the equation of
state of the magma (Appendix A). The effect of crystal content on the
amount of exsolved gas is largest at pressures between 0.5 MPa and
1 MPa, which approximately corresponds to a depth of 10 m to 40 m
below the vent.

2.2. Viscosity

We use the function of Hess and Dingwell (1996) for the melt
viscosity, µl. With microlites present, magma exhibits non-Newtonian
behaviour above a certain crystal content threshold (Lavallée et al.,
2007; Champallier et al., 2008) with a yield strength that depends on
crystal shape (Walsh and Saar, 2008). We restrict our calculations to
crystal volume fractions that are less than 60% for which non-
Newtonian effects are small. Lejeune and Richet (1995) have shown
that for crystal contents below the close packing limit a viscosity law
such as that of Roscoe (1952) is appropriate:

μc = μ l 1−
vcx
vm

� �−5=2

; ð3Þ



Fig. 1. (a) Upper part of the calculation domain. On boundary 1, P is uniform (its value is dictated by Poiseuille flow from the chamber) and u=0; on boundary 2 symmetry imposes
u=0 and Aw

Ar = 0; on boundary 5 no slip imposes u=w=0; on boundary 4 [Π
——
· n
→

]· n
→

=Patm and [Π
——
· n
→
]· t
→

=0 (LU condition) or u=w=0 (LC condition), on boundary 3 [Π
——
· n
→

]· n
→

=Patm for
both conditions and u=0 (LC condition) or [Π

——
· n
→

]· t
→

=0 (LU condition). (b) Sketch of a growing lava dome after (Watts et al., 2002). LU conditionwould correspond to the first stage of
extrusion of lava lobe (labelled L), while LC condition corresponds to spine extrusion throughout the preexisting lobe (labelled S).
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where µc is the viscosity of the melt+crystal assemblage, vcx is the
volume fraction of crystals and coefficient vm stands for the packing
limit (Roscoe, 1952; Mastin and Ghiorso, 2000). Here we choose vm=
0.6, (Marsh, 1981; Mastin and Ghiorso, 2000).

Bubbles may deform during flow, depending on the magnitude of
the capillary number Ca=µγ̇a/σ), where γ ̇ is the deformation rate, a
the bubble size and σ surface tension. For the small bubbles of dome
lavas, the capillary number is everywhere greater than 1 (it is typically
of order 100) and hence we use the formulation by Llewellin and
Manga (2005) for CaN1,

μ = μc 1−αð Þ5=3; ð4Þ

where α is the gas volume fraction. Bubbly magma is compressible,
implying that the flow pressure pf is not equal to thermodynamic
pressure p (Batchelor, 1967). One has:

pf = p−K j: v→
� �

; ð5Þ

which shows that the thermodynamic pressure is larger than the flow
pressure by an amount that depends on the expansion rate. In the
bubbly liquid model of Prud'homme and Bird (1978), the thermo-
dynamic pressure is the gas pressure, i.e. p=pg and coefficient K is:

K =
4
3
μc

1−α
α

: ð6Þ

3. The model

3.1. Conservation equations

The basic equations for the flow of a bubbly compressible liquid
have been discussed in (Massol et al., 2001) (in its Appendix A) and
will not be repeated here. In steady state conditions, conservation
equations in cylindrical coordinates (r,z) are:

1
r
A ρruð Þ
Ar

+
A ρwð Þ
Az

= 0; ð7Þ

ρu
Au
Ar

+ ρw
Au
Az

= −
Ap
Ar

+ 2μ
1
r

Au
Ar

−
u
r

� �
+

A

Ar
2μ

Au
Ar

+ λj: v→
� �

+
A

Az
μ

Au
Az

+
Aw
Ar

� �� �
;

ð8Þ
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ρu
Aw
Ar

+ ρw
Aw
Az

= −
Ap
Az

+ μ
1
r

Au
Az

+
Aw
Ar

� �
+

A

Ar
μ

Au
Az

+
Aw
Ar

� �� �

+
A

Az
2μ

Aw
Az

+ λj: v→
� �

−ρg;

ð9Þ

where v→=(u,w) is the velocity vector with radial and vertical
components u and w, respectively. Coefficient µ is the viscosity of
the magma and λ the second coefficient of viscosity, such that
K=λ+(2/3)µ (Massol and Jaupart, 1999). The advection terms have
been retained for the sake of generality, even though they are
negligible for the small Reynolds numbers of dome eruptions.

The computational domain is shown in Fig. 1(a). At the base of the
domain, in the eruption conduit, flow is vertical with no gas
overpressure so that:

¼
Π d n→

i
d n→ = P0

h
ð10Þ

u = 0 ð11Þ

where Π
——

is the stress tensor and n→ is a unit vector in the direction
normal to the interface. At the lateral walls of the conduit, we impose
no-slip conditions such that u=w=0. Stick–slip behaviour may occur if
the shear stress exceeds a threshold value but is not considered here.
At the top of the domain (Fig. 1a), in order to allow for incipient lateral
spreading, we extend the domain to a small region over height h. This
may be corresponded either to lateral spreading (i.e. exogenous
growth) or vertical extrusion (i.e. a lava spine). In the former case, the
continuity of stress requires that:

¼
Π d n→

i
d t
→

= 0 and
¼
Π d n→�d n→ = Patm;
hh

ð12Þ

where t
→

is the unit vector tangent to the interface. In the latter case
(vertical protrusion), continuity of normal stress still applies, but we
assume that lateral spreading is prevented so that u=0 (Fig. 1).

In all calculations, the initial melt viscosity µl of magma that enters
the shallow conduit structure is set at a value of 4.45 109 Pa s. This
leads to eruption velocities and mass discharge rates that are
Fig. 2. Velocity and pressure profiles at the exit of the conduit for the two boundary
conditions. Dashed line representing LU exit condition and continuous line, LC exit
conditions. Calculation parameters are listed in Table 1.

Table 1
Calculation parameters

Figure number Q αcx B.C. Geometry
(kg s−1)

3 (a) and (b) 8 103 0 LU Flared
3 (a) and (b) 7.9 103 0 LC Flared
4(a) 8 103 0 LU Flared
4(b) 7.9 103 0 LC Flared
4 (c) and (d) 8 103 0 LU Flared
4 (c) and (d) 7.9 103 0 LC Flared
5 (a) 8 103 0 LU Flared
5 (b) 7.9 103 0 LC Flared
5 (c) 8.8 103 1.2 LU Flared
5 (d) 8.3 103 0.7 LC Flared
6 (a)(c) and (e) 7.9 103 0 LC Flared
6 (a)(c) and (e) 8.2 103 0.45 LC Flared
6 (a)(c) and (e) 8.3 103 0.7 LC Flared
6 (b)(d) and (f) 8 103 0 LU Flared
6 (b)(d) and (f) 8.5 103 0.45 LU Flared
6 (b)(d) and (f) 8.8 103 1.2 LU Flared
7 (a) 8 103 0 LU Flared
7 (b) 8.8 103 1.2 LU Flared
8 (a) 8 103 0 LU Flared
8 (b) 7.9 103 0 LU Straight
8 (c)–(f) 8 103 0 LU Flared
8 (c)–(f) 7.9 103 0 LU Straight
9 (a) 8.35 103 1.2 LU Straight
9 (b) 8.8 103 1.2 LU Flared

For all calculations: T=973 K, x0=6 10−3, B.C. means boundary condition, LU means
Laterally Unconstrained and LC means Laterally Constrained.
consistent with those of common dome-forming eruptions. Scaling
for changes of viscosity are discussed in (Massol et al., 2001). As shown
in (Massol et al., 2001), one key point is that the magnitude of the gas
overpressure that develops in the flow does not depend on the melt
viscosity, because viscosity effects on the flow rate and gas expansion
essentially cancel one another.

3.2. Equation of state

Neglecting the volume of dissolved volatiles in the melt, the
density of the magma/gas mixture depends on the densities of melt,
crystals and gas and is calculated as specified in the Appendix A. We
consider that water is the only volatile species and use the ideal gas
approximation, so that:

pg
ρg

= RgT; ð13Þ

where Rg is a constant set equal to 462 J kg−1 K−1 for water vapour.

3.3. Numerical simulation

Numerical simulations are carried out with the commercial
COMSOL Multiphysics finite element software package, which uses
quadratic interpolation for velocities and linear interpolation for
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pressure. A typical mesh for our calculations contains 6662 triangular
elements and is refined near the exit (see Fig. 1). Equations are
solved with the UMFPACK direct solver with a stringent convergence
criterion. We further verified that the mass flux is conserved, such
that the mass flux at the top of the domain, Qout, differs from the
mass flux at the base of the domain, Qin by less than 1‰, i.e.(Qin−Qout)/
Qin)b10−3).

3.4. Boundary conditions

As magma exits the vent, boundary conditions change markedly as
velocity that is kept at zero at the walls changes direction over small
distances. There is therefore a transition zone where magma is
subjected to sudden acceleration and elongational deformation. Gas
bubbles that are overpressured can undergo sudden decompression
and expansion. Following studies of polymer extrusion (Venet and
Vergnes, 2000; Arda andMackley, 2005), we focus on the initial stages
of extrusion and extend the computational domain outside the exit
vent over a small height, as shown in Fig. 1(a). Flow conditions
correspond either to lateral spreading (i.e. exogenous growth) or
vertical extrusion (i.e. a lava spine). In the former case, magma is
allowed to flow freely, which will be referred to as LU conditions (for
laterally unconstrained). In the latter case (vertical protrusion), lateral
spreading is prevented, for example due to banking against pre-
Fig. 3. Gas volume fraction in the upper conduit for LU exit condition (a) and LC exit conditio
than 60% is present on the upper 20 m of the conduit at the wall for case LU. Profiles of vesi
(dashed line) and LC exit condition (continuous line). Note that the two different boundary c
are listed in Table 1.
existing solidified lava, which will be referred to as LC conditions (for
laterally constrained). In all cases, the flow pressure is set at 4 MPa at
the 4930 level, 100 m below the vent (Fig. 1a). The eruption discharge
rate is solved as part of the solution, and changes slightly depending
on the exit boundary conditions and on the amount of microlites that
are allowed to grow. We have also considered two different conduit
shapes, one with vertical walls and the other with a flaring upwards
structure. Table 1 recapitulates the various inputs and conditions for
all calculations reported in this paper.

For LU (laterally unconstrained) conditions, the change from vertical
to horizontalflow involves large velocity gradients that are not present in
the vertical protrusion case (see Fig. 2(a)) aswell as a suddenacceleration.
This generates large gas pressures near the wall (see Fig. 2(b)) and tends
to decrease the gas pressure in the axial region away from the walls, as
explained in Massol et al. (2001). The vertical velocity profile is also
affected, but by only small amounts because of mass conservation.

4. Results

4.1. Effect of exit conditions on the gas content of erupting lava

We first investigate the effect of boundary conditions without
taking into account crystallisation, i.e. αcx=0. Fig. 3 shows the
distribution of vesicularity for the two exit conditions. Thick black
n (b). The thick line represents a vesicularity of 75%. Note that a zone of vesicularity less
cularity (c) and dissolved water content (d) are shown at the vent for LU exit condition
onditions lead to very different vesicularity profiles at the vent. Calculation parameters
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lines corresponds to 75% vesicularity representing the maximum
value measured in active lava domes (Anderson and Fink, 1989;
Ramsey and Fink, 1999; Ramsey and Dehn, 2004). For larger values,
gas escape is likely to occur but this is beyond the scope of the present
paper. For LU exit conditions, one can clearly see on Fig. 3(a) and (c) a
ring of low vesicularity values (less than 50%). There are large lateral
variations of gas content and gas pressure (Fig. 3(c) and (d)). The
vesicularity varies from 2% to 70% over distances of a few meters (see
Fig. 3), depending on the boundary condition. Thus, magma parcels
with different gas contents are likely to be erupted simultaneously
from different parts of the conduit, whichmay account for some of the
vesicularity range recorded in lava domes (Anderson and Fink, 1989,
1990; Hoblitt and Harmon, 1993; Ramsey and Fink, 1999; Ramsey and
Dehn, 2004; Kueppers et al., 2005). Such variations are intrinsic to the
flow process and should be taken into account in petrological studies.
Vitrophyre margins have been observed both lining up fossil eruption
conduit walls (Stasiuk et al., 1996) or within complex dome sequences
(Riggs and Carrasco-Nunez, 2004). Such gas-poor units have been
explained by gas escape in the vertical direction through the highly
sheared mechanical boundary layer at the walls (Gonnermann and
Manga, 2003) or in the horizontal direction through permeable
country rock (Stasiuk et al., 1996). Vertical gas escape channels along
the conduit walls may penetrate through thin domes but this
is unlikely when the dome is thick. Exogenous dome growth, however,
corresponds to the LU exit conditions, for which our calculations
predict a gas-poor boundary layer at the conduit walls (Fig. 3). This
Fig. 4. Vesicularity in the upper conduit for different maximum crystal contents. Note that th
of the conduit. Parameter V⁎cx represents the maximum volume fraction of crystals at the ex
calculation domain for V⁎cxN0.2. Calculation parameters are listed in Table 1.
peculiar horizontal variation of gas content may explain the nearly
vertical vitrophyre horizons observed in dissected lava domes (Riggs
and Carrasco-Nunez, 2004). We shall return to this issue later.

4.2. Degassing-induced crystallisation

We have considered various values of parameter αcx in order to
evaluate the effect of crystallization. Fig. 4 shows the vesicularity
distribution for two extreme cases. Decreasing the microlite content
acts to decrease vesicularity values away from the conduit walls for
both exit conditions. This result may seem counter-intuitive as
crystallization is usually expected to induce volatile exsolution. In
our case, however, crystallization acts to increase viscosity and hence
to impede bubble expansion (Fig. 5), leading to larger gas over-
pressures and hence to larger dissolved water contents (Fig. 6). Note
that the gas overpressure is largest at the axis because the ascent
velocity, and hence the decompression rate, is largest there. Near the
walls where the vertical velocity drops to zero, the decompression rate
is small, implying that viscous retardation is not effective and hence
that exsolution proceeds unhampered. The major effect of microlite
crystallisation is to increase radial differences between the conduit
walls and axis for almost all flow conditions. For LU exit conditions
and no crystals, the abrupt change in flow conditions produces a ring
of gas-poor magma at the edge of the vent with αb60%. As the crystal
content increases, this ring of gas-poor magma is thinner and sits next
to an intermediate ring of gas-rich magma. For the LC exit conditions,
ere is a general decrease in vesicularity with crystal content especially in the central part
it (see also Fig. 6). For Figure (d), critical volume fraction of crystals vm is reached in the



Fig. 5. Horizontal velocity for two different crystal contents. (a): αcx=0 and (b): αcx=1.2.
The two thick lines marked 0.1 and 1 are isovalues of the ratio u/w. Note that for
increasing crystallinity, there is a largest part of the conduit where the vertical
component of the velocity dominates over the radial component. Calculation
parameters are listed in Table 1.
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there is no outer ring of gas -poor magma and the gas content is
largest at the walls. In this case, the lateral pressure gradient would
drive gas flow towards country rock.

4.3. The shape of the conduit

In comparison to purely vertical ones, walls that flare upward
induce a smaller ascent rate for a constant discharge rate. Thus, gas
expansion is enhanced, leading to smaller values of gas pressure at the
vent. The discharge rate, however, is not fixed in our calculations and
depends on the exit pressure and magma density, which both depend
on the gas content. In this case, differences of gas content counter-
balance the changes of conduit shape, so that the mass flux is almost
the same (Table 1). Vesicularity values are shown in Fig. 7(a–b) for
both conduit shapes. Flaring upwards leads to values of vesicularity
and gas pressure that are about 10% higher and lower by about
0.2 MPa, respectively. Detailed profiles are shown in Fig. 7(c)–(f). A
narrow conduit may thus favor denser and potentially more explosive
domes, enhancing the effects described by De Michieli Vitturi et al.
(2008). The effects of crystallization are the same for both conduit
shapes.
4.4. Magma fracturing and stability of magma exit conditions

Fractures in the interior of the Montserrat lava dome were made
visible after a collapse event, indicating that highly crystalline magma
behaves as a brittle liquid (Sparks et al., 2000). The experiments and
observations of polymer extrusion by Migler et al. (2002); Venet and
Vergnes (2000); Arda and Mackley (2005) indicate that fracturing is
most likely due to extensional deformation generated by the change of
flow conditions occurring at the vent. We discuss later other
mechanisms that have been proposed in the light of our results. To
evaluate the deformation regime, we follow magma parcels along
streamlines and calculate the principal stress components. The
tangential stress is defined as follows:

Πtt =
¼
Π d t

→h i
d t
→ ð14Þ

where t
→

is the unit vector tangential to the streamline. We also
evaluate deformation rates and principal stress values along stream-
lines. In the two types of conduits, deformation is in compression just
below the vent and in extension at the vent and above (Figs. 8 and 9).
The extensional stress increases with increasing crystal content
(Fig. 8). Elongation is largest at the edge of the vent, and tension
reaches values of −1MPa to −3MPa, which is in the range of values for
the tensile strength of magma (Romano et al., 1996; Hale and
Muhlhaus, 2007). Another fracture criterion relies on the principal
stress difference (i.e. along the principal directions of the stress
tensor), which is analogous to the hoop stress used to evaluate roof
failure in mine galleries and tunnels. The principal stress difference at
the edge of the vent may be as high as 3 MPa even for the very small
eruption rates and velocities of these model calculations. Under such
conditions, failure is once again likely.

These results indicate that large tensile stresses develop in lava
flows exiting a vent. Such a deformation regime does not exist for
the LC exit condition, which is such that magma continues to rise
vertically out of the vent. Because of the geometrical constraints,
fracturing is initiated along the edges of the vent which may have
two consequences. One is simply the degassing of the volatile-rich
conduit margin below the vent, which may account for the ring
fractures that have been observed at Lascar volcano, Chile, and
Santiaguito, Guatemala (Matthews et al., 1997; Bluth and Rose,
2004). Another consequence is that the ring fracture structure
allows magma to rise vertically, leading to the growth of a spine. In
other words, LU exit conditions are unstable to magma fracturing
and lead to LC ones. Interestingly, the magnitude of tensile stresses
increases with the crystal content. For given magma composition
and eruption conditions, the eruption rate is likely to decrease
with time as the reservoir pressure drops due to magma with-
drawal, which enhances gas expansion and hence diminishes the
gas overpressure. In turn, this acts to enhance volatile exsolution
and hence degassing-induced crystallisation. We therefore suggest
that fracturing occurs when the crystal content reaches some
threshold value, because it implies that tensional stresses are large
enough.

Other mechanisms or flow conditions have been put forward for
magma fracturing. Cashman et al. (2006) have shown that the
solidified crust of a lava flow may break due to a change in shear
stress within the flow. Gonnermann and Manga (2003) proposed
shear failure along the conduit walls due the large shear stresses
that develop there. We suggest, however, that extensional failure is
a better candidate for lava domes. One reason is that it is
documented by a large number of very careful polymer extrusion
experiments that were developed over several decades, as already
discussed above. Another reason is that fracturing events seem to
be episodic and short-lived, exactly as in the polymer experiments.
Indeed, Bluth and Rose (2004) found that short-lived explosions
(30–60 s) at Santiaguito volcano were emitted from a ring-shaped



Fig. 6.Main parameters profiles across the exit of the conduit for LC boundary condition: Figs (a), (c) and (e) and for LU boundary condition: Figs (b), (d) and (f). Black line corresponds
to αcx=0.45 and dashed lines respectively to αcx=0 (dots) and to αcx=1.2 (thick dashed line). Increasing the crystals content leads to an increase in the radial component of the
gradient of all parameters. Calculation parameters are listed in Table 1.
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set of fractures in the dome surface and were correlated with
extrusion rates. They attributed these to shear failure along the
walls following Gonnermann and Manga (2003). It is not clear,
however, why shear failure along the conduit walls would operate
at shallow depth during dome growth, when the eruption rate and
hence shear stresses are small. We expect this mechanism to be
most significant during high-speed explosive phases. Tuffen and
Dingwell (2005); Tuffen et al. (2003) have reported on the
structures of shallow volcanic conduits feeding lava flows in
Iceland. Observations are available over a depth extent of about
30 m beneath the lava flow that was fed by the dyke-like conduit,
i.e. over the same scale than our calculations. Vesicle-free obsidian
lining up the wall encloses vesicular obsidian in the center, which is
reminiscent of the horizontal vesicularity variations obtained in our
calculations. Fractures are absent from the centre of one conduit,
which may be explained by the stress field shown in Fig. 8(a)–(d),
which emphasizes that tensile stresses are largest at the walls.
With increasing distance from the wall, fractures undergo



Fig. 7. Vesicularity in the upper conduit for two conduit geometries (a) and (b). Someof isocurves of vesicularity are highlighted. Note that vesicularity increaseswhen the conduitflares upward. Velocity (c) and (e), pressure (d) and vesicularity (f)
profiles at the exit of the conduit for the two geometry. Dashed line representing straight conduit and continuous line, flared conduit. Note again the pressure decrease in the case of flaring conduit. Calculation parameters are listed in Table 1.
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Fig. 8. Stresses tangential to the streamline in the upper conduit for two different geometries and crystal content. Contours represent zones where magma is traction. Maximum
tensile stress is located near the conduit wall at the exit of the conduit and its value increases with crystal content and sharp geometry. It attains values of order of tensile strength for
magma (Romano et al., 1996) (3 MPa in the case of high microlite content and straight conduit). Calculation parameters are listed in Table 1.
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deformation parallel to the magma flow direction and are
progressively rotated toward the vertical. The key observation is
that fractures close to the wall cut across flow structures, i.e.
streamlines, which is consistent with them being due to tensile
failure of magma under extension. Shear failure due to stress
concentration at the vent has recently been suggested for dome
flows by Hale and Wadge (2008) in association with shear bands.
We agree with the basic principle and location of failure, but favor
a different mechanism. Hale and Wadge (2008) note that the
growth regime of lava domes is largely controlled by volatile
behaviour and crystallization in the upper part of the conduit, but
their model does not allow for volatile exsolution and gas excess
pressure.

5. Discussion and conclusion

We have studied the dynamics of compressible magma flowing
out a volcanic vent during dome emplacement. The abrupt change of
boundary condition at the conduit exit induces large tensile stresses
that are likely to overcome the tensile strength of magma. Such
stresses cannot be calculated reliably without proper boundary
conditions, and ultimately through a fully-coupled conduit-dome
flow model as in Hale and Wadge (2008). In more general terms, we
stress two important results of our calculations. One is the necessity
to properly account for lateral gas pressure variations and the
associated changes in rheology and density that arise in compres-
sible magma flows. Another important result is that large tensile
stresses are generated by abrupt variations of flow conditions. We
have studied these at the exit of a volcanic vent, where flow switches
from vertical to horizontal motion over small distance, but the same
phenomena are probably caused by abrupt changes of conduit shape
and width at depth. We note that low-frequency events on Soufriere
Hills, Montserrat, are generated by a repetitive process acting at a
single location (Neuberg et al., 2006). This location remains fixed as
the eruption rate changes, which suggests that events are not due to
some process internal to the flow, but to some specific geometrical



Fig. 9. Elongation rates along streamlines and principal stresses for different geometries
((a): flared conduit and (b) straight conduit). Crosses represent principal stresses
directions and arrow length is proportional to stresses values. Values at the exit corner
are indicated in the Figure. Calculation parameters are listed in Table 1.
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feature of the conduit system. We propose that the Soufriere Hills
low-frequency events are due to tensile failure of crystal-bearing
magma flowing through a major constriction or step-change in
conduit width.
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Appendix A. Equation of state for vesicular crystal-bearing magma

We derive an expression for the density of microlite bearing
magma as a function of pressure. We call M0 the total mass of the
mixture. Before degassing, mixture consists of magmatic liquid and
dissolved water. Hence,

M0 =Ml0 +Md0: ð15Þ

As degassing proceeds, we must account for melt, crystals,
dissolved volatiles and gas, so that:

M0 =ml +mcx +mvd +mg : ð16Þ
where subscripts are self-explanatory. Defining fcx as themass fraction
of crystals in the partially molten phase,

fcx =
mcx

mcx +ml +mvd
; ð17Þ

and x as the mass fraction of dissolved water,

x =
mvd

ml +mvd
; ð18Þ

The mass of gas is equal to:

mg =Ml0
x0

1−x0
−ml

x
1−x

ð19Þ

Substituting for these variables in 16, we obtain,

ml +mcx +mvd =M0− Ml0
x0

1−x0
−ml

x
1−x

� �
ð20Þ

Introducing x, M0 and fcx in this equation leads to:

Ml0 = 1−x0ð ÞM0; ð21Þ

ml = 1−x0ð ÞM0
1−fcx

1 + fcx x
1−x

; ð22Þ

mcx =M0fcx 1−x0ð Þ 1 +
1−fcx

fcx + x
1−x

� �
ð23Þ

mg =M0 x0−
1−x0ð Þ 1−fcxð Þ

1−x
x + fcx

 !
ð24Þ

Finally, we neglect the volume of dissolved volatiles in the melt
phase and obtain:

1
ρ
=

1
ρcx

fcx 1−x0ð Þ 1 +
1−fcx

fcx +
x

1−x

0
B@

1
CA

2
64

3
75

+
1
ρg

x0−
1−x0ð Þ 1−fcxð Þ
1−x
x

+ fcx

0
B@

1
CA

2
64

3
75

+
1
ρt

1−x0ð Þ 1−fcx

1 + fcx
x

1−x

2
64

3
75

ð25Þ

We have considered several values of coefficient αcx in order to
generate different microlite contents. One way to evaluate the
consequences of crystallization is through the consequences for volatile
exsolution. As crystallization proceeds, the residual melt phase must
lose volatiles to sustain equilibrium with the gas phase. At 0.1 MPa
pressure, corresponding to exit conditions, themass fraction of exsolved
water is 0.47 if crystallization is not allowed. For αcx=1.2, the largest
value considered in this paper, this increases to 0.59. Such a variation
implies of course that more gas is driven out of the melt phase.
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