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Abstract

Conduit flow modeling aims to understand the conditions of magma at depth, and to provide insight into the physical processes

that occur inside the volcano. Low-frequency events, characteristic to many volcanoes, are thought to contain information on the

state of magma at depth. Therefore, by incorporating information from low-frequency seismic analysis into conduit flow modeling

a greater understanding of magma ascent and its interdependence on magma conditions and physical processes is possible. The 2D

conduit flow model developed in this study demonstrates the importance of lateral pressure and parameter variations on overall

magma flow dynamics, and the substantial effect bubbles have on magma shear viscosity and on magma ascent. The 2D nature of

the conduit flow model developed here allows in depth investigation into processes which occur at, or close to the wall, such as

magma cooling and brittle failure of melt. These processes are shown to have a significant effect on magma properties and

therefore, on flow dynamics. By incorporating low-frequency seismic information, an advanced conduit flow model is developed

including the consequences of brittle failure of melt, namely friction-controlled slip and gas loss. This model focuses on the

properties and behaviour of magma at depth within the volcano, and their interaction with the formation of seismic events by brittle

failure of melt.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The style of volcanic eruptions, whether explosive

or effusive, is directly linked to the physical processes

and conditions occurring at depth within the volcano. It

is these processes that conduit flow models attempt to

recreate, to obtain further insight into eruption styles

and magma properties. Conduit flow modeling, there-

fore, requires an accurate description of both fluid

mechanics and magma properties (Fig. 1).

Magma conduit flow was first modeled by Wilson et

al. (1980) who made a number of simplifying assump-

tions, such as averaging flow properties at each depth
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(1D), and neglecting viscosity changes with depth.

Subsequent work has extended significantly the pro-

cesses and conditions investigated by conduit models,

including, for example, variations in viscosity (Mastin

and Ghiorso, 2000; Melnik and Sparks, 1999; Papale

and Dobran, 1993), fragmentation processes (Dobran,

1992; Mastin and Ghiorso, 2000; Papale et al., 1998),

crystal growth (Melnik and Sparks, 1999, 2002) and

adiabatic temperature changes (Buresti and Casarosa,

1989; Mastin, 1995).

All of the conduit models mentioned above make the

underlying assumption that flow properties can be aver-

aged across the conduit at each depth, i.e. modeling in

one dimension. While this assumption seems justified

given the large length of conduits compared to their

width, the analytical expressions of Massol and Jaupart
al Research 152 (2006) 331–346



Fig. 1. Sketch of the volcanic conduit system during an effusive

eruption where fragmentation is not achieved and the highly viscous

magma is extruded from the conduit as a spine or a dome.
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(1999) and the 2D compressible models of Massol et al.

(2001) indicate that significant lateral variations of

magma properties can develop, altering overall flow

behaviour.

Within this paper, a 2D conduit flow model is de-

veloped using a Finite Element Method (FEM) to ex-

plore further the effects of lateral parameter variations

on overall flow dynamics, and to investigate the con-

ditions of magma at all positions within the conduit.

The 2D nature of the model enables processes to be

explored which occur close to, or at, the conduit wall,

such as magma cooling and fracturing of melt. Further-

more, the effect these processes may have on the over-

all flow behaviour of magma within volcanic conduits

can be fully explored.

One of the main aims of this paper is to incorporate

seismic observations into conduit flow modeling to

enable further understanding into the physics of

magma conditions and flow at depth. Key volcanic

seismic events are the so-called low-frequency events,

observed at many silicic volcanoes including Redoubt,

Alaska (Stephens et al., 1994) and Soufrière Hills,

Montserrat (Miller et al., 1998). Lahr et al. (1994)

further subdivided this group into long period and

hybrid events, though both event types have the char-

acteristic low frequency content and therefore, within

this study will be collectively referred to as low-fre-

quency (LF) events. These events contain information
on processes which are occurring at depth in volcanic

conduits, and are therefore key observations to consider

when modeling magma flow at depth. By combining

the disciplines of seismic analysis and magma flow

modeling a greater insight into the state of magma at

depth can be inferred than from each discipline alone.

Specifically, the possibility of melt reacting in a brittle

manner and fracturing at localised points within magma

conduits, releasing seismic energy 3 producing ob-

served seismic events is studied (Goto, 1999; Tuffen

et al., 2003; Neuberg et al., in press). An advanced

conduit model is developed that includes the proposed

consequences of brittle failure of melt, friction-con-

trolled slip and gas loss, such that the effect of these

mechanisms on the overall magma flow dynamics and

eruption style can be fully explored.

2. 2D compressible flow dynamics

2.1. Governing equations

Magma flow is modeled using the Navier-Stokes

equation. Silicic magma is observed to be compressible

due to its gas content, and its viscosity can vary over

several orders of magnitude within conduits, and cannot

be assumed to be constant (Bagdassarov and Dingwell,

1993). However, magma flow can be assumed to be

steady and laminar, thus the inertial terms are neglected.

Therefore, the equation of motion is,

�jP þjd gb jUþ jUð ÞT
� �

þjk jdUð Þ �qbg¼ 0;

ð1Þ

and the compressible continuity equation,

jd qbUð Þ ¼ 0: ð2Þ

Here k is the second coefficient of viscosity, which

can be alternatively expressed as fb�2gb/3, where fb
and gb are the volume and shear viscosities of the

magma, respectively. qb is the density of the bulk

magma, and U=(u, v) is the velocity vector field of

the flow.

The bulk magma is assumed to consist of a mixture of

melt, crystals and gas bubbles. However, it is assumed

that the bulk properties of the magma are averages of

these three individual phases weighted by their volume

fraction. Bulk magma properties are labeled with the

subscript dbT, melt properties with dmT, gas properties

with dgT, and crystal properties with dcT. Therefore, the
density of the melt and crystal mixture is given by,

qmþc ¼ qm 1� vcð Þ þ qcvc; ð3Þ



Table 1

Parameters and constants used, chosen to represent silicic magma, specifically Soufri‘ere Hills magma. The ranges indicate the parameters used

within the sensitivity analysis and the values in brackets are the default values used, unless otherwise stated

Parameter Value Reference

Melt density, qm 2200–2400 (2300) kg m�3 Rivers and Carmichael (1987)

Crystal density (An53), qc 2680 kg m�3 Carmichael (1990)

Crystal content, vc 30–40 (30)% Devine et al. (1998)

Rock density, qr 2300–2700 kg m�3 Melnik and Sparks (2002)

Magma temperature, T 1090–1150 (1120) K Devine et al. (1998)

Total H2O conc., co 0.037–0.048 (0.0425) Barclay et al. (1998)

Excess chamber pressure, Pch 0–20 (10) MPa Sparks (1997)

Temp. di erence, DT 100–200 (150) K Section 3

Surface tension, C 0.05 N m�1 Lyakhovsky et al. (1996)

Solubility constant, Kh 4.11�10�6 Shaw (1974)

Bubble radius, R 10�7–10�4 m Eq. (7)

Bubble. no. density, n 1012 m�3 Hurwitz and Navon (1994)

Gas density, qg 50–300 kg m�3 Eq. (5)

Mol. weight of water, M 0.018 kg mol�1 General constant

Ideal gas const., Cg 8.314 J mol�1K�1 General constant

Conduit radius/half-width, a 15 m Sparks et al. (2000)

Magma chamber depth, L 5000 m Barclay et al. (1998)

Melt shear viscosity, gm 104–108 Pa s (Hess and Dingwell, 1996)

Magma shear viscosity, gb 103–106 Pa s calculated

Melt heat capacity, Cp
m 1604 J (K kg)�1 Spera (2000)

Gas heat capacity, Cp
g 30 J (K kg)�1 Ideal gas

Magma heat capacity, Cp
b 1132 J (K kg)�1 Cm

p (1�vg)+C
g
pvg

Rock heat capacity, Cp
r 800 J (K kg)�1 Gu‘eguen and Palciauskas (1994)

Melt conduct., km 1.04 W (m K)�1 Murase and McBirney (1973)

Gas conduct., kg 0.07 W (m K)�1 Gu‘eguen and Palciauskas (1994)

Magma conduct., kb 0.35/0.67 W (m K)�1 min/max Hashin-Shrikman bounds

Rock conduct., kr 2.25 W (m K)�1 Gu‘eguen and Palciauskas (1994)

Permeability, K 10�12 m2 Melnik and Sparks (2002)

Friction coeff., b 5�106 Pa s m�1 –
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where vc is the volume fraction of crystals w.r.t. the melt

and crystal mixture, which is taken to be constant (Table

1). qm and qc are the densities of the melt and crystal

phases, respectively. Hence, the density of the bulk

magma (melt, crystals and gas) is given by,

qb ¼ qmþc 1� vg
� �

þ qgvg: ð4Þ

Here vg is the volume fraction of gas w.r.t. the bulk

magma, and qg is the gas density which is determined

through the ideal gas law,

qg ¼
MP

CgT
; ð5Þ

with M as the molecular weight of water, T as the

magma temperature and Cg as the ideal gas constant

(Table 1).

Within the magma the concentration of water dis-

solved within the melt at any particular pressure is

given by Henry’s solubility law,

cm ¼ KhP
n; ð6Þ
where Kh=4.11�10�6 Pa�1/2 is the solubility constant

and n =1/2, both calibrated experimentally for a rhyo-

litic melt at low pressures with water as the only

volatile in the system (Shaw, 1974). As depth

decreases, pressure reduces allowing water to exsolve

out of the melt and form gas bubbles, which then

increase in size with decreasing depth as more water

comes out of solution (Navon et al., 1998),

R3 ¼ S30qm c0 � cmð Þ
qg

: ð7Þ

where R is the bubble radius, S0 is the initial size of the

melt shell determined from the bubble number density,

n, which is assumed to be constant (Table 1),

S30 ¼
3

4pn
; ð8Þ

with c0 as the initial water content within the melt. This

increase in bubble size with decreasing depth and pres-

sure causes an increase in gas volume fraction (vg) and

therefore, a decrease of density of the bulk magma (Eq.

(4)).
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Other parameters to be solved for the flow of magma

are the volume and shear viscosities of the magma. The

volume viscosity of the magma (fb) is determined

simply through the gas volume fraction (Prud’Homme

and Bird, 1978),

fb ¼
4

3

gmþc 1� vg
� �
vg

; ð9Þ

where gm+c is the shear viscosity of the melt and

crystal mixture. The shear viscosity of the melt is

dependent on the magma temperature, T, and the con-

centration of water dissolved within the melt, cm (Eq.

(6)). Hess and Dingwell (1996) developed an empirical

expression for the shear viscosity of rhyolitic melt

which is used throughout this study. The inclusion of

solid crystals acts to increase shear viscosity, and for

crystal contents b40% this effect can be represented by

the Einstein-Roscoe equation,

gmþc ¼ gm 1� vc
vmax
c

� ��2:5
; ð10Þ

where vc
max is the volume fraction of crystals at which

maximum packing is achieved, vc
max60.6, (Marsh,

1981). In a similar fashion, the presence of gas bubbles

also has an effect on the bulk shear viscosity of magma

flow (Llewellin et al., 2002; Manga and Loewenberg,

2001; Stein and Spera, 2002). Gas bubbles have been

observed experimentally to increase or decrease with

shear viscosity, depending on their deformation (Bag-

dassarov and Dingwell, 1993; Stein and Spera, 1992).

A spherical, undeformed bubble causes the flow to

move around the bubble and increases the viscosity of

the magma. However, if the bubbles are deformed and

elongated due to flow and high strain rates, the in-

creased surface area of the bubbles allows slip to

occur, decreasing the bulk shear viscosity of the

magma (Manga et al., 1998). The capillary number

(Ca) indicates which regime the magma system is in,

Ca ¼
gmRėe

C
; ð11Þ

where ė is the strain rate of the magma flow, R is the

undeformed bubble radius, and C is the surface tension

of the bubbles. When Cab1, the bubbles are unde-

formed, and the shear viscosity of the magma is in-

creased. Whereas, when CaN1, the elongated,

deformed bubbles decrease the magma shear viscosity.

Within the model developed here, the dminimum

variationT suggested by Llewellin and Manga (2005)

is applied:

If Cab1: grel ¼ 1� vg
� ��1 ð12Þ
If CaN1: grel ¼ 1� vg
� �5=3

: ð13Þ

Here grel =gb/gm+c, is the viscosity of the magma,

relative to the viscosity of the melt and crystal mixture

(gm+c) (Eq. (10)).

In this way, the viscosities of the magma are mod-

eled to be dependent on the melt, crystal and bubble

phases and content. The input parameters and constants

used in the conduit flow models are listed in Table 1.

Values are chosen to represent, as closely as possible,

the magma of Soufrière Hills Volcano, and where single

values cannot be justified, an entire range is given,

consistent with silicic magma.

2.1.1. Gas loss theory

Magma conduit models are generally assumed to be

closed, hence, no gas is lost from the conduit system.

However, it is generally accepted that gas is lost from

magma conduits and volcanic systems, as steam and

gas is observed to escape at volcanic domes, e.g. at

Soufrière Hills Volcano (Edmonds et al., 2003; Sparks

et al., 2000). From field observations it seems also clear

that gas is lost from magma conduits (Eichelberger et

al., 1986; Stasiuk et al., 1996), though the exact mech-

anism for this loss is not fully understood. Here the 2D

conduit flow model is extended to include gas loss, i.e.

an open conduit.

Gas loss within the models is assumed to occur

horizontally through the conduit wall into the surround-

ing country rock, helped by the formation of fractures

and cracks, as proposed by Jaupart and Allègre (1991)

and Jaupart (1998). At each depth the gas volume

fraction is determined by considering the amount of

gas exsolved from the melt and the amount of gas lost

into the surrounding country rock.

Bvg
Bz
¼ 1� vg
� �2qm

qg

BP

Bz

vg
qm 1� vg
� � M

CgT
þ 1=2cm

 !"

� 2qg

qma

#
; ð14Þ

where qm is the flux of the melt. The degree of gas lost

from the magma, qg, is determined through Darcy’s

Law (Jaupart and Allègre, 1991),

qg ¼ PdriveKeffvgqg; ð15Þ

which depends on the effective permeability of the

magma and country rock (Keff; Table 1) and the sur-

rounding country rock and the driving pressure

(Pdrive), which is defined as the difference between

magma pressure and the lithostatic country rock pres-



Fig. 2. Schematics of the conduit model, taken to be a cylindrical pipe

assuming axial symmetry (shaded area). Boundary conditions and

dimensions are as marked.
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sure. The effective permeability (Keff) is dependent on

the permeability of the rock/magma (K), the viscosity

of the gas (gg), and a length scale, L, taken as the

typical distance for the pressure decrease, Pdrive, to

occur,

Keff ¼
K

ggL
: ð16Þ

This theory of Jaupart (1998) is extended to allow

for 2-dimensions, by considering the extra distance gas

from the centre of the conduit is required to travel

before it is considered dlostT (i.e. in L). This implies

that within the 2D conduit models, more gas is

expected to be lost from the conduit wall than from

the centre of the conduit.

Within the FEM conduit flow models, by setting the

horizontal gas flux to zero, no gas is lost from the

system and therefore, the conduit model is closed.

Whereas by allowing the gas flux to be non-zero, gas

is lost from the system and the conduit model is open

(with parameters as in Table 1). The advantage of this

flexibility is that gas loss can be included for the whole

conduit length, or only at certain depths, and the effect

on magma flow and therefore, the eruption style at the

surface can be studied.

2.2. Boundary conditions

The conduit flow model is set up as shown in Fig. 2,

assuming a cylindrical geometry with constant radius,

a =15 m (Sparks et al., 2000; Watts et al., 2002). The

length of the conduit is taken to be 5000 m, extending

from the magma chamber depth to the surface (Barclay

et al., 1998).

The magma ascent is driven by a pressure gradient

set-up by the boundary conditions at the magma cham-

ber depth and at the conduit exit. At the magma cham-

ber depth the pressure is set to equal the lithostatic

country rock pressure (Plith) plus a certain excess

chamber pressure (Pex), and at the conduit exit the

pressure (normal stress) is taken to be equal to the

atmospheric pressure (Patmos). This upper boundary

condition is taken to represent magma being extruded

from the conduit forming spines which are continuous-

ly eroding due to gravitational collapse. No dome above

the conduit is assumed.

The range of possible values for the excess chamber

pressure is estimated from the strength of the country

rock surrounding the magma conduit. Sparks (1997)

suggests ranges of 5–20 MPa for Soufrière Hills Vol-

cano, and Stasiuk et al. (1993) estimated excess cham-
ber pressures of 10–23 MPa for Lonquimay 10

Volcano, Chile. In this study a range of flow behaviours

with Pex=0–20 MPa is investigated (Table 1). The

model is assumed to be axial symmetric such that the

region required to be modeled can be reduced to the

shaded area (Fig. 2).

The conduit wall is the boundary between the flow-

ing viscous magma and the stationary solid rock. The

standard boundary conditions for Newtonian fluids is

no slip, i.e. U=(u, v)=0 at the wall. However, it is

likely in magma conduits that fracturing at the conduit

wall would allow friction-controlled slip to occur. The

2D conduit flow models developed here have been

extended to incorporate this boundary condition, i.e.

allowing for a finite magma flow velocity at the wall

dependent on the degree of friction, by using the Navier

slip condition (Lamb, 1945),

� gb
Bv

Bc
¼ bv; ð17Þ

and

u ¼ 0: ð18Þ
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Here b is the friction coefficient (Table 1), alterna-

tively defined as,

b ¼ gb
L
; ð19Þ

where L is the slip distance. Hence, it is possible to

explore the effects of such boundary conditions on

magma properties at depth in the volcano and the

overall flow dynamics.

2.3. Model summary

The previous sections list the key equations solved

for within the 2D conduit flow models. The models are

solved using Finite Element Methods through the

software package FEMLAB from Comsol (www.uk.

comsol.com). Within FEMLAB the geometry of the

model is first assigned then a non-regular, triangular

mesh is applied which allows an accurate representa-

tion of the geometry. The mesh is non-adaptive and

typically contains 9 elements across the conduit and

around 600 along the conduit length. The entire model

consists of 5520 elements and 38306 degrees of free-

dom. The fundamental equations governing flow and

magma properties (Eqs. (1)–(13)) are non-dimensiona-

lised and solved simultaneously within FEMLAB ap-

plying the relevant boundary conditions (Section 2.2)).

Models were run with different mesh resolutions to

check the numerical convergence of the models.

2.4. Compressible flow parameters

First, to illustrate compressible flow dynamics, the

variation of magma properties with depth and lateral

position is investigated. The 2D conduit flow model is

set with no slip boundary condition at the conduit wall

and gas loss is excluded such that the magmatic system

is considered closed.

2.4.1. Parameter variations with depth

Parameters, such as the dissolved water content, the

gas volume fraction and the magma shear viscosity,

depend directly on the pressure (e.g. Eq. (6)), and

therefore, vary with depth. The values of these para-

meters have a strong 12 influence on the overall flow

characteristics of the magma, and therefore, on the

eruptive style.

Gas is observed to be exsolved at depths 3000–3500

m, and this dnucleation depthT decreases as the excess

chamber pressure is increased (Pch) due to the

corresponding rise in pressure at this depth (Fig. 3(a)).

Further gas is exsolved as the magma rises (decreasing
depth), causing a corresponding decrease in magma

density and increase in magma flow velocity, due to

mass conservation (Fig. 3).

Within these closed conduit models, the gas volume

fraction at the conduit exit is observed to be unreason-

able high (Fig. 3(c)). It is thought that above gas

volume fractions of 75% magma fragments, however

such mechanisms are beyond the scope of our models.

These high values are obtained due to the assumption of

a closed conduit system. In later sections, the inclusion

of gas loss reduces the gas volume fraction to more

reasonable values. The high gas volume fractions with-

in this model also increase the flow rate of magma

through the conduit, as illustrated in Fig. 3(b). Typical

average flow velocities modeled are 0.1–0.5 m s �1,

with the flow increasing to around 1 m s �1at the

conduit exit. Estimated ascent rates from petrological

studies suggest that Soufrière Hills Volcano magma

rises at the speed of 0.001–0.01 m s�1(Rutherford

and Gardner, 2000). These observations are noticeably

lower than those modeled here, however it will be seen

in later sections that by including gas loss within an

open conduit the magma ascent rates are reduced to

more realistic values.

The shear viscosity of the melt increases steadily as

depth is decreased in the conduit (Fig. 3(e)), as the

dissolved water content in the melt decreases 13 (Hess

and Dingwell, 1996). At shallow depths this variation is

rapid, causing the melt to be highly viscous (around 108

Pa s). Over the entire conduit length the melt shear

viscosity is seen to increase by around 3 orders of

magnitude. The shear viscosity of the magma, however,

only varies over one order of magnitude with depth (Fig.

3(f)). The shear viscosity of themagma is less than that of

the melt as the capillary number (Ca) is greater than one,

indicating the high degree of bubble deformation due to

the flow rate, causing a viscosity decrease. The variation

of magma shear viscosity with depth is more complicat-

ed than that of the melt shear viscosity due to several

factors controlling it: in general, magma shear viscosity

increases with decreasing depth, due to the effect of the

melt shear viscosity, but this factor is reduced by the

elongated, deformed bubbles (Llewellin and Manga,

2005). At very shallow depths (in the upper few hundred

metres) the shear viscosity of the magma is observed to

decrease suddenly. This is due to the effect of the elon-

gated bubbles becomes dominant over the effect of the

melt shear viscosity.

2.4.2. Lateral parameter variations

Massol and Jaupart (1999) predicted that by includ-

ing compressibility, lateral variations in pressure would

http://www.uk.comsol.com


Fig. 3. Depth variation of magma properties (a) Pressure with Pch=0/10/20 MPa as marked (r =0). (b) Maximum vertical velocity of magma. (c)

Gas volume fraction which increases as depth and pressure decreases. (d) Resultant variation of magma density (Eq. (4)). (e) Melt shear viscosity

and (f) Bulk magma shear viscosity including the effects of crystals and bubbles. All input parameters are listed in Table 1.
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develop altering the overall flow behaviour of magma.

The Finite Element Method conduit flow models of

Massol et al. (2001) observed these variations and

showed how flow velocity, for example, is altered by

including compressibility.

The 2D conduit flow model developed within this

paper illustrates that lateral pressure variations develop,

with the pressure less at the walls than at the centre.

However, this only occurs in the upper 1000 m due to

the increased 14 flow velocities, as found by Massol et

al. (2001). In general, as the flow velocity increases the

lateral parameter variations become more prominent. At

the exit of the cylindrical conduit, the lateral pressure

variation is around half the pressure at the centre of the

conduit.

These lateral pressure variations cause other magma

properties to vary across the conduit, e.g. gas volume
fraction and viscosities. Due to the variation in pressure,

gas bubbles form preferentially close to the conduit

walls, rather than within the centre of the flow. Corre-

spondingly the shear viscosity of the melt is observed to

increase rapidly as the conduit walls are approached (Fig.

4), as here the amount of water dissolved in the melt (cm)

decreases (Eq. (6)). However, due to the effect of the

bubbles, which are elongated in such a flow (CaN1),

the magma shear viscosity displays the opposite behav-

iour, decreasing as the conduit wall is approached, due

to the increased gas volume fraction in this region.

These differences between the melt and magma shear

viscosities, displayed here (Fig. 4) and in the previous

section (Fig. 3), indicate that assuming the shear vis-

cosity of the magma can be represented by the melt

shear viscosity would greatly alter flow dynamics and

therefore, the overall state of magma at depth.



Fig. 4. Variations of (a) melt shear viscosity and (b) magma shear viscosity with radial position at the conduit exit (z =0 m). The lateral pressure

changes causes gas bubbles to form preferentially at the wall, reducing the magma shear viscosity, and decreasing the dissolved water content,

increasing the melt shear viscosity.
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These results indicate that modeling conduit flow in

1D oversimplifies the problem, especially at shallow

depths, as the horizontal variations in pressure, and

hence the variation in other magma parameters are

neglected, causing the overall flow characteristics to

be altered. These results compliment those of Massol

and Jaupart (1999) and Massol et al. (2001), and dem-

onstrate the importance of modeling conduit flow in

two-dimensions including magma compressibility.

3. Validity of isothermal assumption

Isothermal conditions are used in a number of

conduit models, and are valid if the horizontal conduc-

tive heat flux into the surrounding country rock is

negligible compared to the vertical convective heat

flux (Woods, 1995). For the majority of the magma

this can be assumed. However, in a small layer adja-

cent to the conduit wall, horizontal heat flux and cool-

ing of the magma cannot be considered to be

negligible (Bruce and Huppert, 1990; Stasiuk et al.,

1993). This thin layer of cooled magma next to the

conduit wall is referred to as the Thermal Boundary

Layer (TBL), and must be considered when modeling

magma flow in 2D.

In a magma conduit, due to the low thermal con-

ductivities of melt (Murase and McBirney, 1973) the

TBL is expected to be small, though the degree by

which the magma within this region is cooled is un-

known. The shear viscosity of the melt is known to

depend on temperature (Hess and Dingwell, 1996) and

would therefore, be greatly affected by such cooling

near the conduit walls, possibly affecting overall flow

dynamics. To gain insight into the magnitude of cooling

within the magma conduit, simplified 1D heat flow

models are solved numerically using a Finite Element
Method (FEM). Heat sources due to friction and chem-

ical processes are neglected.

The width of the TBL (Thermal Boundary Layer) is

estimated by considering flow along a plane boundary

(Bird et al., 2002). This approximation is reasonable as

the diameter of a magma conduit is large in comparison

to the expected width of the TBL (dT). For simplicity a

magma is considered with a constant gas volume frac-

tion of 30% and therefore, a constant magma density 16

(Eq. (4)). The width of the TBL for such a magma is

0.3–0.5 m (parameters as in Table 1). The TBL is

therefore, only 3% of the conduit radius (a =15 m),

and hence, it can be assumed that to the first order the

isothermal assumption is valid.

To estimate the degree of cooling within this thin

TBL the temperature of the conduit wall is determined.

By applying the no slip boundary condition at the wall

the vertical velocity of flow within the TBL is negligi-

ble, i.e. v60 m s�1, for rza�dT. In the TBL,

therefore, there is no vertical heat flux due to magma

transport and the problem can be reduced to 1D con-

duction heat flow across the conduit wall in the r

direction (Fig. 5). The initial temperature of the TBL

and the constant temperature of the bulk of the magma

conduit is taken to be 1100 K, and the initial temper-

ature of the country rock is taken to be 273 K (0 8C).
The system was simulated for 20 years, representing the

length of time a magma conduit has been emplaced.

The variation of the temperature difference between

the magma temperature and the cooled wall tempera-

ture (DT) with magma emplacement time is shown in

Fig. 6. Once the magma has been emplaced within the

conduit for around 5 years DT remains relatively con-

stant within the range of 50–200 K, depending on the

thermal conductivity assumed. These 1D models are

representative of the degree of cooling felt within the



Fig. 5. Model set-up (top) with a sketch of how the temperature varies with horizontal distance, x, across the conduit wall (bottom). Here TBL is the

Thermal Boundary Layer, of thickness dT.
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TBL of a conduit with dyke geometry. For a cylindrical

conduit (Fig. 2), the effect of the curved conduit wall

boundaries would act to increase the degree of cooling,

increasing DT. Therefore, from the results of these
Fig. 6. Variation of DT =Tmagma�Twall with time of magma emplace-

ment in years. Two magma thermal conductivities are used to illus-

trate the bounds of possible magma behaviour (Table 1).
simple models, the difference between the magma and

wall temperature is estimated to lie within the range

100–200 K.

This 100–200 K decrease in temperature within the

TBL leads to a substantial increase of the melt shear

viscosity (Hess and Dingwell, 1996). If magma is taken

to have a dissolved water concentration of cm=0.02

(around 1000 m depth) the shear viscosity of the melt at

the conduit wall will be at least one order of magnitude

greater than that at the centre of the conduit with

DT=100 K, and up to three orders of magnitude greater

with DT=200 K. The estimated width of the TBL is

however small (only around 0.4 m) compared to the

conduit radius a =15 m. Therefore, the decrease in

temperature in this TBL, and corresponding increase

in melt shear viscosity, has a small effect on the overall

flow dynamics of the magma. Hence, it can be con-

cluded that the effect of cooling within the thin TBL

can be reasonably neglected when determining overall

flow characteristics. However, this distinct, and sharp,

variation of melt shear viscosity close to the conduit

walls must be considered when investigating local pro-

cesses occurring close to the conduit wall, such as

brittle failure of melt.
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4. Brittle failure of melt

Melt under certain conditions, called glass transi-

tion, has a viscoelastic rheology and, depending on the

timescale of stress, can behave as a fluid or a solid

(Dingwell and Webb, 1990). At low temperatures, and

for short stress timescales, melt is unable to flow and

responds in a brittle–solid manner, leading to fracturing

and cracking. Evidence for brittle fracturing of melt has

been observed in a number of exposed conduit sections

and dome material (Eichelberger et al., 1986; Rust et

al., 2004; Stasiuk et al., 1996; Tuffen et al., 2003).

Furthermore, Gonnermann and Manga (2003) modeled

conduit flow 18 and magma conditions at depth, and

showed that brittle failure of melt, or localised frag-

mentation as they termed it, can occur close to the walls

in magma conduits.

In glass transition viscoelastic melt rheology can be

described by the Maxwell model, with the relaxation

timescale given by (Dingwell and Webb, 1990),

s ¼ gm
lm

; ð20Þ

where gm and lm are the shear viscosity and elastic

modulus of the melt, respectively. During magma flow

within conduits conditions of glass transition are likely

to be reached and therefore, depending on the timescale

of stress perturbations, the melt could react in a brittle

manner, and fracture or crack. The onset of the condi-

tions of brittle failure can be identified to occur when

the product of the melt shear viscosity (gm) and the

shear strain rate (e)̇ is greater than the shear strength of

the melt (rm), i.e. when (Papale, 1999),

gmėe
rm

N1: ð21Þ

Within the 2D conduit flow model this brittle failure

ratio can be applied to determine where, and at what
Fig. 7. Conditions for brittle failure: (a) variation of strain rate with radial po

resultant variation of brittle failure ratio (Eq. (21)), with the conditions for
depths, brittle failure of melt could occur in magma

conduits.

As in Gonnermann and Manga (2003) brittle failure

of melt is observed to occur at depth in conduits close

to the wall, where the shear strain rate and the melt

shear viscosity is at a maximum (Fig. 7). Therefore,

brittle failure occurs within the Thermal Boundary

Layer (TBL) and would be affected by cooling within

this region, due to the corresponding increase in melt

shear viscosity.

The sensitivity of the 2D conduit flow models and

the depth of brittle failure of melt to all input para-

meters, including the degree of cooling, is tested in a

series of model runs. Each input parameter is varied

within a range (Table 1) and the depth of brittle failure

is recorded. As the depth of brittle failure is known to

be highly dependent on the degree of cooling within the

TBL, the sensitivity model runs are split into three

groups with DT=100, 150 and 200 K (Fig. 8), respec-

tively. The greater the degree of cooling within the

TBL, the deeper within the volcanic conduit brittle

failure is estimated to occur (Fig. 8). The depth of

brittle failure turns out to be highly dependent on the

degree of cooling within the TBL, varying by several

hundred metres when the wall temperature is reduced

by just 100 K (Fig. 8).

Another parameter which is found to have a signif-

icant effect on the depth of brittle failure is the shear

strength of melt (rm). This parameter is not well con-

strained and varies over one order of magnitude for

pure glass, 107–108 Pa (Tuffen et al., 2003). The lower

the strength of melt, the more easily brittle fracture can

occur (Eq. (21)), and hence, the deeper the failure

depth. Further work is necessary, therefore, to constrain

this value, and the effects of bubble and crystal inclu-

sions must be explored, as their presence may cause

stress accumulations that might substantially reduce the

effective strength of the melt (Spieler et al., 2004),
sition within the conduit, (b) variation of melt shear viscosity, and (c)

brittle failure met at r =15 m.



Fig. 8. Range of failure depths identified from sensitivity runs. In each case, a range of temperatures DT =100/150/200 K are shown. The greater DT

the deeper the failure. The shaded area corresponds to the observed depths of LF events at Soufrière Hills Volcano (Fig. 9). Input parameters are

taken at the minimum, maximum and middle values of the ranges in Table 1.
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allowing brittle failure to occur more easily, i.e. under

conditions of smaller melt viscosities and strain rates.

All other input parameters were found to have either

a small effect, causing a change in the brittle failure

depth of only 100 m or so, or are so well constrained by

observations and experiments to not cause a significant

variation in failure depth at all.

However, alternative mechanisms not taken into

account within the conduit flow models developed

here may also have a significant effect on the depth

of brittle failure. For example, it is assumed in this

model that the conduit radius is constant. It is likely

that the magma conduit varies geometry (dyke to cy-

lindrical pipe) or dimensions (widening or narrowing)

with depth, which would act to alter the overall flow

dynamics of the magma, and thereby, the depths at

which brittle failure could occur.

In general, these results indicate that brittle failure of

melt can occur in a localised region at depth within

magma conduits. Furthermore, failure occurs close to

the conduit wall within the Thermal Boundary Layer

(TBL) and would therefore, be greatly affected by the

degree of cooling felt within this region. The conse-

quences of brittle failure of melt, specifically the for-

mation of fractures and cracks, could affect the entire

conduit flow dynamics and release seismic energy into

the volcanic system.

5. Incorporating seismic observations

5.1. Observations of Low-Frequency (LF) events

Low-Frequency (LF) events are of great interest, as

they seem to indicate the state of the volcanic system.
Swarms of LF events have been observed to precede a

number of volcanic eruptions, e.g. 1989–1990 eruption

of Redoubt, Alaska (Stephens et al., 1994) and 1996

eruption of Soufri‘ere Hills Volcano, Montserrat (Miller

et al., 1998). At Soufrière Hills Volcano, in particular, LF

swarms correlate well with observed tilt signals (Voight

et al., 1998; Green and Neuberg, in press), which, in

turn, indicate the pressurisation and depressurisation of

the volcanic system. These seismic events are, therefore,

the key to further the understanding of processes occur-

ring at depth in a volcano, and a greater knowledge of

how these events are produced and formed would enable

improved forecasting of future volcanic eruptions.

Characteristics of observed LF events at Soufri‘ere

Hills Volcano provide the following clues regarding the

attributes of the LF seismic energy source:

! LF events from 1995–1996 (Rowe et al., 2004) and

from 1997 (Neuberg et al., in press) have been

located beneath the active dome at a constant

depth of 500F150 m below sea level. Taking the

height of the dome to be 1000 m above sea level

(Watts et al., 2002), this corresponds to a depth of

around 1500 m below the surface.

! LF events display highly similar waveforms and

amplitudes (Green and Neuberg, in press; White

et al., 1998), indicating a stationary common source

mechanism, within a finite volume of 150 m�
150 m�150 m (Neuberg et al., in press) (Fig. 9).

! The regular occurrence of LF events, within

swarms, implies a highly periodic excitation by a

repeatable, non-destructive source (Neuberg, 2000).

Hence, any proposed LF seismic source must show

these characteristics.



Fig. 9. Determined locations of LF events at Soufrière Hills Volcano in 1997. Residual rms converts to an error of 150�150�150 m. All events

locate around 500 m b.s.l. Taken from Neuberg et al. (in press).

L. Collier, J. Neuberg / Journal of Volcanology and Geothermal Research 152 (2006) 331–346342
5.2. Brittle failure of melt as the LF seismic source

Brittle failure of melt within the magma conduit has

been proposed to be a source of seismic energy at depth

within silicic volcanoes (Goto, 1999; Tuffen et al.,

2003). Brittle failure of melt may act as the LF seismic

source (Neuberg et al., in press), possibly explaining

the link between LF event occurrence and 22 magma

movement at depth. As discussed in the previous sec-

tion, for brittle failure of melt to act as the LF event

source the key criteria determined from seismic obser-

vations must be satisfied.

To achieve brittle failure, according to the criterion

gmėzrm, at depths matching the observed LF location,

around 1500 m, the temperature difference between the

bulk of the magma and that at the conduit wall must be

200 K (Fig. 8). The deepest depth of brittle failure

determined in a sensitivity analysis (using input para-

meters throughout their proposed ranges, see Table 1) is

1325 m, with DT=200 K. This expresses the impor-

tance of including cooling in a thin thermal boundary

layer, and lateral parameter variations, when estimating

brittle failure depth.
The strength of melt (rm) has also been shown to

greatly alter the depths where the conditions of brittle

failure are reached. In general, the shear strength of

melt is not well constrained with estimates varying

over one order of magnitude for pure glass (Tuffen et

al., 2003). If we use the observed source depth of LF

events as a constraint, an estimation for the strength

of melt required to give brittle failure at this depth

can be found. If all other parameters are taken at

their mid-value within their ranges (Table 1), and

assuming a failure depth of 1500 m, the strength of

melt results in rm=4�105 Pa. This is substantially

lower than the range estimated from pure melt (107–

108 Pa). Though, whether the effect of including

crystals and bubbles, localising stress, would lower

the effective strength of melt by such a degree is

unknown, and requires further experimental studies

(e.g. Spieler et al., 2004).

As discussed previously, other mechanisms not test-

ed within these conduit flow models could also affect

the depth of brittle failure, and therefore, the 23 seismic

source depth. If the magma conduit had an irregular

conduit shape, with varying geometry and dimensions,



Fig. 10. Sketch of magma flow within a conduit. Below the melt

brittle failure depth the conduit is dclosedT and at the wall the no slip

boundary condition is applied. Whereas, at, and above, this depth the

fractured and brecciated region allows flow at the wall, friction-

controlled slip, and gas to be lost from the magma.
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flow rates could be altered such that brittle failure

conditions become localised at certain depths, creating

a stable, stationary seismic source.

5.3. Incorporation into conduit flow models

Brittle failure of melt, specifically the formation of

fractures and cracks, could affect the entire flow dy-

namics of magma within the conduit (e.g. pressure and

velocity of flow) and therefore, the eruption style. Such

fractures and brecciated regions at the conduit walls

would allow open pathways for gas to escape (Gonner-

mann and Manga, 2003; Rust et al., 2004), and possibly

allow the magma to slip at the walls in a friction-

controlled manner.

For this reason the 2D conduit flow models are

extended to include friction-controlled slip (Eqs. (17)

and (18)) and gas loss (Section 2.1.1) at depths where

the brittle failure criterion (Eq. (21)) is satisfied and

fractures and cracks are formed. The conceptual

model by Neuberg et al. (in press) suggests that

this depth where cracks are formed by brittle failure

of melt coincides with the trigger location of LF

seismic events. As the magma is ascending, these

cracks are pushed up within the rising magma, and

fresh magma, now at the brittle failure depth, cracks

and fractures. This process then results in a series of

cracks lining the conduit walls at all depths at, and

above, the identified depth of brittle failure. These

cracks could then allow friction-controlled slip and

gas loss to occur (Fig. 10). This slip is steady-state,

and not stick-slip as applied within the model of

Denlinger and Hoblitt (1999), and is therefore, fun-

damentally aseismic, causing no release of seismic

energy. By including slip 24 and gas loss the magma

ascent alters such that the seismogenic zone, i.e. the

region where brittle failure occurs, remains at a con-

stant depth.

By changing the boundary conditions at the conduit

wall, from no slip to friction-controlled slip, from the

brittle failure depth upwards, the dynamics of magma

ascent within the conduit are altered. The velocity of

magma at the conduit wall becomes non-zero, and

correspondingly the velocity in the centre of the con-

duit decreases to conserve mass (Fig. 11(a)). This acts

to decrease the shear strain rate of the magma flow at

the depths above brittle failure, reducing the likelihood

that the conditions of brittle failure of melt are met at

shallower depths (Fig. 11(d)). This implies that as

brittle failure occurs, producing cracks and fractures,

friction-controlled slip and gas loss can occur within

the conduit, no further fracturing at shallower depths
would take place and the magma ascent would be

aseismic.

Including such a sudden loss of gas within the

conduit causes a large and sudden change in the density

of magma and other parameters, such as shear and

volume viscosities of the magma (Fig. 11(b) and (c)).

At the brittle failure depth, and immediately above it,

the sudden loss of gas results in a dense, viscous

magma region changing the velocity and pressure of

the magma as it ascends (Fig. 11). As the velocity of the

magma above the failure depth becomes reduced as gas

is lost, due to mass conservation, the shear strain rate is

also reduced reducing the likelihood of further brittle

failure and allowing the magma to rise aseismically.

By including gas loss the exit gas volume fractions

are greatly reduced compared to the original closed

conduit models (Section 2.3). This decreases the

magma ascent rates compared to the closed conduit

models, such that the average extrusion rate is reduced

to 0.16, around the range observed at Soufrière Hills

Volcano, Montserrat (0.01–0.1 m s�1; Watts et al.,

2002).

By including friction-controlled slip and gas loss the

fundamental flow of magma is altered and causes the

identified depth of brittle failure of melt to drop deeper

in the conduit. For example, a model run not including

friction-controlled slip or gas loss has a brittle failure

depth of 452 m, whereas including such processes and

mechanisms the depth of brittle failure drops to 830 m.

As discussed, the act of brittle failure of melt may

cause friction-controlled slip and gas loss. However, it

is unknown how the flow of gas and ash through cracks



Fig. 11. Variation of parameters with depth and lateral position in the conduit shown in colour, at 830 m brittle failure occurs and friction-controlled

slip and gas loss are included. (a) Velocity of flow, above the brittle failure depth plug-like flow develops, reducing the shear strain rate. (b)

Variation of gas volume fraction (%), above the brittle failure depth gas is lost from the system. (c) The corresponding variation in magma density,

affected by the gas loss above 830 m depth. (d) Brittle failure ratio, illustrating that brittle failure conditions (N1) are reached at one depth location

within the conduit. Input parameters are given within the parentheses of Table 1.
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or brecciated regions created by brittle failure affects

the conditions of friction and slip. It is possible that

such a flow would act to lubricate and unlock the

magma from the wall and facilitate aseismic slip

(Brodsky and Kanamori, 2001; Rust et al., 2004).

Furthermore, conditions may arise such that no slip

could occur at the conduit walls, or a stick-slip motion

occurs (Denlinger and Hoblitt, 1999). (Gonnermann

and Manga, 2003) studied the effect of brittle failure

on magma flow considering no slip at the walls. They

proposed that the brittle failure caused localised frag-

mentation, possible producing seismic energy, and that

above the fragmentation point the viscous flow of

magma allowed the cracks and fractures to flow, re-

attach and reanneal forming flow bands. If conditions

for stick-slip are met, it is possible that such a process

could also produce seismic energy, independent of the

brittle failure creating shear zones, though whether this

source would satisfy the attributes of the LF seismic

source is, as yet, unknown. In general, further work is

required to investigate the effects of brittle failure at the

conduit wall on boundary conditions, gas loss and

therefore, on magma ascent. Also the effects of varying

conduit radius or geometry (dyke or cylindrical pipe)

must be explored, as it has a strong affect on magma

ascent dynamics and therefore, on brittle failure. Fur-
ther work should also be done on incorporating a non-

linear rheology of magma within the conduit models.

An example of such a non-linear rheology is yield

strength (Bingham fluid), as such a flow has a different

flow behaviour and therefore, strain rates and brittle

failure depths to the flows modeled here.

The results of the 2D conduit flow models illustrate

clearly that, by including friction-controlled slip and

gas loss, brittle failure can only occur within one single

stable depth region. This produces a stationary source

of seismic energy, as required to produce seismic events

like LF events. Furthermore, due to magma flow, fresh

magma would constantly be moved into this depth

region, indicating the likelihood of this source acting

as a repeatable source, producing events with similar

waveforms. Hence, brittle failure of melt satisfies the

required characteristics of the LF event source.

6. Conclusions

In this study a 2D conduit flow model was devel-

oped that enabled magma properties to be resolved at

all depths and lateral positions within the conduit. The

2D nature of these models allowed investigation into

lateral parameter variations caused by the compressibil-

ity of flow and mechanisms which occur close to or at
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the conduit wall, e.g. heat loss and brittle failure. The

basic results of the conduit flow models clearly illus-

trate that neglecting the effect of gas bubbles on flow

overestimates the viscosity of the magma and therefore,

alters the overall flow dynamics.

By applying the 2D conduit flow models to explor-

ing the process of brittle failure of melt, it was found

that brittle failure, leading to cracking and fracturing,

could occur at depth within magma conduits at loca-

lised regions close to the conduit wall within the ther-

mal boundary layer. The conduit models were extended

to include the consequences of brittle failure, namely

friction- controlled slip and gas loss, and the results

illustrated the substantial effect such processes have on

the state of magma at depth and its ascent towards the

surface. The simulations highlighted that once brittle

failure occurs, friction-controlled slip and gas loss act to

produce conditions where brittle failure exists at one

stationary depth level, with aseismic magma ascent

above this point. This illustrates that brittle failure of

melt satisfies the characteristics of the LF event source,

and could therefore, be key to understanding the un-

derlying interaction between magma ascent and its

state, and the occurrence and frequency of observed

LF seismic events.
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