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Abstract

Shear bands in a volcanic conduit are modelled for crystal-rich magma flow using simplified conditions to capture the fundamental
behaviour of a natural system. Our simulations begin with magma crystallinity in equilibrium with an applied pressure field and
isothermal conditions. The viscosity of the magma is derived using existing empirical equations and is dependent upon temperature, water
content and crystallinity. From these initial conduit conditions we utilize the Finite Element Method, using axi-symmetric coordinates, to
simulate shear bands via shear localisation. We use the von Mises visco-plasticity model with constant magma shear strength for a first
look into the effects of plasticity. The extent of shear bands in the conduit is explored with a numerical model parameterized with values
appropriate for Soufriére Hills Volcano, Montserrat, although the model is generic in nature. Our model simulates shallow (up to
approximately 700 m) shear bands that occur within the upper conduit and probably govern the lava extrusion style due to shear
boundaries. We also model the change in the over-pressure field within the conduit for flow with and without shear bands. The pressure
change can be as large as several MPa at shallow depths in the conduit, which generates a maximum change in the pressure gradient of
10’s of kPa/m. The formation of shear bands could therefore provide an alternative or additional mechanism for the inflation/deflation of
the volcano flanks as measured by tilt-metres. Shear bands are found to have a significant effect upon the magma ascent rate due to shear-
induced flow reducing conduit friction and altering the over-pressure in the upper conduit. Since we do not model frictional controlled slip,
only plastic flow, our model calculates the minimum change in extrusion rate due to shear bands. However, extrusion rates can almost
double due to the formation of shear bands, which may help suppress volatile loss. Due to the paucity of data and large parameter space
available for the magma shear strength our model results can only allow for a qualitative comparison to a natural system at this stage.
© 2007 Elsevier B.V. All rights reserved.

Keywords: magma flow; finite element method; shear bands; lava dome; computational volcanology; Soufriére Hills Volcano

1. Introduction structures can grow slowly for many weeks to years
without being a threat to the surrounding population, but

Lava domes form when the extruded lava is so occasionally, a lava dome may collapse or explode. The
viscous it cannot flow freely away from the vent. Such main risk from collapse events are pyroclastic flows,

concentrated dispersions of hot volcanic fragments that
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Montserrat, and can take the form of repeated destruction
and reconstruction of the dome, often with the locus of
new growth switching over time.

Lava dome emplacement morphology ranges from near
solid structures to more fluid flows, and is dominated by
the degree of magma crystallisation (Watts et al., 2002;
Sparks and Young, 2002). Crystal growth in intermediate
composition magma occurs primarily due to the exsolution
of'volatiles, due to a decrease in pressure during ascent that
acts to lower the liquidus temperature of the melt. Conse-
quently, magma undergoes profound rheological stiffening
during ascent, which can change the magma from a
Newtonian fluid into a hot crystalline solid with only small
amounts of residual melt (Sparks et al., 2000). Crystal-
lisation is also time-dependent and for SHV, and lava
domes generally, the morphology of the dome exhibits a
high degree of correlation with the lava extrusion rate
(Watts et al., 2002). At the lowest extrusion rates lava is
highly crystalline (85 to 95% solid fraction) within the
upper conduit. During these conditions lava dome growth
occurs in a predominantly extrusive (exogenous) fashion,
producing crystal-rich structures such as spines and
whalebacks (Watts et al., 2002). At higher extrusion rates
the magma has less time to crystallize in the conduit,
resulting in more fluid-like behaviour including intrusive
(endogenous) inflation and exogenous low aspect ratio
flows.

During exogenous dome growth, lava is extruded
directly to the free surface of the dome, implying some
form of internal structure capable of channelling the
magma. During emplacement the lava often extrudes in a
stick-slip manner along curved structures, interpreted as
ductile shear boundaries, suggesting that the conduit wall
provides the main detachment surface. Spines, whalebacks
and other crystal-rich exogenous structures commonly
exhibit sub-parallel groves running along their length
parallel with the direction of extrusion, that indicate some
form of shear process (Sparks et al., 2000). Observational
evidence of these structures also identifies cataclasites,
suggesting the development of brittle shear bands (Tuffen
et al., 2003). The lava extrusion style is therefore to some
degree controlled by shear bands, their presence being
fundamental in crystal-rich exogenous emplacement.

Three types of seismic signal are commonly observed
during silicic volcanic eruptions: Volcano-Tectonic (VT)
events thought to be indicative of rock fracture, Long-
Period (LP) events characterized by their harmonic
signature and interpreted as oscillations in a fluid-filled
resonator, and Hybrids which have a high-frequency onset
(VT) followed by a low-frequency ringing (LP) (Kumagai
and Chouet, 1999; Neuberg et al., 2000). For SHV, the
depth at which these seismic signals occur is anywhere

between the free surface and 3000 m below it (Baptie
et al,, 2002). VT events represent the deeper conduit
system and spikes in activity have generally been linked to
significant changes in eruption activity, although they are
more commonly recorded during periods of dormancy
(Jaquetetal., 2006). Hybrid and LP events represent upper
conduit and dome processes, commonly with the source
location remaining relatively stable over-time (Jaquet
et al., 2006). For SHV LP seismicity is calculated to
originate approximately 1500 m below the surface of the
dome (Neuberg et al., 2005).

Cyclic behaviour at SHV during 1997 was observed
for seismicity, deformation of the volcano flanks as
recorded by tilt-meters, as well as lava dome growth.
During this period cycles ranged from 4-36 h (not
including the Vulcanian explosion cyclic events) (Voight
et al., 1999; Sparks and Young, 2002; Diller et al., 2006).
During a typical (4-36 h) cyclic period on SHV, lava
dome growth would stagnate, as measured by the seismic
network signifying the accompanying rockfall activity
from the dome was reduced (Calder et al., 2002). A
reduction in the lava extrusion rate is indicative of crystal
growth in the upper conduit, the timescales of which are
comparable to the deformation cycles, leading to the
formation of an impeding dense viscous plug (Diller et al.,
2006). Pressurisation of magma and gas under the viscous
plug can then result in the inflation of the volcano flanks.
An acceleration in extrusion rate, observed by an increase
in the amount of rockfalls from the advancing lava,
signifies the formation of a new pathway for the lava and
the removal of the viscous plug (Watts et al., 2002). This
permits the pressure in the upper conduit to decrease,
leading to the deflation of the volcano flanks. Typically
dome growth is more pronounced at the peak of volcano
flank tilt deformation and during deflation, commonly
with extrusion rates approximately doubling and lava
extrusion being accommodated by slip on ductile shear
faults (Voight et al., 1999; Sparks and Young, 2002). The
volcano flank deflations were generally more rapid than
flank inflation, and hybrid earthquakes were observed to
coincide with the point at which volcano flank inflation
started to decelerate (the point of inflexion), suggesting
that seismicity may be initiating the depressurisation
process (Green and Neuberg, 2006).

The above evidence, along with additional observa-
tional data (Tuffen et al., 2003), has led some research
groups to postulate that hybrid and LP seismic events
originate from stick-slip processes along the conduit
margin (Neuberg et al., 2005). Shear bands, as observed
at the surface of the dome during cyclic activity, could
generate such stick-slip behaviour, suggesting that shear
bands could penetrate to the depths where LP seismicity
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originates. Using an isotropically pressurised conduit
model (Widiwijayanti et al., 2005), an elastic half-space
model (Voight et al., 1999), or shear stresses at the wall
of the conduit (Green et al., 2006), the depth of the
pressure source is calculated to be less than 1000 m
below the surface of the dome for SHV. Since the depth
of LP events is approximately 1500 m below the surface
of the dome, this means that the tilt and seismic
hypocentres don’t appear to correlate, however the
calculated depths are strongly model dependent.

We develop a visco-plastic axi-symmetrical Finite
Element Method (FEM) model to simulate the generation
of shear bands, localised regions of high strain, in a
conduit via shear-localisation. The formation of a zone or
band of localised shear along the conduit wall occurs
within our conduit domain when the material enters the
plastic limit, i.e. when the shear stress experienced equals
the shear strength of the magma. We neglect any potential
frictional slip after shear bands have been generated,
considering only plastic flow and therefore the minimum
change in extrusion rate. We neglect the influence that
bubbles have upon the viscosity and density, which may
alter the flow properties. We also neglect departures from
isothermal conditions and the evolution of shear bands
once they form, instead considering the slow mode
components of lava rheology, making the assumption that
the timescales for shear band evolution occur more
rapidly than the rheology can change. Instead, we focus
our attention on a magma crystallinity in equilibrium with
the pressure field and the influence this has upon viscosity
and shear stress, which is found to be more significant
than for bubbles for this style of volcanism (Bardintzeff
and McBirney, 2000; Costa, 2005). For this paper we use
constant magma shear strength because it is unknown
which constitutive relationship controls the mode of
deformation at depth. This means that the extent of the
shear bands is controlled by the magma shear stress,
which is effectively governed by the viscosity. Our model
is intended to be simplified to capture the fundamental
behaviour of a natural system, such as changes in
extrusion rate and pressure. In Section 2 we briefly
discuss existing models that consider shear bands in
conduit flow. We follow this with the description of our
conduit model in Section 3, including the field equations
and initial conditions used. Section 4 provides results
from our model and in Section 5 we discuss these results.

2. Existing models
Modelling efforts have been limited by the complex-

ities of the magma rheology, for which no complete
mathematical model currently exists (Hess and Dingwell,

1996). Costa (2005) recently developed an advanced
model for the viscosity of magma containing very high
solid fractions, although this model remains Newtonian.
Existing numerical models have offered important
insights into the fundamental characteristics of lava flow
in a conduit due to gas exsolution and crystallisation and
how this may promote cyclic behaviour. Hess and
Dingwell (1996), Melnik and Sparks (1999, 2002, 2005)
conduit models demonstrate that the major flow regimes
depend upon the relative timescales of magma ascent and
crystallisation, and that some cyclic behaviour can be
attributed to the timescales involved with crystallisation
kinetics. The observation of complex oscillatory behav-
iour in the high-pressure extrusion of industrial polymer
melts led Denlinger and Hoblitt (1999) to develop a simple
dynamic model for conduit flow. They model compress-
ible magma flow though a cylindrical conduit undergoing
stick-slip motion to extract characteristic oscillatory time-
periods, and relate this to the cyclic periods experienced by
silicic volcanoes. While Wylie et al. (1999) modelled
volatile exsolution as magma nears the surface, the
corresponding increase in magma viscosity within an
elastic medium, and how this promotes oscillatory flow. In
all these models the oscillatory and seismic behaviour is
related to the magma flow instability. However, none of
the models consider the lateral variations across the
conduit which will modify the flow properties and
promote the development of shear bands (Massol et al.,
2001; Hale et al., in press).

Neuberg et al. (2005) combined seismological clues,
field evidence and numerical modelling to suggest a
trigger mechanism for LP seismicity based upon the brittle
failure of magma in the glass transition. They model
magma flow in a conduit using the FEM. Shear bands
develop at the conduit wall where loss of heat and gas is
modelled, consequently resulting in a high viscosity
gradient. Although they base their model upon the SHYV,
they use a very low crystallinity of 30% and this means
they have to rely upon very high extrusion rates to force the
generation of shear bands to appropriate depths. Gonner-
mann and Manga (2003) use bubble growth and plastic
failure to model the point at which magma fragmentation
occurs within a conduit and the influence it has upon the
resulting eruption style. For their model they are primarily
interested in how magma melt and bubbles control viscous
shearing, but do not specifically consider the depth that
fragmentation (intense shear) occurs, or how it then
changes the extrusion rate or pressure within the conduit.
This is our motivation, and as for Neuberg et al. (2005) and
Gonnermann and Manga (2003) we use an empirical well-
studied viscosity and constant magma shear strength for a
first look into the effects of plasticity.
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3. Conduit model

We model the conduit as a vertical cylinder of
uniform radius between the magma chamber and the
volcano free surface, as shown in Fig. 1. The conduit is
15 m in radius and has a length of 5 km (Barclay et al.,
1998). Magma ascent is driven by an over-pressure
existing within the magma chamber, defined as the total
pressure minus magma-static pressure, and the pressure
at the free surface is atmospheric. Model equations are
discussed in this section and Table 1 lists the parameters
used in the model.

3.1. Momentum equations

Magma is modelled as an isotropic, incompressible
viscous fluid. The relationship between the deviatoric

part of the stress tensor o, and the symmetric part of the

velocity gradient or stretching D}, reads:
o' =2, = (1,2,3), (1)
where
¢ =0o;+Po; and P = —%akk,
(2)

1
I = D~ 5 Dudy.

Here o; are components of the stress tensor, # the
viscosity, ¢;; is the Kronecker delta and P the pressure.
In general the viscosity depends on the pressure,
temperature and other state variables. Here we focus
on the dependency of » on the crystal content as
described in Sections 3.4 and 3.5. We also assume that
any dilatancy effects associated with the crystallisation
processes do not affect the qualitative features of the
flows considered here; i.e. we assume:

Dj; = divv =0, (3)

where v is the velocity vector. The stress-equilibrium
equations in axi-symmetrical coordinates, read,

(ro-rr)_’r'i_ro-rzﬁz —ag + ’/f;’ =0 4
PO, + (ro’rz)‘r—krfz =0. (4)

where f'is the body force and r is the radial coordinate.
Insertion of Egs. (1) and (2) into 4 yields the equations
of motion in the following form:

(r(211v,, — P) )ﬁr—}—r(r] (v,.,z + vz,,.))7z—211% +P+rf,=0
21— P (v +92,)), of, = .

(5)

3.2. Generating shear bands

Shear bands are weak regions stressed under high
strain-rates that are prone to failure. Localised shear
bands form if the underlying flow or deformation ex-
periences a particular type of instability in the constitu-
tive relationship (Moresi et al., 2002). This instability
expresses itself mathematically as a change in the type of
the tangential boundary value problem. In pressure-
sensitive materials the instability may arise because of a
mismatch between the pressure sensitivity and the
dilatancy factor and/or strain softening, for example
due to micro-cracking. Another important shear band
generating mechanism is related to shear heating and
thermal feedback due to a strongly temperature-depen-
dent viscosity. However, this mechanism is generally
only relevant for high Péclet number flows (adiabatic
shear banding) and is not likely to be important in our
study due to the low flow rates experienced at SHV (Hale
et al., in press). Model results are extremely mesh sen-
sitive since the thickness of shear bands is undetermined
in standard continuum models. Strategies to overcome
this ill-posedness have been developed mainly by the
engineering community (Miihlhaus and Vardoulkis,
1987). Here we accept this mesh sensitivity so that the
shear band width will be set by the length scale provided
by the discretisation scheme, i.e. the characteristic ele-
ment width, which equals the thickness of shear bands
observed at SHV (Sparks et al., 2000).

Magma flow rates can be highly variable due to
complex feedback processes such as time-dependent
crystallisation (Melnik and Sparks, 1999). However we
need an initial crystallinity, pressure and viscosity within
our conduit from which to initialise our model. The
simplest starting point is to assume that the magma is
initially stationary, and that the crystal content is in
equilibrium with a pressure field. Stationary magma also
implies that no shear bands currently exist within the
conduit at the start of the simulation. From this initial
magma state we need to initiate flow by changing the
pressure field. Over timescales associated with magma
ascent in the conduit, magma chamber key variables such
as over-pressure are likely to be approximately constant due
to its large volume with respect to the lava dome and
conduit. Since our model is not transient at this stage we
need to make the necessary simplification that a rapid over-
pressure change occurs that is large enough to force magma
flow and to generate shear bands. A significant and rapid
pressure change within the conduit can be achieved by
removing a flow-inhibiting lava dome, existing at the
conduit exit, by means of a collapse event. Therefore our
model begins with a pressure field that represents a lava
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Fig. 1. Schematic of a volcano, showing a conduit connecting the magma chamber to the free surface, with lava dome/flow at the conduit exit (not to
scale). In reality the conduit may narrow at depth but it is assumed to be a constant radius for simplicity in this model. Also shown is the approximate
depth at which LP seismicity and pressurisation responsible for volcano flank tilt occurs. Shown next to the schematic is the model domain. We use
axi-symmetric coordinates, modelling the conduit between =0 to the conduit wall at =15 m. The length of the conduit is 5000 m. Boundary 1 has
the condition of an applied pressure, the magma chamber pressure, and Boundary 4 is at atmospheric pressure. Boundary 3 has the condition of no-
slip and Boundary 2 is a symmetry boundary, ensuring no flow in the radial direction.

dome at the conduit exit, providing a resisting pressure
equal to the magnitude of the over-pressure in the magma
chamber. The initial pressure gradient from which to
evaluate the magma properties in the conduit for one
simulation thus comprises of a component from the
magma-static pressure, plus a constant over-pressure from
the weight of the lava dome. Mathematically we
instantaneously remove the dome and set the conduit exit
pressure to be equal to atmospheric pressure. The over-

pressure existing within the magma chamber can then be
transferred to the magma in the conduit enabling flow. The
velocity and pressure fields within the conduit are then
calculated iteratively, using the initialised viscosity field
and conduit exit and magma chamber pressures as
boundary conditions.

The largest dome recorded at SHV was approximately
1116 m above sea level, and following a collapse event the
deepest it excavated into the crater was approximately

Table 1

Parameters used in the model which are appropriate for the magma from Soufriére Hills Volcano

Symbol Parameter Reference Value

T Initial temperature Rutherford and Devine (2003) 1123°K

[ Crystal volume fraction in chamber Sparks et al. (2000) 0.6

p Density Melnik and Sparks (1999) 2350 kg m”°
Py Maximum over-pressure Sparks (1997) 20 MPa

13 Parameters in effective viscosity function Melnik and Sparks (2005) 8.6

0 Parameter in effective viscosity function Melnik and Sparks (2005) 1.4

bo Parameter in effective viscosity function Melnik and Sparks (2005) 0.69

g Solubility coefficient Melnik and Sparks (1999) 41110 °pa 2
ar Liquidus and solidus coefficients Melnik and Sparks (2005) 1465.4

br Liquidus and solidus coefficients Melnik and Sparks (2005) -31.4

cr Liquidus and solidus coefficients Melnik and Sparks (2005) -2.8

dr Liquidus and solidus coefficients Melnik and Sparks (2005) —0.41

Rc Conduit radius Barclay et al. (1998) 15m

Lc Conduit length Barclay et al. (1998) 5000 m

G Acceleration due to gravity

10ms 2
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700 m a.s.l., resulting in a dome collapse of approximately
400 m (Herd et al., 2005). This, and the estimated
maximum tensile strength of the surrounding country
rocks of 20 MPa provides an upper limit for the pressure
change in our model (Sparks, 1997). The assumption of
a magma crystallinity in equilibrium with the pressure
field is not likely to be appropriate during periods of
sustained magma flow due to crystallisation kinetics
(Hale et al., in press). However the largest strain-rates
and shear stresses are likely to be at the conduit walls due
to a no-slip boundary condition. At the conduit wall,
where magma is stationary, the crystal volume fraction
and water content in the magma will be in equilibrium
with the applied pressure. Hence the viscosity field along
the conduit wall, where shear bands form, would not be
expected to change much for transient flow from our
unsteady model.

3.3. Temperature

The low thermal conductivity of magma means that the
temperature will not change significantly along the length
of the conduit, enabling us to assume the magma is in
thermal equilibrium. The temperature of the magma and the
conduit walls in our models is set to be 1123°K (Rutherford
and Devine, 2003) justified by assuming the eruption is
long-lived, the case for SHV, and therefore the conduit
walls have been pre-heated. We assume that shear bands
form instantaneously so that isothermal conditions prevail.
Temporal offsets that may affect the flow; i.e., shear heating
can further destabilize the flow once shear bands form, but
this effect will be secondary to the onset of shear bands.

3.4. Physical properties of magma

Magma contains crystals, melt and bubbles that vary in
proportion during flow and ascent in the conduit. Variations
in the proportions of liquid and non-liquid components will
modify the viscosity. The role of bubbles in the magma in
the simulation is ignored because its influence upon the
viscosity is weak, a maximum change in viscosity of
approximately 75% (Lejeune et al., 1999) and for high
viscosity dome forming eruptions this value is likely to be
much lower (Pal, 2003). Our model focuses upon
representing the crystal volume fraction characteristics of
the magma since this has by far the strongest influence
upon the magnitude of the effective viscosity, potentially
increasing it to over 4 orders of magnitude (Lejeune et al.,
1999; Watts et al., 2002; Melnik and Sparks, 2002; Costa,
2005). By assuming the maximum crystal volume fraction
possible in the magma, our model can be considered to be
an end-member scenario, reflecting very slow magma

ascent rates, and will generate the deepest shear bands
owing to the highest viscosity within the conduit and the
highest over-pressures required to force flow.

For SHV the crystallinity in the magma chamber is
calculated to be 35 to 45 vol.% phenocrysts and 15—
20 vol.% microphenocrysts (Sparks et al., 2000) giving
a total crystallinity between 50 and 65%. We assume an
initial crystallinity of 60 vol.% at the conduit entrance
(Fig. 1). The degree of crystallisation is modelled by
considering the effective liquidus temperature Tjiq
which changes due to the progressive chemical change
of the melt (Eq. (6)).

Tiiqy = ar + by In(P) + cr In(P)*+drIn(P)/P?, (6)

with the coefficients az by ¢ dr as given by Melnik
and Sparks (2005) and listed in Table 1. The equilibrium
crystallinity ¢.q in the melt phase is given by (Eq. (7)):

A(P)(T — Tyq(P))
B(P) — ; ’ )

d)eq -

where A(P) and B(T) are functions of the pressure and
are described by Melnik and Sparks (2005) and T'is the
temperature. The melt viscosity of the magma is
calculated using an empirical equation developed by
Hess and Dingwell (1996) (Eq. (8)), where the water
content, the primary volatile, is ¢ = ag\/P with og the
solubility coefficient:

9601 — 2368 Inc
log i, = —3.545 + (0.833 Inc+ ne )

T —(195.7 +32.25 Inc)

(8)

The total viscosity is calculated using the equation
presented in Melnik and Sparks (2005) (Eq. (9))

where ¢ =g

0g (0(¢)/00) = (arctan (E(p — ¢g)) + 7/2).

Eq. (9) contains the coefficients 6 and &, and ¢y is
the critical crystal fraction, and the values used are given
in Table 1. For our model, this gives a viscosity from
5x10° Pa s at the magma chamber up to 4x 10'° Pa s at
the conduit exit, depending upon the magma chamber
pressure used.

3.5. Magma shear strength

The shear strength provides a limit to the acceptable
stress states in a material. Laboratory experiments show
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that the critical stress at the onset of yield is a function of
pressure, temperature, strain, strain-rate, porosity and
sample size (Kearey and Vine, 1996). Therefore the
physical properties of the magma are likely to affect the
yield characteristics of the magma. For example, if
the magma has only small amounts of crystals then the
magma may yield in a ductile way as observed for
metals. Whilst for cool brittle magma, deformation is
localised along micro-fractures that amalgamate into a
shear surface at failure (Sparks et al., 2000). Since we do
not have knowledge of the yield mechanism along the
conduit length we must focus on the simplest scenario, a
constant magma shear strength with a magnitude
obtained from the brittle-ductile criteria for glasses.
For a first look into the effects of plasticity we use the
von Mises visco-plastic model with the yield criterion
given by Eq. (10), where F designates the yield function,
7 = 4/1/2q/g/ is the equivalent shear stress and g is the
magma shear strength. Prior to yielding the material
deforms linearly (i.e. Newtonianly), and once the shear
strength has been reached some fraction of the
deformation will be permanent and non-reversible
with plastic flow along a shear band.

F=1—15<0. (10)

For an illustration how the criterion (Eq. (10)) works,
consider simple shear with a prescribed monotonically
increasing strain rate. At sufficiently low strain-rates the
shear stress is below the magma shear strength t5. As the
strain rate increases the shear stress will eventually reach
Ts. It is non-physical for T—15>0, that is to have a stress
exceeding the magma shear strength, thus even if the
strain rate is increased the shear stress will remain
constant with T=17g. Hence, shear bands are less likely to
develop as the magma shear strength increases and the

driving force of the process controlling the magnitude of
the shear stress remains unaltered, because higher shear
stresses are required to permit the magma to enter the
plastic regime. To model plastic flow we define an
effective viscosity n.g=min[#, #s] in the solution of the
velocity—pressure problem (Eq. (5)), # is the pre-yield
viscosity (Eq. (9)) and ns=ts/7y, where 7 is the
equivalent strain-rate, i.e. y = /2D;D;. Since 7 is
unknown initially the solution has to be determined
iteratively. The definition of #.¢ ensures that after enough
iterations 7— 75 <0 everywhere. Although the non-linear
problem is solved iteratively using a secant rather a
tangent method, the character and the properties of the
solution is determined by the properties of the tangential
problem (Miihlhaus and Regenauer-Lieb, 2005). During
the iterations the plastic zone typically narrows and
lengthens continuously until it is localised in a band of
approximately one element size width along the conduit
wall. In this particular case the plastic zone coincides
with the domain occupied by the shear band.

Table 2 gives values for 75 from the literature. Apparent
from Table 2 is that the magma shear strength is not well
constrained. Some of this scatter is because the physical
properties of semi-molten magma are hard to measure
given the technical difficulties involved in deforming
samples of lava at the high temperatures, pressures and
strain-rates that occur within natural systems.

4. Results

The axi-symmetrical Egs. (3)—(5) are solved using the
parallelized FEM based PDE solver eScript and the FE
library Finley (Gross et al., 2007). More details on the
solution process for the velocity and pressure fields can be
found in (Hale et al., 2007). The axi-symmetric cylindrical
conduit is discretised using 500015 elements with

Table 2

Magma shear strength values quoted in the literature for lavas that are appropriate to our study

Magma shear Reference Comments

strength

(Pa)

10107 Romano et al. (1996) Experimental results from hydrous vesicular glasses.

10° Voight et al. (1999) From estimates for the strength of lava from the height of spines extruded at Soufriére Hills
Volcano, Montserrat.

107 Gonnermann and Manga Used in numerical models for magma fragmentation.

(2003)

0.5-1.5x10° Green et al. (2006) Inferred from numerical models for the amplitude of tilt measured at Soufriere Hills Volcano,
Montserrat.

107 Neuberg et al. (2005) Used in numerical models of magma flow at Soufriére Hills Volcano, Montserrat.

10710 Tuffen et al. (2003) Magma shear strength values from laboratory experiments.
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quadratic shape functions (8 nodes/element) in conjunction
with 4 point Gauss integration for the element matrices.

4.1. Shear band generation

Fig. 2 shows results from one simulation with magma
shear strength of 2x10° Pa and a magma chamber
pressure of 132.2 MPa, which required a pressure change
of 14.7 MPa at the conduit exit. From left to right in
Fig. 2 we produce plots of velocity in X3-axis, strain-rate,
shear stress, and shear stress divided by the magma shear
strength (effectively the plasticity). Where the shear
stress divided by the magma shear strength is exactly
equal to unity, shear bands will form. This results in a
narrow band one element wide flush against the conduit
wall, and for this simulation corresponds to a shear band
length of 413.5 m. In all the models presented, shear
bands form a continuous band between the conduit exit
and the maximum depth of the shear band directly
against the conduit wall. This is due to the effective
viscosity increasing towards the conduit exit (Fig. 3) and
the magma shear strength having a constant value.
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Velocity_z / Strain rate
. 0.00450 - 0.00200
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0.00337 0.00150
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0.000562 0.000250
0.00 0.00
0.00 0.00

4.2. Shear band length

Fig. 4 shows the length that shear bands penetrate
into the conduit for two different magma shear strengths
over a range of magma chamber pressures, from
2.4 MPa to 25.4 MPa. Using a magma shear strength
of 10° Pa the result was that no shear bands form in the
conduit over the magma chamber pressures used. By
reducing the magma shear strength we can force shear
bands to form, because it effectively decreases the shear-
stress required before the magma enters the plastic
regime. For a magma shear strength of 5x 10° Pa shear
bands develop to a maximum depth of 130 m, whilst for
a magma shear strength of 2x10° Pa shear bands
develop to a maximum depth of 703 m. The length of
the shear band within a conduit will depend upon the
magma viscosity and the driving pressure. Although a
magma shear strength change from 2x10° Pa to
5x10° Pa is only small, the length that shear bands
form to is significantly affected because the viscosity
changes occurs most dramatically in the upper conduit.
Fig. 3 shows the relaxed Newtonian viscosity along the
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Shear stress Plastic region
!Mums l 1.00
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0.800
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1.140+05 0.600
e =
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0.400
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0.200
2.860+04
0.00 0.00
0.00 0.00

Fig. 2. Results from one simulation with a magma shear strength of 2 x 10° Pa, a magma chamber pressure of 132.2 MPa requiring a pressure change
of 14.7 MPa at the free surface. From left to right are plots of velocity in the X3-axis, strain-rate, shear stress, and shear stress divided by the magma
shear strength (effectively the plasticity) within the conduit. Shown is only half of the conduit, from the centre of the conduit at »=0 (left side of
image) to the conduit wall at =15 m (right side of image). The conduit radius has been stretched in the figures by a factor of 30 to better visualise the
results along the entire 5 km length of the conduit. Where the shear stress divided by the magma shear strength is exactly equal to unity shear bands
develop. This corresponds to a shear band one element wide, flush against the conduit wall, within the red zone of the figure. For this simulation a
shear band of length of 413.5 m forms between the conduit exit and a depth of 413.5 m.
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Fig. 3. A typical modelled crystal volume fraction (a) and viscosity (b) along the length of the conduit. Most of the change in viscosity and

crystallinity occurs in the upper conduit due to the pressure field.

length of the conduit at the start of the simulation as well
as the crystal volume fraction of the magma with depth.
Fig. 4 also shows that shear bands will not form within
the conduit for magma chamber pressure below
approximately 130 MPa (an over-pressure of 12 MPa)
for a magma shear strength of 5x10° Pa, whilst for a
magma shear strength of 2x 10> Pa shear bands only
form for magma chamber pressures exceeding 120 MPa
(i.e. an over-pressure of 2 MPa).

For low magma chamber pressures, corresponding to
an initially small change in pressure at the conduit exit,
the viscosity in the upper conduit will be relatively large
(Egs. (7)—(9)). However, due to the low extrusion rate
(a consequence of the lower over-pressure), shear bands
will not penetrate deep into the conduit. For increasing
magma chamber pressures, i.e. increased dome retarding
pressures, the viscosity in the upper conduit will
decrease since crystallinity is a function of pressure.
However, a higher over-pressure will result in a higher
extrusion rate allowing the shear band length to increase
with increasing magma chamber pressure. The length
that shear bands penetrate into the conduit tends towards
an upper limit, most clearly shown for a magma shear
strength of 5x10° Pa (Fig. 4), due to the viscosity
decreasing with increasing depth within the conduit

(Fig. 3).
4.3. Shear band influence upon extrusion rate
Shear bands are likely to effect magma ascent rates

by reducing conduit friction and consequently the large
over-pressures required to extrude highly crystalline

silicic magmas. We calculate the extrusion rate for
magma flow with no shear bands in the conduit (i.e.
Hagen-Poiseuille flow), assuming the magma does not
enter the plastic regime. For the same magma chamber
pressure we calculate the extrusion rate for magma flow
in the conduit with shear bands permitted to form. Since
our model ignores a possible elastic-brittle contribution
to the rheology, frictional slip can not be modelled. As a
consequence we model the minimum change in
extrusion rate due to plastic deformation only.

Fig. 5 shows the modelled extrusion rate (a) and its
relative change (b) with and without shear bands in the
conduit, plotted against the pressure in the magma chamber.
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Fig. 4. Modelled shear band length against pressure in the magma
chamber for magma shear strength values of 2 x 10° Pa (filled shapes)
and 5x 10° Pa (unfilled shapes). For the same magma shear strength
the magma chamber pressure governs the depth of the shear bands due
to its influence upon the extrusion rate and viscosity.
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Fig. 5. Panel a shows the extrusion rate modelled with and without
shear bands against the pressure in the magma chamber. The model
uses a magma shear strength of 2x10° Pa for the solid shapes and
5% 10° Pa for the unfilled shapes. The initial extrusion rate for no shear
bands in the conduit is given by the crosses. Panel b shows the
modelled change in extrusion rate (given by the extrusion rate with
shear bands divided by extrusion rate without shear bands) using the
same symbols for the different magma shear strengths.

For a magma shear strength of 5x 10° Pa shear bands can
penetrate to depths of 130 m, which results in a maximum
change in extrusion rate of approximately 3%. Whilst for a
magma shear strength of 2x 10° Pa, at the highest magma
chamber pressures shear bands reach a depth of 703 m
resulting in a change in the extrusion rate of almost 100%.
Transitions between effusive and explosive volcanic
activity are essentially controlled by volatiles. The ability
of gas trapped within the magma melt, from exsolved
volatiles, to expand or escape by permeable flow will
determine if the ascending magma will be effusive or
explosive. Slowly ascending magma has time to release this
build-up of gas resulting in highly degassed effusive
magma. However, magma ascending rapidly may not be
able to release the build-up of gas, and this may result in
explosive activity. Gonnermann and Manga (2003) suggest
that fragmentation at the conduit wall, from localised

regions of high strain, may act to inhibit explosive
behaviour due the enhanced permeability from the fracture
network that develops. However, cyclic activity in 1997 at
SHV produced numerous Vulcanian explosions with each
episode preceded by a large dome collapse (Druitt et al.,
2002). These collapse events may have forced the
generation of shear bands in the upper conduit due to a
large change in pressure as shown by our models. If these
shear bands form rapidly enough, instantaneously in our
visco-plastic model, the enhanced extrusion rate due to
shear band formation may be large enough to prevent
volatiles exsolving effusively. This may result in a
competition between the processes of enhanced perme-
ability from fragmentation and reduced gas-loss due to
enhanced extrusion rates. Therefore deep shear bands may
be more likely to promote explosive activity due to a
potentially large increase in extrusion rate.

The relative increase in extrusion rate due to the
formation of shear bands is non-linear (Fig. 5b). This is
due to two processes, first the length of shear bands tends
towards an upper limit due to the decrease in viscosity with
depth in the upper conduit (Fig. 3). Second, at increasing
depths in the conduit the viscosity is lower, which will
result in a smaller decrease from Newtonian to shear
viscosity, meaning that the conduit resistance change is not
as significant. At low magma chamber pressures
(<130 MPa) the extrusion rate is at the low end of the
observed range for SHV (<0.5m’ s~ ). Lava is commonly
extruded along shear surfaces at these extrusion rates due
to the high degree of crystallinity in the magma. Since the
generation of shear bands at these magma chamber
pressures have a relatively minor influence upon the
extrusion rate (changing it by up to 40%) this suggests that
shear bands forming at this extrusion rate may be relatively
stable and the crystal content will not vary significantly
due to crystallisation kinetics (Melnik and Sparks, 2002).

4.4. Shear band influence upon the over-pressure field

Cyclic inflation and deflation of the flanks of the
volcano as recorded by tilt-meters is indicative of
pressurisation within the upper conduit (Voight et al.,
1999). Crystal-rich magma forms a viscous cap in the
upper conduit that inhibits flow, leading to pressure build-
up at shallow levels and edifice inflation (Diller et al.,
2006). The magnitude and direction of tilt of the volcano
flanks can be used to infer the magnitude and depth of the
pressure source. Using an isotropically pressurised model
(Shepherd et al., 1998; Widiwijayanti et al., 2005) or
elastic half-space model (Voight et al., 1999; Widiwi-
jayanti et al., 2005), the depth of the pressure source is
always less than 1000 m below the surface of the dome for
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Fig. 6. (a) shows the over-pressure in the conduit with depth for flow in
the conduit without shear bands (i.e. Hagen-Poiseuille flow) and with
shear bands for a magma shear strength of 5 x 10> Pa (Flow with shear
bands). Both flow models have a magma chamber pressure of
132.55 MPa. Also shown is the difference in pressure between the two
flow regimes with depth in the conduit, a depth of zero corresponds to
the conduit exit. A positive pressure difference corresponds to a
decrease in the over-pressure along the conduit length, i.e. flank
deflation. (b) Difference in over-pressure along the conduit due to the
development of shear bands for different magma chamber pressures,
shown in the legend, all for dome collapse events equivalent to 7 MPa
and a magma shear strength of 5% 10° Pa.

SHV. Also, the pressure source either needs to be very
large or distributed over a large area (Widiwijayanti et al.,
2005). Green and Neuberg (20006), following research by
Beauducel et al. (2000), suggest that surface deformations
recorded by tilt-meters could instead, or in addition, be
from shear stresses within the upper conduit rather than a
single large pressure source. The SHV flank displace-
ments are then consistent with the generation of shear
stresses beginning within the upper 100’s metres of the

conduit walls. However, Green and Neuberg (20006)
emphasize that the vertical extent of the pressure source is
unconstrained because tilt measurements are insensitive
to deep sources. Considering vertical traction along the
conduit walls the location for the tilt hypocentre is
calculated to be approximately 400 m and 600 m a.s.l.,
that suggests a shear stress depth of 160 to 360 m below
the conduit exit, with traction values between 0.5 and
1.5 MPa (Green and Neuberg, 2006). For vertical traction
to explain the recorded tilt requires a pressure gradient of
6.7x10*-2.0x 10° Pa/m along an upper conduit segment
30 m in diameter (Green and Neuberg, 2006).

We use our conduit flow model to calculate the over-
pressure within the conduit with shear bands for a
magma shear strength of 2x 10> Pa (Fig. 6). Fig. 6a
shows the over-pressure profile along the conduit length
for flow in the conduit with shear bands and without
shear bands (i.e. Hagen-Poiseuille flow). The pressure
difference in Fig. 6b corresponds to the over-pressure in
the conduit for Hagen-Poiseuille flow minus the over-
pressure in the conduit with shear bands for the same
magma chamber pressure. Hence, what Fig. 6b shows is
the redistribution in over-pressure along the conduit
length due to the development of shear bands. A positive
pressure difference corresponds to a drop in pressure
and therefore flank deflation. Everywhere the pressure
difference is less or equal (at the magma chamber and
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Fig. 7. Change in over-pressure gradient for flow with shear bands
minus flow without shear bands (i.e. Hagen-Poiseuille flow) along the
conduit length for different magma chamber pressures, shown in the
legend, for dome collapse events equal to 7 MPa and a magma shear
strength of 2x 10° Pa. A positive pressure gradient corresponds to an
increase in the pressure gradient due to the presence of shear bands,
whilst a negative pressure gradient corresponds to a decrease. A depth
of zero corresponds to the conduit exit.
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conduit exit) to the initial over-pressure field, but the
difference is most significant in the upper part of the
conduit. This is more clearly shown in Fig. 7 which
shows the over-pressure gradient along the conduit
length for flow with shear bands minus that for Hagen-
Poiseuille flow. Below the depth in the conduit where
shear bands exist, the over-pressure gradient increases
due to an increase in extrusion rate (from the presence of
shear bands) but no change in viscosity. Above the depth
where shear bands form, the over-pressure gradient
decreases to values of 4x10* Pa/m. Fig. 8 shows a
summary of all the model results for a magma shear
strength of 2x 10> Pa showing the pressure difference
maximum and the depth of the maximum against magma
chamber pressure. These values for the depth and
magnitude of the pressure change are comparable to
those inferred at SHV during cyclic activity.
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Fig. 8. Summary of a) over-pressure maximum (see Fig. 6) and b) the
depth of the maxima (see Fig. 6) against magma chamber pressure for
all the model runs for a magma shear strength of 2x 10° Pa.

5. Discussion

Shear bands are simulated using a strain-localisation
model to occur when the shear-stress equals the magma
shear strength of the magma. This can result in the
generation of shear bands to depths of approximately
700 m for low magma shear strengths (2x 10° Pa) and
high magma chamber pressures (142.9 MPa). These
shear bands may be responsible for lava effusion along
shear boundaries at the free surface, because they extend
directly from the conduit exit, and flank inflation/
deflation. Geophysical evidence for the depth of shear
bands at SHV is not well constrained other than from the
pressure source responsible for the inflation and
deflation of the volcano flanks. Green and Neuberg
(2006) and Voight et al. (1999) calculate the depth of
such pressure sources to be between approximately 160
to 510 below the conduit exit, consistent with our
modelled shallow shear bands depths and pressure
change maximum.

The over-pressure in the upper conduit is significantly
affected by the formation of shear bands, due to a change
in the viscosity and flow field altering the conduit
resistance. Our model shows that the over-pressure
decreases in the upper conduit due to the formation of
shear bands, corresponding to the deflation of the flanks.
We model a change in over-pressure gradient of up to
4x10* Pa/m in the upper conduit and a maximum pressure
change of 4.5 MPa at depths up to 300 m; magnitudes that
can be related to the change in the tilt experienced during
inflation and deflation cyclic events. Enhanced degassing
and ash emissions are observed during the inflation
maximum and deflation cycle from cracks on the dome
surface (Voight et al., 1999). This may be due to the
enhanced permeability from the formation of shear bands
that generate micro-fractures. However there may be a
competition between the process of enhanced permeabil-
ity from fragmentation, and an enhanced extrusion rates
suppressing gas-loss from shear band development. Also,
an increase in extrusion rate due to the formation of shear
bands may be the explanation for why the deflation period
for the volcano flanks is commonly more rapid than the
inflation period. Given further model constrains/improve-
ments, an observed change in extrusion rate could be used
to infer the shear strength of the magma within the conduit
or the greatest depth that shear bands penetrate to.

The conduit of a volcano initially begins as a dyke
connected to the magma chamber, with cylindrical
conduit geometries only developing at shallow levels
where the erosional capabilities of magma are higher. The
radius or width of the dyke for SHV at depth is estimated
to be approximately 11 to 12 m with an uncertainty of 7 m,
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when considering the ascent rates of hornblende (Devine
et al., 1998). Our model suggests that there may be a
greatest depth at which upper shear bands can reach, and
this will be the greatest depth at which significant conduit
wall erosion will occur, when ignoring explosive
decompression effects. Due to over-simplifications used
in our model we can’t constrain this depth. But future
models that couple the change in the conduit radius with
depth, and the feedback it will have upon magma viscosity
and extrusion rates, will allow for an estimate of the
conduit plumbing at depth.

For lower magma shear strength values the depth of
shear bands can be expected to increase, but will only
reach the depths at which LP seismicity occurs (~ 1500 m)
for unrealistically low magma shear strengths. Thus, it is
hard to reconcile LP seismic signals directly to the depth
of shear bands simulated in our model. To form shear
bands at the depth where LP events occur requires either a
more complex magma shear strength model, the conduit
to narrow at depth allowing the strain-rate to increase, or
both. A magma shear strength model dependent upon
pressure and magma crystallinity will be the focus of
future research (Hale, 2007).

All models have their limitations, and we make
several simplifying assumptions that are likely to affect
models results. First, we have to rely upon a pressure
change, via a dome collapse event, to trigger flow. How-
ever, in reality the magma is extruded without any large
pressure change or dome collapse event in a continuous
manner. Indeed, it was during periods of rapid magma
extrusion (>5 m® s~ ') that the cyclic seismic and de-
formation was primarily observed. Thus a transient
model including the temporal evolution of shear bands is
required to fully understand the influence of shear bands
upon magma flow, pressure and the timescales involved
in cyclicity. Second, because we consider a maximum
crystallinity in our models, this reflects flows at low
extrusion rates. For flow at higher extrusion rates the
viscosity is likely to be lower due to crystallisation
growth kinetics (Melnik and Sparks, 1999; Hale et al., in
press). This process may suppress the development of
shear bands, due to a lower viscosity, resulting in lower
shear stresses at the conduit wall although the crystal-
linity is likely to remain approximately in equilibrium at
the wall. Finally, neglecting vesicularity means that we
don’t consider a variable density, which is likely to give
quantitatively different results. Introducing vesicularity
into the model will decrease the weight of the magma
column which is likely to increase the extrusion rate and
push the depth of shear bands to deeper levels within the
conduit. However, simplifications were necessary for
this model, but despite this model results suggest that

changes in pressure and velocity fields due to shear
bands could be significant, especially during tilt and
seismic cycles in eruptive behaviour.
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