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S U M M A R Y
We investigate how surface load variations around volcanoes act on shallow magma chambers.
Numerical calculations are carried out in axisymmetric geometry for an elliptical chamber
embedded in an elastic medium. Magma compressibility is taken into account. For variable
chamber shape, size and depth, we quantify how unloading events induce magmatic pressure
change as well as variation of the threshold pressure required for dyke initiation at the chamber
wall. We evaluate the triggering effect of these surface events on onset of eruptions and find
it depends strongly on the surface load location and the magma chamber shape. We apply this
model to two active Icelandic subglacial volcanoes: Grı́msvötn and Katla. The 2004 eruption
of Grı́msvötn was immediately preceded by a jökulhlaup, a glacial outburst flood of 0.5 km3.
We show that this event may have triggered the eruption only if the system was very close to
failure conditions. Katla volcano is covered by the Mýrdalsjökull ice cap. An annual cycle,
with up to 6 m change in snow thickness, occurs from winter to summer. As the seasonal
snow load is reduced, a pressure decrease of the same order of magnitude as the load is
induced within the magma storage zone. Our model predicts that, in the case of a spherical
or horizontally elongated magma chamber, eruptions are more likely when the snow cover is
smallest, which appears consistent with the fact that all the last nine major historical eruptions
at Katla occurred during the summer period. The model predicts an increase in Coulomb stress
around the caldera, up to 7 km from its centre, during unloading periods, enough to trigger
earthquakes. Stress due to snow load variations, with focusing of it in weak zones near the
caldera boundary, is considered a contributing factor to seasonal seismicity observed beneath
Mýrdalsjökull.

Key words: Numerical solutions; Mechanics, theory, and modelling; Magma chamber pro-
cesses; Volcano/climate interactions.

1 I N T RO D U C T I O N

Surface load redistribution events occur frequently in the vicin-
ity of volcanoes. Some of these events, such as partial destruction
of volcanic edifices (Siebert 1984; Pinel & Jaupart 2005) or flank
destabilization (Tibaldi 2001; Manconi et al. 2009) are a direct con-
sequence of eruptive product emplacement and stability, whereas
other events such as water level changes (McGuire et al. 1997;
Björnsson 2002; Carrivick et al. 2009) or ice loading variations
(Sigvaldason et al. 1992; Jellinek et al. 2004) are due to external
phenomena. Whatever their origin, such events can cause sudden
perturbations in the stress field around a magmatic system, as well
as changes in pressure within the stored magma. Such changes can
be of the same order of magnitude as variations induced by seismic

events (few kPa to few MPa), but occur over larger timescales (1 h
to few years, according to the event). Previous work considering
2-D deformation of a cylindrical liquid-filled magma chamber
(Pinel & Jaupart 2005) demonstrated that the sudden partial de-
struction of a volcanic edifice always induces a pressure decrease
within the magma. It may either prevent or promote an eruption,
depending on the magma chamber size and depth. Here we evalu-
ate in detail how the shape of magma storage zone influences both
magma pressure changes and stress field variations induced by sur-
face load variations. Numerical calculations in an axisymmetrical
half-space quantify these perturbations. The magma is modelled
as a fluid embedded in a homogeneous, isotropic elastic medium.
Both media are treated in the simplest way, but the coupling between
magma pressure and host rock stress field is fully considered. The
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How surface loads act on eruption likelihood 1511

Figure 1. Map of Iceland showing the outline of fissure swarms along the central axis at the plate boundary (dashed grey line). Two transform zones, the South
Iceland Seismic Zone (SISZ) and the Tjornes Fracture Zone (TFZ) are also indicated (black lines). Black boxes show the two study areas : G = Grı́msvötn
(64,42◦N–17,33◦W) under the Vatnajökull ice cap (8000 km2) and K = Katla (63,63◦N–19,05◦W) under the Mýrdalsjökull ice cap (600 km2). Two GPS
stations GRIM and JOKU are located (modified from Sturkell et al. 2006).

influence of the depth, size and shape of a magma chamber, and also
the distribution and extension of a surface load are systematically
investigated.

The method developed is applied to two subglacial Icelandic vol-
canoes: Grı́msvötn, where sudden glacial outburst floods (called
jökulhlaups) originate, and Katla volcano, covered by an icecap of
varying thickness (see Fig. 1 for location). Grı́msvötn volcano has
a caldera filled by a permanent subglacial lake where jökulhlaups
occur typically at a frequency of 1–10 yr (Björnsson 2002). The
eruption triggering effect of jökulhlaups at Grı́msvötn was first pro-
posed by Thorarinsson (1953) to explain an eruption in 1934. A
jökulhlaup did also initiate before an eruption in November 2004
at Grı́msvötn (Vogfjörd et al. 2005). However, in most cases, a
jökulhlaup has not been followed by an eruptive event. In this study,
we evaluate the ability of a jökulhlaup event to trigger an erup-
tion. The other volcano studied here, Katla, is located beneath the
Mýrdalsjökull ice cap whose load varies with time. Two types of
load variations, with different temporal and spatial scales, have been
described in a previous study (Pinel et al. 2007): an annual variation
of the snow cover in the central part with an amplitude around 5 m,
and a long-term decrease of the ice thickness, around 4 m yr−1, at
the periphery, due to the climate warming. A seasonality in seis-
mic activity, with more events during the second half of the year,
has also been demonstrated by Einarsson & Brandsdóttir (2000).
Several cases of earthquake seasonality and ice cap/water loading
have been studied previously (Heki 2003; Saar & Manga 2003;
Bollinguer et al. 2007). However, none of these studies takes into
account the presence of a magma chamber. Here we estimate the
Coulomb stress change induced by the combined effect of surface
load perturbation and consequent magma pressure re-equilibration,
to evaluate seismicity rate variations. We consider the influence of
the magma chamber shape, as well as the compressibility of the
magma. At Katla, not only is there a relationship between ice load

variations and seismicity, but also the onset of eruptions suggests a
seasonal pattern; all nine large Katla eruptions since 1580 occurred
in the period from May to November (Larsen 2000) when the ice
load is reduced. In other areas, relationship between ice cap retreat
and volcanic activity has been evaluated considering unloading ef-
fects on either the deep melt generation zone (Jull & McKenzie
1996; Pagli & Sigmundsson 2008), or the shallow magma storage
zone (Gudmundsson 1986; Sigvaldason et al. 1992; Jellinek et al.
2004). Here we detail the effects of ice retreat on shallow magma
chambers, considering the role of their variable depth, size and
shape.

2 M O D E L D E S C R I P T I O N

2.1 General description, numerical method
and main limitations

Host rock is treated as a homogeneous elastic medium characterized
by its Young’s modulus E, Poisson’s ratio ν and tensile strength Ts .
Based on the principle of superposition, we calculate stresses and
displacement perturbations relative to a reference state which is
considered to be lithostatic (σrr = σθθ = σzz) (McGarr 1988). The
sign convention used is such that tensile (compressive) stress is
negative (positive). Magma modelled within the crust has a bulk
modulus K and initial density equal to that of the crust (the magma
chamber being at a level of neutral buoyancy). We model the magma
as an inviscid liquid, considering that, given viscosity of magma
ranging from 10 to 1010 Pa s (Spera 2000), the time delay required
to reach a static equilibrium can be neglected for the load variations
studied in this paper. No deviatoric stress is considered within the
modelled magma chamber (Pinel & Jaupart 2003, 2005). Magma
overpressure is therefore imposed by stress conditions applied to the
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Figure 2. (a) Schematic view of the numerical model (a 200 × 200 km box in axisymmetrical geometry). Boundary conditions are the following: zero radial
displacement on the axis of symmetry (r = 0), zero displacement at the edges of the box at r = 200 km and z = −200 km, a magma pressure Pc applied on the
chamber wall, a normal stress Pe (negative for unloading) applied on a given area of the upper surface (z = 0), which otherwise is characterized by stress-free
conditions. (b) Zoom of the zone of interest (grey area): magma chamber and surface load variation, showing all variable parameters.

solid at the chamber boundary, with a uniform normal stress, Pc, and
no tangential stress. The so-called magma pressure, Pc, (subscript c
for chamber) is actually an overpressure compared to the lithostatic
state of reference. In the following, for a matter of simplicity, we
will always use the term ‘pressure’ for the overpressure compared
to the lithostatic state.

We use a ‘Finite Element Method’ (FEM) in axisymmetrical
geometry considering the magma chamber as an elliptical volume.
Load variation is modelled by a normal stress, negative value in the
case of unloading, applied to a given area of the upper free surface.
The following parameters are varied: (i) the chamber depth, Hc,
measured from the chamber roof, (ii) the chamber size Vc, (iii)
the chamber ellipticity ( a

b ), (iv) the load size (Re) and (v) the load
amplitude (Pe = ρgHe) (Fig. 2). Model dimensions are 200 ×
200 km, with nearly 100 000 triangular elements. The relatively
large model size compared to actual volcano size minimizes the
influence of boundary conditions (zero displacement at infinity)
applied at the edge of the model. Numerical results were validated by
comparison with various existing analytical solutions (Mogi 1958;
Fialko et al. 2001; Tsuchida et al. 1982).

The model presented here has some limitations due to the simpli-
fying assumptions used. The medium is purely elastic, so viscoelas-
tic behaviour is not taken into account. This is a limitation, but
only for surface load variations occurring over a long period, such
as sustained ice retreat (Jellinek et al. 2004; Pagli & Sigmundsson
2008). In the elastic solid, we consider only constant material prop-
erties, corresponding to an isotropic and homogeneous medium. In
nature, there are heterogeneities in lithology and crustal structure
which affect the magma path to the surface. For the magma inside a
magma chamber, following Pinel & Jaupart (2005), we consider it
as a homogeneous inviscid fluid with a constant internal overpres-

sure and a given bulk modulus. We neglect viscosity and density
change as well as processes related to gas accumulation and magma
crystallization. These magma properties play an important role in
eruption behaviour, but are not considered important for the load
changes studied here. We thus assume that the amount of crystal-
lization remains too small to describe the magma as a elastic solid
softer than the encasing medium, as proposed by Manconi et al.
(2009). Even though we make these simplifying assumption for the
fluid phase, our model gives a good estimate of the magma pressure
change inside the chamber induced by surface load perturbation,
taking into account the compressibility of magma through its bulk
modulus K.

2.2 Pressure variation within the magma chamber

Any given stress field change around a volcanic system results in
magma pressure variation �Pc within the chamber. Following Pinel
& Jaupart (2005), we calculate this pressure change using the su-
perposition principle, estimating the volume change of the chamber
for two distinct cases : (1) a chamber with an internal pressure
change and no surface load change (�V1); (2) a chamber with zero
pressure change inside and a surface load change (�V2). For each
case, volume change is calculated numerically by integration of the
normal displacement for each point of the mesh. The total volume
change of the chamber, �Vc = �V1 + �V2, is directly related to
�Pc through the equation of state for the magma. In the incom-
pressible case, the chamber volume is constant and �Vc = 0. In
the compressible case, the chamber volume change is related to the
magma pressure change through the following relation:

�Vc = −�PcVc

K
(1)
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with K being the magma bulk modulus (compressibility equals 1
K ).

For magma with no exsolved gas, the bulk modulus K is estimated
to be 10–40 GPa (Tait et al. 1989), with the smaller values for the
more compressible magmas. However, if magma has exsolved gas,
the compressibility may be much higher with values for K around
0.1–1 GPa (Huppert & Woods 2002).

2.3 Variation of the threshold pressure needed
for dyke initiation

Before propagating towards the surface, dykes are initiated at the
magma chamber wall by brittle failure of the crust. Rupture in mode
I (tensile failure) is often used in studies of dyke propagation (Rubin
1993, 1995). Here we study the conditions required to cause such
failure, focusing on tensile failure mechanism. Following Pinel &
Jaupart (2003), we consider the deviatoric component, R, of the
minimum compressive stress:

R = σ3 − σ1 + σ2 + σ3

3
= 2σ3 − σ1 − σ2

3
, (2)

where σ 1, σ 2, σ 3 are the three principal stress components. Failure
occurs when R, calculated at the chamber wall, compensates the
tensile strength of the host rocks : R = −Ts. With this failure cri-
teria, we determine the value of σ 1 corresponding to the minimum

overpressure required inside the magma chamber to cause tensile
failure. This pressure is here called threshold pressure for rupture,
Pr (subscript r standing for rupture). As an example, a pressurized
spherical chamber in an infinite medium has σ2 = σ3 = − 1

2 σ1. The
failure criteria simplifies to − 1

2 σ1 = −Ts and the classic rupture cri-
teria for a sphere in an infinite medium, Pr = 2Ts, is obtained (Tait
et al. 1989). Any surface load variations will perturb the subsurface
stress field and thus modify the rupture conditions by inducing a
change �Pr of the threshold pressure required to initiate dykes. The
sign of �Pr can be either negative or positive, so surface load pertur-
bation can either enhance or prevent initiation of dykes. However,
as we said before, the load variation also affects magma pressure.
Therefore, an exact estimation of the potential effect of a surface
load event on dyke initiation requires a comparison between the
two pressure changes: magma pressure change �Pc and threshold
pressure change �Pr (Fig. 3).

2.4 Influence of surface load changes
on eruption likelihood

Before a surface load change, the chamber is characterized by an
initial state with a given pressure Pc(i) and a threshold pressure
required to initiate a dyke Pr(i). The initial pressure difference
�PI = Pr(i) − Pc(i) is an indicator of the state of the magmatic

Figure 3. (a) Evolution of the magma pressure Pc and threshold pressure for failure Pr during an unloading event. (b) Evolution of the ability of the system to
erupt. �PI and �PF represent the ‘pressure gap’ of the system necessary to initiate eruption, respectively before and after an unloading event. The final state
depends on the initial state, the magma pressure change and the rupture threshold pressure change : �PF = �PI + (�Pr − �Pc). When �PF < �PI (case
A), rupture is enhanced and may occur or not depending on the initial state. In the case �PF > �PI (case B), no eruption will occur. All pressure values are
perturbations compared to a lithostatic state of reference.
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system. The smaller �PI is, the closer to failure the system is. If a
surface unloading event occurs, the pressure inside the chamber will
decrease Pc( f ) = Pc(i) + �Pc (with �Pc always negative). The
threshold pressure for rupture will also change : Pr( f ) = Pr(i) +
�Pr. The final pressure difference �PF can be written as follows:

�PF = Pr( f ) − Pc( f )

= �PI + (�Pr − �Pc).
(3)

The failure of the magma chamber occurs and a dyke can be initiated
when �PF is equal to 0. The difference (�Pr − �Pc) provides the
relative evolution of a magmatic system after an unloading event,
characterizing the effect of this surface perturbation on dyke initia-
tion at the chamber wall (Fig. 3b). Positive values indicate that the
magma chamber moves away from failure conditions and dyke ini-
tiation is inhibited. Inversely, for negative values, the magma cham-
ber approaches failure conditions and dyke initiation is favoured.
Failure initiation at the chamber wall is a required condition for
eruptions but does not necessary mean that an eruptive event will
follow. An eruption occurs only if magma can propagate towards
the surface which depends on the reservoir pressure as well as the
stress field (Pinel & Jaupart 2004). However, here, we restrict our
study to the effect on dyke initiation and consider that when dyke
initiation is favoured, eruption likelihood increases.

2.5 Parameters investigated

The effect of a surface load change above a magma chamber was
evaluated in a series of models, considering various parameters
such as the chamber shape and the load distribution. Due to the
axisymmetric geometry, effects of asymmetrical unloading events
or dipping magma sources are beyond the scope of this study. Future
3-D models might take such parameters into consideration. For the
surface load variation, we considered two classes of load change:
a central load (a cylinder with a 5 km radius) and a peripheral
load (a ‘toroid’ shaped with a cylinder of 10 km radius and a 5 km
internal hole). The magma chamber is an ellipsoid, with ellipticity
( a

b ), volume (Vc = 4
3 πa2b) and top depth (Hc). We explored a likely

depth range for shallow chambers in Icelandic volcanoes, from 2 to
7 km beneath the surface (Sigmundsson 2006). Chamber volumes
are less well constrained, and we investigated a wide range from
0.5 to 50 km3. Models have been calculated for chamber depths
(Hc) of 1, 3 and 5 km, and for chamber volumes (Vc) of 0.5, 10
and 50 km3. The chamber volume affects only the amplitude of the
pressure difference (�Pr − �Pc), with larger values in the case of
smaller chamber volumes, but has otherwise no significant effect
on this difference as a function of chamber depth or ellipticity.
Therefore, we only present the results for the intermediate volume
Vc = 10 km3.

3 R E S U LT S

Results for the failure pressure change �Pr, the chamber pressure
change �Pc and the difference between these two terms are shown
in Figs 4 and 5, respectively, for the central and the peripheral model.
Both confirm that a surface unloading event always induces a pres-
sure decrease within the chamber, �Pc < 0. The failure pressure
for a given state, Pr, is a function of the host rock tensile strength
Ts. In the case of small amplitude surface load variations (less than
10 MPa), rupture at the chamber walls occurs at the same loca-
tion before and after the unloading event and the resulting failure
pressure variation �Pr does not depend on the value of Ts.

For a central load removal with lateral extension comparable to
the chamber size, the magma pressure change (�Pc) gently in-
creases with chamber ellipticity and is maximum for a horizontally
elongated magma chamber (oblate) (Fig. 4b). Moreover, the magma
pressure change is also controlled by the chamber depth, with high
pressure drop for shallow chambers. The maximum amplitude is
of the same order as the loading event. This pressure change de-
creases with more compressible magmas. The threshold pressure
change, (�Pr), is slightly positive (less than 1

4 of the load removed)
for prolate ellipsoids, whereas it is negative, reaching larger val-
ues than the unloading event, for spherical and oblate ellipsoids
(Fig. 4a). The amplitude of the surface unloading is important
for shallow prolate and spherical chambers. The pressure change
difference, �Pr − �Pc (Fig. 4c), shows that a central unloading
event inhibits rupture initiation for a prolate chamber (positive val-
ues) and promotes the rupture for a spherical and an oblate chamber
(negative values). The enhancement of eruption likelihood is maxi-
mum for a spherical magma chamber situated at intermediate depth
(Hc = 3 km), and decreases with increasing chamber ellipticity. In
the case of prolate chambers, the tendency to inhibit an eruption is
more important for shallow chambers. Increasing compressibility
of magma inside the chamber increases the ‘enhancement effect’ for
spherical and oblate chambers, and reduces the ‘inhibition effect’
for prolate chambers.

For peripheral unloading, both pressure changes are smaller in
amplitude than in the case of a central unloading event, with values
always smaller than the surface load removed (Fig. 5). The maxi-
mum magma pressure change, �Pc, reaches only 40 per cent of the
load removed and the amplitude of the difference, �Pr − �Pc, is
always less than half of the load removed. Magma pressure changes
strongly depend on the chamber shape as well as on its depth. As
expected, for deep chambers (Hc = 5 km) the results are similar to
results for a central unloading event. Eruption is favoured for spheri-
cal and oblate chambers whereas it is inhibited for prolate chambers.
For shallow chambers, magma pressure change �Pc is maximum for
prolate ellipsoids, but tends to zero for oblate ellipsoids. Threshold
pressure changes �Pr are negative for prolate shapes and positive
for oblate shapes. In this case, an unloading event prevents rup-
ture initiation, except for a prolate ellipsoid chamber filled with
compressible magma. For an intermediate depth, magma pressure
change �Pc is maximum for the spherical shape and the effect on
eruption likelihood strongly depends on the amplitude of the load
as well as the magma compressibility (Fig. 5c).

4 A P P L I C AT I O N T O I C E L A N D I C
S U B G L A C I A L V O L C A N O E S

4.1 Lake discharge at Grı́msvötn

4.1.1 The 2004 eruption

Grı́msvötn volcano, located beneath the Vatnajökull ice cap (Fig. 1),
is one of the most active volcanoes of Iceland, with about 70 erup-
tions in the last millennium (Thordarson & Larsen 2007). The
volcano has a composite caldera of 8 km diameter, with a per-
manent subglacial lake (Fig. 6) (Björnsson & Einarsson 1990).
This lake is formed by ice melting in response to the intense heat
flux from geothermal and intermittent volcanic activity. The lake
level increases to a threshold value above which lake discharge oc-
curs. Such events, called jökulhlaup in Icelandic, are frequent in
Iceland at intervals of 1–10 yr. They are sometimes associated
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How surface loads act on eruption likelihood 1515

Figure 4. Evolution of pressure and rupture conditions for a magmatic system after a central unloading event. The load removed is a cylinder with 5 km
radius. The magma chamber has a constant volume Vc = 10 km3. Calculations for three different chamber depths (Hc = 1, 3 and 5 km) are shown. All the
pressure are normalized by the amplitude of the load removed. Results are obtained with ν = 0.25, E = 30 GPa and Ts = 20 MPa. (a) The threshold pressure
change �Pr as a function of the chamber ellipticity. The normalized pressure change depends slightly on the amplitude of the removed load, Pe. Results are
shown for Pe equal to 0.1 and 10 MPa. (b) The magma pressure change within the chamber �Pc as a function of the chamber ellipticity. This change is highly
dependent on the magma compressibility. Curves show values for K equal to 1 and 10 GPa as well as for the incompressible case. (c) �Pr − �Pc. The sign
of this term indicates whether the magmatic system moves closer to or away from rupture conditions. Negative values (shaded area) mean that the unloading
event promotes dyke initiation and thus the beginning of an eruption.

with eruptions as in 1934, 1938, 1983 and 2004 (Gudmundsson
& Björnsson 1991; Björnsson 2002). An eruption, with high heat
transfer, induces large ice melting which may be sufficient to initiate
lake discharge if the lake level is close to a critical state. However, it
has also been proposed that jökulhlaups and the associated pressure
release can trigger volcanic eruptions, as in 1934 and more re-
cently in 2004 (Thorarinsson 1974; Sigmundsson & Gudmundsson
2004).

The 2004 eruption started November 1 around 22 h GMT at
the southwest caldera rim of Grı́msvötn volcano. Increasing seis-
micity had been recorded by the Icelandic Meteorological Office’s
(IMO) monitoring system since the middle of 2003 (Vogfjörd et al.
2005) and continuous uplift of the surface had been measured by
GPS at the GRIM station (located at 3 km from the caldera centre),
since a previous eruption in 1998 (Fig. 7) (Sturkell et al. 2003,
2006). From geodetic, seismic and electric data, the chronology
of the events for a few days before the eruption is well estab-
lished (Vogfjörd et al. 2005). On October 28, episodes of har-
monic tremor were recorded at seismic station KAL, situated 50 km
south of Grı́msvötn, indicating increased water flow under the
Vatnajökull icecap covering Grı́msvötn. The following day, elec-
trical conductivity measurements in the Skeidará river, operated by

the Icelandic Hydrological Service, revealed an increase of geother-
mal melt water and confirmed the beginning of a jökulhlaup. On
October 30, icequakes were also detected in association with the
jökulhlaup. The chronology of events shows the jökulhlaup began
3 days before the eruption. The discharge of Grı́msvötn lake may
therefore have triggered the eruption. Total lake discharge was es-
timated around 0.5 km3 (Icelandic Hydrological Service), with a
lake area evaluated around 10–11 km2 (Berthier et al. 2006). In situ
measurements at the subglacial lake with water-level gauges show
that only 30 per cent of the total lake discharge occurred before the
eruption, corresponding to a 15 m drop in lake level (H. Björnsson &
F. Pálsson, personal communication, Oddsson 2007), equivalent to
a pressure release at the caldera surface of 0.15 MPa. The geometry
and the depth of a magma chamber under the Grı́msvötn caldera are
difficult to constrain. A seismic tomography survey (Alfaro et al.
2007) suggests a low velocity body under Grı́msvötn, which can be
interpreted as a magma chamber. A sill shaped geometry is sug-
gested (2–2.5 km horizontal major axis and 0.5 km vertical minor
axis) with a volume around 10 km3 and top about 2.5 km under the
caldera surface. This depth is consistent with the value of about 3 km
(centre depth) estimated from deformation studies (Sturkell et al.
2003).
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1516 F. Albino, V. Pinel and F. Sigmundsson

Figure 5. Evolution of pressure and rupture conditions for a magmatic system after a peripheral unloading event. Panels are the same as in Fig. 4, except the
load removed has a toroid shaped with a 5 km internal radius and a 10 km external radius.

Figure 6. Grı́msvötn ice surface map and caldera rim (modified from Gudmundsson & Björnsson 1991). Also shown are the 1998 and 2004 eruption sites,
the disk load used to model the lake discharge in 2004 and GRIM GPS station. Inset map shows the location of Grı́msvötn (G) within Iceland.
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How surface loads act on eruption likelihood 1517

Figure 7. Interpretation of the vertical displacement recorded at the Grı́msvötn GPS station (GRIM, located 3 km from the caldera centre) relative to a reference
point at the Jökulheimar GPS station (JOKU, located 100 km west from the caldera centre) for the 1992–2005 period. Vertical uncertainty is ±4 mm. Modified
from Sturkell et al. (2003).

4.1.2 Modelling of the 2004 jökulhlaup effect

We modelled the influence on eruption likelihood of the lake dis-
charge which occurred prior to the eruption. Model values and
results obtained are listed, respectively, in Tables 1 and 2. As the
geometry of the magma chamber is poorly known, we considered
two shapes (with a similar volume): an oblate (calculation 1) and a
sphere (calculation 2). All calculations are for Young’s modulus, E,
equal to 30 GPa, considered appropriate for Icelandic crust (Pinel
et al. 2007).

The 0.15 MPa pressure release at the surface, due to the 2004
jökulhlaup prior to eruption onset, induces a decrease of the
threshold pressure for failure �Pr of about 0.04 MPa for an oblate
chamber (calculation 1) and more than 0.15 MPa for a spherical
chamber (calculation 2). As explained in Chapter 2, we also con-
sider the variation in pressure inside the magma chamber �Pc in-
duced by the jökulhlaup. The difference, �Pr − �Pc, characterizes

Table 1. Numerical values used to model the effect of the 2004 jökulhlaup
at Grı́msvötn.

Unit Symbol Calculation 1 Calculation 2
oblate sphere

Magma reservoir
Horizontal axis km a 2.5 1.5
Vertical axis km b 0.5 1.5
Depth km Hc 2.5 1.5
Volume km3 Vc 13.09 14.14

Load removeda

Lake radius km Re 1.8 1.8
Water level drop m He 15 15
Pressure change MPa Pe 0.15 0.15
aThe extension of the subglacial lake and characteristics of the jökulhlaup
in 2004 are estimated from Berthier et al. (2006) and personal
communication (H. Björnsson F. Pálsson).

the evolution of eruption likelihood. Values are negative for both
geometries considered (except for the incompressible case in cal-
culation 1), and larger for chambers filled with more compressible
magma (lower bulk modulus). The modelling shows that the 2004
jökulhlaup and the associated surface pressure release favoured
dyke initiation at the chamber wall and may have triggered the
eruption. However, the effect is small. The amplitude of the ef-
fect (�Pr − �Pc) is maximum and equivalent to the surface load
removed (around 0.15 MPa), for a spherical chamber filled with
compressible magma. For an oblate chamber, the triggering effect
reaches only 0.01 MPa for K = 10 GPa, which corresponds to only
5 per cent of the surface pressure change.

As magma compressibility is a key parameter, we attempted to
use GPS measurements to constrain its value for the magma stored
at the Grı́msvötn volcano. A cumulative vertical uplift of 19 cm
was recorded at GRIM station (3 km east of the caldera centre)
between the end of the 1998 eruption and the fall of 2004 (Fig. 7).
With our model, this uplift can be attributed to a pressure increase
in a magma chamber of 5.5 and 23.75 MPa, respectively, for the
oblate shape (calculation 1) and the spherical shape (calculation 2).
These values of pressure variations can be used as an estimation of
the pressure drop during the 2004 eruption if we assume the pressure
in the magma chamber at the end of an eruption was the same in
1998 and 2004. The pressure drop, together with an estimate of
the erupted volume, around 0.02 km3 dry rock equivalent (DRE)
(Oddsson 2007), allows an estimation of magma compressibility.
Considering that the chamber volume change is equal to the erupted
volume, the magma bulk modulus obtained has a value of 15 GPa
for the oblate chamber and the magma has to be incompressible for
the spherical chamber. With these values of K, the corresponding
pressure difference, �Pr − �Pc, is 0.005 MPa in case of an oblate
ellipsoid and 0.13 MPa in case of a spherical chamber. From these
results we conclude that the ability of the 2004 jökulhlaup to trigger
an eruption indicates that before the lake discharge the magma
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1518 F. Albino, V. Pinel and F. Sigmundsson

Table 2. Results for pressure changes due to the 2004 jökulhlaup event, considering magma
reservoir and load parameters given in Table 1.

Symbol Calculation 1 Calculation 2
oblate (MPa) sphere (MPa)

BEFORE THE 2004 JÖKULHLAUP EVENT

Magma pressure Pc 5.50 23.75
Adjusted tensile strength to have �PI = 0 Ts 22.00 13.88

AFTER THE 2004 JÖKULHLAUP EVENT

Failure pressure change �Pr −0.040 −0.168
Magma pressure change �Pc

K = ∞ −0.045 −0.034a

K = 20 GPa −0.036 −0.019
K = 15 GPa −0.035a −0.017
K = 10 GPa −0.030 −0.013

Final pressure difference �PF

K = ∞ �PI + 0.005 �PI − 0.134a

K = 20 GPa �PI − 0.004 �PI − 0.149
K = 15 GPa �PI − 0.005a �PI − 0.151
K = 10 GPa �PI − 0.010 �PI − 0.155

Note: Calculations are for E = 30 GPa and ν = 0.25. �PI and �PF are indicators of the failure
state of the magma chamber, respectively, before and after the load removed (see Section 2.4).
aCorrespond to the values obtained using the magma bulk modulus calculated for the 2004 event
(from the pressure drop and volume of the eruptive products estimations).

chamber was already very close to rupture conditions, with more
than 99.5 per cent of the pressure threshold recovered inside the
magma chamber since a previous eruption.

4.1.3 A more general view on the ability of jökulhlaups
to trigger eruptions?

A jökulhlaup in 1996 was associated with a 100 m lake level
drop, 10 times the 2004 event. This did not trigger an eruption at
Grı́msvötn (Björnsson 2002). For this event, the initial state of stress
is poorly constrained as there was only one survey of the GRIM GPS
site in 1992, and an other one in 1997. We consider that the pressure
Pc within the magma chamber at the end of the 1998 eruption was
zero (note again that Pc represents the overpressure compared to
the lithostatic state of reference). It corresponds to the condition
for dyke closure if viscous and thermal effects are neglected. Such
effects could have stopped the eruption at a larger magma pressure.
From Fig. 7, we can then estimate the magma pressure Pc before
the 1996 unloading event, to have been around 4.2 and 18.25 MPa,
respectively, for the oblate and the spherical chamber models. In
this case, the magma pressure in 1996 was not close to the rupture
conditions. We have an estimation of �PI around 1.3 and 5.5 MPa,
respectively, for oblate and spherical chambers (indicating that less
than 80 per cent of the pressure threshold was recovered). The max-
imum �Pr − �Pc pressure change induced by the 1996 jökulhlaup
is 10 times larger than for the 2004 event, about 0.05 MPa for the
oblate chamber and about 1.3 MPa for spherical chamber. In all
cases, this triggering effect remains too small, compared to �PI,
to cause failure of the chamber wall and induce an eruption. In
conclusion, when the lake discharge occurred at Grı́msvötn caldera
in 1996, although the triggering effect was larger in amplitude, the
magma chamber was initially too far from rupture conditions and
no eruption was initiated. A surface unloading event, such as lake
discharge, is able to trigger the eruption only when the system is
already very close to failure. This is consistent with the fact that
only some jökulhlaups at Grı́msvötn have triggered an eruption.

4.1.4 Estimation of the tensile strength

Even though it is a key parameter for characterizing crustal failure,
the rocks tensile strength remains poorly constrained. Estimates
come, for example from experimental studies which had problems
reproducing large confining pressure conditions (Touloukian et al.
1981). Here we show how interpretation of deformation data, to-
gether with a model, can provide complementary constraint on the
tensile strength. As previously shown, the values of 5.5 and 23.75
MPa (respectively for the calculation 1 and 2) represent the magma
pressure changes Pc before the 2004 eruption (Table 2). As the
reservoir was close to rupture conditions, these magma pressure
values were very close to the failure pressure Pr. This assumption
can be used to estimate numerically the rock tensile strength Ts. We
obtain, respectively, 22 and 13.9 MPa for the Ts value for the oblate
and the spherical chamber model (Table 2). These estimates are con-
sistent with some reported values for tensile strength (Touloukian
et al. 1981), although somewhat higher than the range 1–10 MPa
measured in Iceland (Haimson & Rummel 1982).

4.2 Icecap load variations at Katla

4.2.1 General context

Katla is a subglacial volcano located in South Iceland under the
Mýrdalsjökull ice cap (Björnsson et al. 2000; Thordarson & Larsen
2007) (Fig. 1). It has a NW–SE elongated caldera (9 × 14 km) from
which 20 explosive eruptions have occurred in historical times, the
most recent in 1918 (Larsen 2000). Although the details of a magma
storage zone at shallow depth are debated (Óladóttir et al. 2008),
there is seismic as well as geodetic evidence for a magma chamber. A
2-D seismic undershooting survey has shown traveltime anomalies
at shallow levels, interpreted as a 5 km wide magma chamber with a
bottom at 3 km below the surface (Gudmundsson et al. 1994). Other
studies have estimated the depth of the magma chamber at about
5 km depth from crustal deformation results interpreted with a point
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Table 3. Numerical values used to model the effect of ice/snow load variations at Katla.

Unit Symbol Value

Magma reservoira

Horizontal axis km a 2.5
Vertical axis km b 0.5
Depth km Hc 2.5
Volume km3 Vc 13.09

Seasonal unloadingb

Pressure change for radius Re: 0 < Re < 7 km MPa Pe −0.042
Pressure change for radius Re: 7 < Re < 9.5 km MPa 1

2 Pe −0.021

Long-term unloadingb

Pressure change for radius Re: 7 < Re < 17 MPa Pe −0.035
aSize, shape and depth of the Katla reservoir are estimated from Gudmundsson et al. (1994).
bCharacteristics of the ice/snow thickness variation are estimated from Pinel et al. (2007).

source model (Sturkell et al. 2006; Sturkell et al. 2008). Parameters
used in our calculation for the geometry of Katla’s chamber are
listed in Table 3.

Aeroplane radar measurements of surface elevation at Mýrdals-
jökull acquired since 1999 show an annual cycle in its central
part, as well as gradual ice thinning at the periphery of the ice
cap (Gudmundsson et al. 2007). Snow accumulates during win-
ter and melts during summer, while gradual ice thinning occurs
in response to warmer climate. Pinel et al. (2007) modelled the
displacements due to these two surface load variations, in or-
der to discriminate between magma movement and surface load
contributions to measured displacements. The seasonal effect is
here modelled by a uniform snow disc load centred on the caldera,
with 7 km radius and thickness of 6.5 m, surrounded by a 2.5 km
wide zone with 3.25 m thickness change. For long-term ice thin-
ning, a toroid shaped ice load with an internal radius of 7 km and
external radius of 17 km is used (Table 3, Fig. 8). Densities used to

calculate pressure change induced by load variations are 650 and
900 kg m−3, respectively, for the snow and the ice.

4.2.2 Possible modulation of the volcanic activity

The last nine major Katla eruptions with known calendar dates all
began between May and November (Larsen 2000). A correlation
between timing of eruptions and ice load thickness may be consid-
ered. We calculated the influence of seasonal snow melt on eruption
likelihood. Results are shown in Table 4. The �Pr −�Pc difference
is negative for compressible magma, indicating that the seasonal
unloading event enhances dyke initiation although the suggested
effect is small, around 0.01 MPa. Our results thus confirm the pos-
sible effect of seasonal unloading events on the onset of eruptions
at Katla, with a larger effect for more compressible magma. This
seasonal load variation may however modulate the timing of erup-
tions only if the rate of pressure increase in the magmatic system

Figure 8. Model used to describe the two surface load variations at the Mýrdalsjökull icecap (modified from Pinel et al. 2007); left panel: central seasonal
effect due to the snow cover variation between winter and summer period; right panel: peripheral long term effect due to the icecap retreat in relation with the
warmer climate. Inset map shows the location of Katla volcano (K) within Iceland.
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Table 4. Results for pressure changes due to the sea-
sonal and long-term ice/snow loading event, considering
a magma reservoir given in Table 3.

Symbol Value (MPa)

SEASONAL UNLOADING

Failure pressure change �Pr −0.045
Magma pressure change �Pc

K = ∞ −0.046
K = 20 GPa −0.037
K = 10 GPa −0.031

Final pressure difference �PF

K = ∞ �PI + 0.001
K = 20 GPa �PI − 0.008
K = 10 GPa �PI − 0.014

LONG-TERM UNLOADING

Failure pressure change �Pr −0.0007
Magma pressure change �Pc

K = ∞ −0.0035
K = 20 GPa −0.0029
K = 10 GPa −0.0024

Final pressure difference �PF

K = ∞ �PI + 0.0028
K = 20 GPa �PI + 0.0022
K = 10 GPa �PI + 0.0017

Note: Calculations are for E = 30 GPa and ν = 0.25.
�PI and �PF are indicators of the failure state of the
magma chamber, respectively, before and after the load
variations (see Section 2.4).

just before the eruption is small compared to the triggering effect.
This implies a low magma inflow rate, with pressure increase on
the order of 0.01 MPa yr−1 or less, inside the Katla chamber prior
to eruption.

For long-term ice thinning, the yearly 0.035 MPa pressure release
at the surface induces a decrease of 7×10−4 MPa in failure pressure
and a decrease of 3.5×10−3 MPa in magma pressure. The difference,
�Pr −�Pc, is always positive for all magma compressibilities. The
long-term unloading inhibits dyke initiation at the chamber walls
in the case of a laterally elongated chamber. The effect is smaller
than the seasonal load, with an amplitude less than 0.003 MPa.
However, for long-term unloading over decades, our model may not
be appropriate as it does not consider viscoelastic relaxation in the
lower crust and mantle.

4.2.3 Seasonal seismic activity

The Katla area has experienced persistent seismic activity since
the beginning of seismic monitoring in the 1960s. The earthquake
events are mostly located in two clusters, one inside the Katla caldera
and another at Godabunga, a few kilometres west of the caldera
rim. The seismicity has had a pronounced seasonal cycle for four
decades, particularly in Godabunga, with more events occurring
in the second half of the year (June to December). Einarsson &
Brandsdóttir (2000) point out that a correlation exists between the
seasonal seismic activity observed and the seasonal load change
at the ice cap surface and/or the resulting change in crustal
pore pressure beneath the icecap. They estimated the amplitude
of the pore pressure effect to be larger than the load effect. Here,
taking into account a magma chamber at depth, we investigate the
total effect of the seasonal icecap load variation on the stress field

and magma pressure, and the consequence for earthquake occur-
rence. The effects of the snow melt on pore pressure in the crust
are not considered. For this study we use the Coulomb criterion,
called CFF for Coulomb Failure Function. It provides a static stress
measure of the proximity of a fault to failure, as done in many pre-
vious studies (Roman 2005; Árnadóttir et al. 2003). We evaluated
the variation of this function or the Coulomb stress change, denoted
�CFF. In our case, we considered the effect of surface unloading
on particular fault planes, using the expression:

�CFF = �τ − μ′�σn, (4)

where �τ and �σn are, respectively, the variation of the shear
and normal stress component resolved on a fault and μ′ is the
effective internal friction coefficient (King et al. 1994; King 2007).
Positive Coulomb stress change signifies that earthquake occurrence
is favoured. Coulomb stress changes are highly dependent on the
geometry of the fault planes used in the calculation. In most cases,
these planes are chosen based on geological information about the
study area or on focal mechanism of triggered earthquakes (Walter
et al. 2007; Roman 2005). However, this information is not available
at Katla, so it is necessary to choose optimal planes associated with
an initial stress field, often related to the tectonic context. Here, we
consider the initial stress field as due to a pressurized magmatic
system close to failure, and the Coulomb stress change is then
calculated on the associated optimal planes. These planes are radial
in the vicinity of the magma chamber wall.

Fig. 9 shows the results of the Coulomb stress change (�CFF)
induced by seasonal load variations for three different magma cham-
ber shapes (oblate, spherical and prolate ellipsoid). We also present
a ‘reference case’ without any magma chamber. In that case, opti-
mal planes are associated with an extensional tectonic regime. The
main result is that the presence of a magma chamber strongly af-
fects both the spatial distribution and the amplitude of the Coulomb
stress change. Taking into account a magma chamber, �CFF max-
imum is not always located at the subsurface beneath the load but
may be found at greater depth close to the chamber wall. Further-
more, the amplitude of the Coulomb stress change is always larger
in the presence of a magma chamber. The amplitude of the effect
increases with increasing magma compressibility. Maximum am-
plitude of �CFF is obtained for an oblate shaped chamber filled by
compressible magma, with a value five times larger than the surface
load variation and one order of magnitude larger than the ‘reference
case’ without a magma chamber. In reality, the compressibility of
magma lies between the two values used (K = 1 GPa and incom-
pressible), with results shown on Fig. 9. The order of magnitude of
Coulomb stress change is thus between 0.03 and 0.2 MPa, which
is considered sufficient to trigger seismic events (Árnadóttir et al.
2003). However, the significance of this periodic Coulomb stress
change (�CFF) depends on its amplitude relative to long-term stress
change (Heki 2003). The annual load changes may modulate the
occurrence of seismic activity only if the seasonal Coulomb stress
change amplitude is of a similar order or higher than the long-term
stress change. Another important factor is the spatial distribution of
�CFF. Considering the presence of an oblate shaped magma cham-
ber, maximum effect of the seasonal unloading is expected near the
edge of the chamber at 2.5–5 km distance from the axis of symmetry.
This effect may contribute to earthquake triggering in the main part
of the Godabunga cluster, situated around 8–10 km west of Katla’s
centre. However, the highly clustered nature of the activity and the
geographic position of this cluster with respect to the caldera led
Soosalu et al. (2006) to suggest that the seismicity is the expression
of an unstable cryptodome. In any case, the fact that the seasonal
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How surface loads act on eruption likelihood 1521

Figure 9. Coulomb stress change (�CFF) induced by the seasonal melt of snow at Katla volcano. �CFF is calculated on planes optimum for shear failure
(shown with black lines) when the magma chamber is pressurized, with a surrounding lithostatic stress field. Parameters of the seasonal unloading as well as
the chamber geometry are described in Table 3. Values of Young’s modulus, Poisson’s ratio and effective internal friction coefficient used are, respectively,
30 GPa, 0.25 and 0.5. Various reservoir shape (ellipticity equal to 5, 1 and 1/5) and magma compressibility are considered. In the top left panel, Coulomb stress
change for a ‘reference case’ without magma chamber is calculated for an extensive regime associated with normal faulting. An indication of the location
of the Godabunga cluster is shown (black star). For each model, location (green dots) and amplitude value of the maximum of Coulomb stress change is
detailed.
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seismicity is clustered at specific locations clearly indicates an het-
erogeneity either in fault distribution or in the initial stress field,
neither of which are considered in our calculation. Around such
heterogeneties, annual earthquake triggering can well be attributed
to annual load changes. Our study also demonstrates the influence
of magma chamber geometry on earthquake triggering. Seismicity
rate response to the seasonal perturbation strongly depends on the
shape and state of the magma reservoir. Katla’s horizontally elon-
gated magma chamber, indicated by the caldera structure itself as
well as seismic studies (Gudmundsson et al. 1994), causes a larger
triggering effect compared to other shapes. Moreover, the presence
of the magma chamber at depth allows an amplification of the ice
load effect, leading to �CFF changes higher than the surface pres-
sure changes.

5 D I S C U S S I O N A N D C O N C LU S I O N

Basaltic eruptions result from the propagation of magma through
dykes, from the roof of a magma storage zone to the surface. The
initiation of a dyke may be induced by a variation in the stress field
within a crustal volume in the vicinity of a magma storage zone
and/or by an increase of the magma pressure related to fluid dy-
namical changes (e.g. due to fresh magma replenishment, bubble
gas accumulation and crystallization) (Tait et al. 1989). For exam-
ple, seismic events induce stress field variations at short timescales
in the crust and several studies have demonstrated interactions be-
tween large earthquakes and volcanic eruptions (Linde & Sacks
1998; Stein 1999; Feuillet et al. 2006; Walter et al. 2007). Three
mechanisms have been proposed (Hill et al. 2002) to explain this
relationship: (1) A static mode, that induces stress change only in
the near field of the earthquake (within up to a few hundred km,
depending on the earthquake magnitude); (2) a quasi-static mode,
associated with the slow viscous relaxation of ductile lower crust
and upper mantle; (3) a dynamic mode, due to the seismic wave
propagation. This can influence a stress field at large distances, up
to 1000 km or more. It can also modify the fluid pressure in magma
and geothermal reservoirs by up to several kPa, by processes still
being evaluated, such as rectified diffusion (Brodsky et al. 1998) or
advective overpressure (Sahagian & Proussevitch 1992). For each
mode, the stress variation depends strongly on the magnitude and
the distance of the seismic event. For example, a Mw 8 earthquake
occurring 100 km from a volcanic system induces a stress change
of 0.1 and 3 MPa, respectively, in the static and dynamic states
(Manga & Brodsky 2006). These amplitudes are relatively small
compared to lithostatic pressures but not negligible when compared
to the tensile strength of rocks. Such changes may be sufficient to
activate a magmatic system already in a critical state. Moreover,
the gas fraction in a magma mixture plays an important role in
fluid pressure changes. Growth of bubbles mechanism can amplify
magma pressure changes following external events, such as seis-
micity (Shimomura et al. 2006). However, earthquakes are not the
only candidates for a triggering effect on magma storage zones.
Global processes, external to volcanoes, may also have an effect.
At short timescales, Earth tides with 0.001 MPa stress change in
12 h (Johnston & Mauk 1972) or daily variations in atmospheric
pressure and temperature (Neuberg 2000) have also been proposed
to explain volcanic modulation.

In this study, we demonstrate that unloading events occurring
above volcanoes also have a triggering effect on eruption occurrence
by modifying the ability of magma to leave the storage zone. We
have focused on individualized shallow magma chambers, situated
at few kilometres depth in the crust. These storage zones are often

the result of magma accumulation at a neutral buoyancy level, where
the density of magma is equivalent to the host rocks. We have also
considered only eruptions fed by dykes which are initiated by tensile
failure at the chamber walls. These eruptive conditions are mostly
related to basaltic volcanoes, as in Iceland or Hawaii. In this volcanic
context, our mechanical models provide new information on the
possible interaction between surface load variations and magma
storage. The main innovative aspect of our work is the exploration
of the influence of different magma chamber shapes embedded in
the crust, in an axisymmetric geometry. The consequences of this
load redistribution on stress and pressure changes in the vicinity
of the magma chamber are highly dependent on: (1) the shape of
the magma chamber, (2) the compressibility of the magma and
(3) the surface unloading amplitude and distribution. On the other
hand, the magma chamber size has a small impact on results. For
the Katla and Grı́msvötn volcanoes, considering errors of ±10 per
cent for each semi-axis of the chamber, we obtained variations of a
few kPa, for the pressure difference �Pr − �Pc with higher values
for smaller volumes. The triggering effect on a magmatic system
induced by a surface load variation is typically of the same order
of magnitude as the load removed. The maximum amplitude occurs
for a spherical chamber filled with highly compressible magma.

Large flank collapses have a strong effect on magma storage
zones, generating pressure changes exceeding 1 MPa (Manconi
et al. 2009). Here, for the two Icelandic subglacial volcanoes stud-
ied, we demonstrated the potential triggering effect of smaller events
such as lake water discharge and ice thickness variation on erup-
tion likelihood. With a triggering amplitude of 1–10 kPa, these
surface events have a larger effect than Earth tides and compara-
ble to the static stress change induced by earthquakes. We confirm
that jökulhlaups can trigger eruptions as observed at Grı́msvötn in
2004, but only if an underlying magma chamber is close to failure
conditions. Our study of the Katla magmatic system shows that the
absence of historical eruptions during the winter period at Katla
may relate to modulation of eruptive activity by the seasonal snow
load variation. This implies low magma inflow rates prior to erup-
tions as otherwise the load effect would be insignificant relative to
stresses induced by magma inflow. It follows that small deformation
rates may be expected prior to eruptive events. We also emphasize
the influence of surface load changes on the seismicity recorded
around volcanoes. Study of Coulomb stress changes shows that
seismicity changes induced by surface load variations are expected
to be strongly dependent on the presence of a magma reservoir, its
shape and the compressibility of the magma. Ideally, variations in
recorded seismic activity such as at Katla may help constrain the
shape and state of a magma reservoir.
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Gudmundsson, M.T., Högnadóttir, T., Kristinsson, A. & Gudbjörnsson,
S., 2007. Geothermal activity in the subglacial Katla caldera, Iceland,
1999–2005, studied with radar altimetry, Ann. Glaciol., 45, 66–72.
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& Högnadóttir, T., 2007. Discriminating volcano deformation due to
magma movements and variable surface loads: application to katla sub-
glacial volcano, iceland, Geophys. J. Int., 169, 325–338.

Roman, D., 2005. Numerical models of volcanotectonic earthquake trigger-
ing on non-ideally oriented faults, Geophys. Res. Lett., 32, L02304.

Rubin, A., 1993. Tensile fracture of rock at high confining pressure: impli-
cations for dyke propagation, J. geophys. Res., 98(B9), 15 919–15 935.

Rubin, A., 1995. Propagation of magma-filled cracks, Ann. Rev. Earth
planet. Sci., 23, 287–336.

Saar, M. & Manga, M., 2003. Seismicity induced by seasonal groundwater
recharge at Mt. Hood, Oregon, Earth planet. Sci. Lett., 214, 605–618.

Sahagian, D. & Proussevitch, A., 1992. Bubbles in volcanic systems, Nature,
359, 485.

Shimomura, Y., Nishimura, T. & Sato, H., 2006. Bubble growth processes
in magma surrounded by an elastic medium, J. Volcanol. Geotherm. Res.,
155, 307–322.

Siebert, L., 1984. Large volcanic debris avalanches—characteristics of
source areas, deposits, and associated eruptions, J. Volcanol. Geotherm.
Res., 22, 163–197.

Sigmundsson, F., 2006. Iceland Geodynamics, Crustal Deformation and
Divergente Plate Tectonics, Praxis Publishing—Springer-Verlag, Chich-
ester.

Sigmundsson, F. & Gudmundsson, M.T., 2004. The Grimsvötn eruption,
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