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ABSTRACT
Pressure variations in a magma reservoir may cause deformation at the surface and a redistribution of the stress in the
surrounding rock. In this study, we use two-dimensional
numerical models and elaborate how magma chamber inflation
and deflation affect the stress field around and surface
displacement. We test how a pre-existing normal fault near
the magma reservoir may influence the pattern of stress. We
demonstrate the possibility of initiating both normal and
reverse slip on faults during the inflation of the magma
reservoir. The Coulomb failure stress changes are calculated
during the periods of pressure variation. An increase of
Coulomb failure stress can be predicted above and below the
magma chamber during increasing magma chamber pressure

Introduction
Over the past two decades, numerous
studies have investigated the relationship between volcanic activity and
seismicity (e.g. Tilling and Dvorak,
1993; Troise, 2001; Toda et al., 2002;
Doubre, 2004; Foulger et al., 2004,
2005; Walter and Amelung, 2004). An
increase of seismicity above the magma reservoir of Campi Flegrei (Italy)
is believed during inﬂation of the
magma reservoir (De Natale and
Zollo, 1986; De Natale et al., 1995).
Also during inﬂation, Tilling and
Dvorak (1993) observed seismicity
above and below the magma reservoir
of the Kilauea volcano (Hawaii). The
seismicity has been less studied during
deﬂation of magmatic chamber. In
this case, the location of seismicity is
unclear. Nevertheless, before the Loihi
seamount (Hawaii) collapse, seismicity was located laterally oﬀset from the
extent of the magma chamber
(Caplan-Auerbach and Duennebier,
2001).
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that may encourage earthquakes. This process can produce
cracks and fault growth encouraging magma propagation along
the cracked zone. A different distribution of the stress change is
expected in the case of subsequent deflation of the overpressured magma reservoir. In this case, seismicity is expected on a
plane at equal depth than the magma chamber, laterally offset
from the extent of the magma chamber. Magma could
propagate laterally from the magma reservoir into zones where
cracks have been generated, but only if the resolved shear
stress on the fault is small compared with the excess magma
pressure.
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In volcanic areas, it is necessary to
distinguish between seismic activity
generated by tectonic processes
(short-period waves) and seismic
activity provoked by ﬂuid propagation (short-period and long-period
waves, volcanic tremors). A complete
time-history analysis of seismicity
preceding and accompanying volcanic eruptions is required to understand the interplay between tectonic
and magmatic processes. Unfortunately, it is not always possible to
do this, especially with old data.
Under these conditions, it is diﬃcult
to interpret adequately the observed
phenomena.
Fault and boundary fractures are
believed to play a role in the evolution
of magma reservoir. This role is diﬃcult to interpret because the activity of
fault is often contemporaneous with
magma chamber activity. The relation
between the magma chamber activity
and the seismic activity is considered
as evidence of stress change (Troise
et al., 1997). Recently, Troise et al.
(2003) have shown that the seismicity
at the Campi Flegrei caldera is matching areas of increased Coulomb failure
stress above the pressure source,
nearby a fault, during magma reservoir inﬂation. It has also been suggested that earthquakes could trigger

eruptions (Nostro et al., 1998; Hill
et al., 2002).
Previous researches have studied
separately magma chamber activity,
fault slip, seismicity and magma propagation. Furthermore, the eﬀect of
deﬂation on stress change has not
been studied in detail. The aim of this
study was to improve our understanding of seismic activity in volcanic
areas, in terms of both location and
processes. We would like to understand how magma reservoir activity is
able to produce deformation which
allows magma propagation along
preferential direction. A numerical
approach is applied to model the
pressure variations of a magma reservoir near a pre-existing fault. In this
study, we tested and discuted the
inﬂuence of: (1) the eﬀects of varying
magma chamber pressure (increase
and decrease) on ground surface
movements and displacements across
pre-existing faults; (2) the variation in
magma chamber pressure on the location of micro-seismicity; (3) the possible consequences on magma injection
from the magma reservoir.

Coulomb stress change theory
Several studies have shown that static
stress changes as small as 0.01 MPa
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Df ¼ D 0 þ ðDn þ DpÞ

ð1Þ

where Ds0 is the shear stress change
parallel to the fault slip (positive if
having the same sign), Drn is the
change in normal stress (positive for
extension), Dp is the pore pressure
change and l is the frictional coeﬃcient ranging from 0.6 to 0.85 (Byerlee, 1978). We use l ¼ 0.75 in the
modelling study presented here. The
change in pore pressure due to a
change in stress is given by:
B
Dp ¼  Dkk
3
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Fig. 1 Main features of the numerical model. The diﬀerent fault lengths are simulated
as well as the various positions of the fault in relation to the magma chamber. (A) The
fault passes to one side of the magma chamber, and the maximum depth of the fault is
30 km. (B) Same as in A, but the maximum depth of the fault is 3.5 km. (C) The fault
originates above the roof of the magma chamber. Not to scale.

ð2Þ

where rkk ¼ rxx + ryy + rzz is the
volumetric stress and B is the Skempton coeﬃcient. We adopt a value of
B ¼ 0.5 (Árnadóttir et al., 2003).

Model procedure
A ﬁnite element model was constructed to evaluate the rate of stress
change in a faulted crust following
pressure variation within a magma
chamber. All models incorporate (see
Fig. 1): (1) a crust (continental or
oceanic) with a thickness of 30 km
and having a viscoelastic rheology; (2)
a spherical magma chamber (Gudmundsson et al., 1997) at a depth of
3.5 or 6 km, with an internal temperature of 1100 C and a radius of 1 km;
(3) a planar fault dipping between 60
and 80 located at various distances
from the magma chamber.
The lithosphere is modelled by a
two-dimensional viscoelastic model
with two layers. The crust is 30 km
thick and 100 km in length (Fig. 1A).
The continental crust usually has a
thickness of 30 km. Such values can
also be observed for oceanic crust in
areas such as Iceland where there is
increased mantle melting (Foulger
et al., 2003). A thickness of 25 km
of the mantle lithosphere is modelled.
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caused by large earthquakes may trigger subsequent events in a crust close
to the critical state of failure (Stein,
1999). Such a relationship between
stress change and aftershock location
has been demonstrated using the Coulomb failure stress change (King et al.,
1994). Failure occurs when the change
in Coulomb failure stress (Drf) exceeds a threshold value (Stein, 1999).
The Coulomb failure stress change
Drf is deﬁned by:

The base of the model (55 km) has a
temperature of 1380 C. Foulger
et al. (2004, 2005 have estimated a temperature of 1300 C at 50 km depth.
We focus our study on the upper part
of the crust where a magma reservoir
is simulated at a temperature of
1100 C. This corresponds to melt
temperature (De Natale et al., 2004).
The surface temperature is 25 C. We
assume a magma reservoir radius of
1 km at various depths (3.5 and
6 km). For active magma chambers,
the volumes are estimated at 5–
500 km3 which, for a spherical chamber, would indicate a radius of 1–
5 km (Gudmundsson and Brenner,
2004). The depths tested in our model
for the magma reservoir are of the
same order as the estimation of
magma reservoir depth at Campi
Flegrei, which has been estimated to
be below 4 km (De Natale and Pingue, 1993; Beauducel et al., 2004) and
at 3.5–4 km depth for the Mauna
Loa (Hawaii) (Walter and Amelung,
2004).
All the modelling presented here
was carried out using the ﬁnite
element model Ansys (http://www.
ansys.com). Our model allows us to
estimate the magnitude of the following parameters: ground deformation,
fault slip, Ds0, Drn and Drkk.

Rheology modelling
To model satisfactorily the stress ﬁelds
and deformation around a crustal
magma chamber, we need to take into
account the mechanical properties of
the whole lithosphere. In particular,
the continental or oceanic rheology of
the crust is expected to play a nonnegligible role and must be considered
along with the viscous eﬀect. Viscous
relaxation may redistribute stresses in
the crust over time after a localized
stress change (Parsons, 2002). This
process allows to interpret post-rifting
deformation in a volcanic rift zone
(Cattin et al., 2005).
The mode of deformation (i.e. elastic or viscous) depends on rock composition, temperature and strain rate.
In the lithosphere, nonlinear creep
processes prevail at high temperatures. The relation between stress
and strain rate is calculated from:


Q
"_ ¼ An exp 
ð3Þ
RT
where "_ is the strain rate, A, n and Q
are, respectively, the viscosity parameter, the power exponent and activation energy derived from laboratory
experiments, while R is the universal
gas constant, T is the temperature and
r is the diﬀerential stress (r1 ) r3)
 2006 Blackwell Publishing Ltd
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Table 1 A and n are two experimental constants, Q is the activation energy, E is Young’s modulus,  is Poisson’s ratio, k is the
thermal diﬀusivity and q is the density.
Parameter
)n

)1

A (Pa s )
Q (kJ mol)1)
n
E (Pa)

k (W m)1 K)1)
q (kg m)3)

Oceanic crust (0–30 km)
1.0 · 10
230
3.0
5 · 1010
0.25
2.6
2900

)21

Continental crust (0–30 km)
3.16 · 10
186.5
3.3
5 · 1010
0.25
2.6
2700

1
1
1
3
4
4
4

)26

Mantle (30–55 km)
5
5
5
3
4
4
4

2.41 · 10)16
540
3.5
7 · 1010
0.25
2.6
3300

2
2
2
3
4
4
4

References for viscosity parameters: (1) metagabbro, Cheng et al. (2002); (2) dry olivine, Karato and Wu (1993); (3) Pascal and Cloething (2002); (4) Huismans et al.
(2001); (5) van Wijk and Cloething (2002).

governed by the Coulomb failure relation:

Effective viscosity
0

 f ¼  0 þ n

Depth (km)
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Continental crust

where l is the friction coeﬃcient, rn is
the component of stress acting normal
to the fault surface, s0 the cohesion
and sf the limit shear stress. Contact
elements have a zero thickness and are
welded to the sides of viscoelastic
elements (Parsons, 2002). Faults are
permitted to slip during the entire time
of the modelling. The fault friction
coeﬃcient has a value of 0.75.
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Fig. 2 Eﬀective viscosity vs. depth. Viscosity is calculated from the equation l¼
[r1)n exp (Q/RT)]/2A, where r is the diﬀerential stress r1)r3 (calculated with the
ﬁnite element model), R is the gas constant, Q is the activation energy, while A and n
are experimentally determined values (see Table 1).

(Turcotte and Schubert, 2002). A
metagabbro rheology (Wilks and
Carter, 1990 cited in Cheng et al.,
2002) is assumed to simulate the
oceanic crust. The continental crust
is simulated by adopting the parameters for granite (van Wijk and Cloething, 2002). Lithospheric mantle is
simulated by dry olivine rheology
(Karato and Wu, 1993) (see Table 1
for values).
The resulting lithosphere has a high
viscosity in its uppermost part
(Fig. 2), as usually obtained with
numerical models (Bokelmann and
Silver, 2002). Continental crust is
easier to deform than oceanic crust.
The low viscosity of the oceanic lower
crust (Fig. 2) is in agreement with the
viscosity of the oceanic crust beneath
Iceland, estimated at between 3 · 1017
 2006 Blackwell Publishing Ltd

and 5 · 1019 Pa s (Hofton and Foulger, 1996), as well as with the viscosity
value of 0.5–1 · 1018 Pa s estimated
for the Afar transitional crust (Cattin
et al., 2005).
Fault modelling
In rift zones, the dips of normal faults
are in the range 60–80 for continental
(Micarelli et al., 2003; Cornu and
Bertrand, 2005), intermediate (Doubre, 2004; Cattin et al., 2005) or Icelandic-type crust (Angelier et al.,
1997; Grant and Kattenhorn, 2004;
Gudmundsson and Loetveit, 2005).
We tested several positions of the
fault, with various geometries and
lengths (Fig. 1).
The fault is deformable and is
constructed from contact elements

Tectonic loading is simulated by moving the eastern edge of the model at a
constant rate of 2 cm yr)1 (Fig. 1).
The western edge is constrained laterally (Vx ¼ 0). The model base is free
to slide laterally but cannot move
vertically (Vy ¼ 0). The free surface
of the model is fully deformable.
Before introduction of any boundary
motion, the model is subjected to
gravity for a time span of 10 ka so
that it can become fully compressed
under its own weight. The magma
chamber pressure is at lithostatic
equilibrium before any pressure variation is applied.

Simulation of pressure variation
within a crustal magma reservoir
Displacements
We ﬁrst tested the consequences of
varying magma chamber pressure on
the ground surface displacement and
the oﬀset on a nearby fault under
general conditions of extension of
2 cm yr)1. We simulated a pressure
increase in the magma reservoir of 1,
5 or 10 MPa over 6 years, followed
405
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by return to equilibrium within
1 year.
A magma pressure increase always
produces uplift above the magma
chamber, whereas a decrease in pressure produces subsidence. The rheology of the crust (oceanic or
continental) does not inﬂuence signiﬁcantly the vertical and horizontal displacements, or the Coulomb failure
stress value. The fault dip inﬂuences
ground deformation, especially in
the case of horizontal displacements.
The more steeply dipping the fault, the
smaller the amount of horizontal displacement (Fig. 3). Within our suite of
models, the horizontal displacement
never exceeds 10 cm. The vertical displacement calculated above the magma
chamber ranges between 10 and 20 cm
(Fig. 3). The depth of the magma
chamber plays a role. The deeper the
reservoir, the smaller the amount of
uplift (Fig. 3). While pressure increases
linearly within the magma reservoir,
the vertical displacement increases
nonlinearly due to viscous relaxation
near the magma reservoir. This eﬀect
can be observed also on the fault slip.

Fig. 3 Horizontal and vertical displacements at the topographic surface as a function
of time. The magma chamber pressure is increased by 10 MPa over 6 years and
decreased by 10 MPa over 1 year. The vertical displacement is calculated above
the magma chamber nearby a fault with a dip of 70 for two diﬀerent depths of the
magma reservoir (3.5 and 6 km). The deeper is the magma reservoir, the smaller the
vertical displacement. The vertical displacement is also calculated for two diﬀerent
dips of 70 and 60. The more steeply is the fault, the greater the vertical
displacement. The horizontal displacement is calculated at the right and at the left of
the magma reservoir, located at a depth of 3.5 km, for two diﬀerent fault dips (60
and 70). The more steeply dipping the fault, the smaller the amount of horizontal
displacement. Parameters used are the same as in Table 1. Magma chamber radius is
1 km. The fault is located at 2 km from the centre of the magma reservoir (Fig. 1A).
The extension velocity is 2 cm yr)1.

Fault slip
The slip on the normal fault due to the
variation in reservoir pressure depends signiﬁcantly on the position of
the fault in relation to the magma
reservoir (cf. Fig. 1B,C and Fig. 4).
Depending on this factor, reverse or
normal slip may occur on the fault in
the case of pressure increase (Fig. 4).
Pressure increase in a magma chamber
located adjacent to the fault, laterally
away (Fig. 4, curves A–D), produces a
reverse slip on a given point of the
fault at shallower depth than the
magma chamber, whereas an identical
pressure increase produces normal slip
when the fault is located entirely
above the magma chamber (Fig. 4E).
The closer the fault is to the overpressure source, the smaller the amount of
reverse slip (Fig. 4). This property is
valid until the distance between the
fault and the magma reservoir is
under a critical distance that depends
on the amplitude of the pressure
variation and on the rigidity of the
crust. The normal slip is associated
with a decrease in pressure and frictional strength along the fault. In the
case of reverse slip on a fault located
laterally to the magma chamber, the
406

Fig. 4 Displacement of a point on the fault with time. The point is at shallower depth
than the magma chamber (A–E). We compare the eﬀect of fault location and dip on
fault slip. (A) The geometry of the model is given in Fig. 1A, fault’s dip is 60. (B) The
geometry is given in Fig. 1A, fault’s dip is 70. (C) The geometry is given in Fig. 1B,
fault’s dip is 70. (D) The fault originates 1 km away from the magma chamber centre
at 2.5 km depth, so the maximum depth of the fault is 2.5 km. (E) The geometry is
given in Fig. 1C, fault’s dip is 70. (F) The geometry is given in Fig. 1A, fault’s dip is
70, slip on a point beneath the magma reservoir. The magma chamber pressure is
increased by 10 MPa over 6 years and decreased by 10 MPa over 1 year. Positive
(increase) displacement on the fault corresponds to normal slip and negative (decrease)
displacement to reverse slip. Parameters used are the same as in Table 1. The 1-kmradius magma chamber is located at a depth of 3.5 km. Note the role of fault location
in controlling the reverse/normal slip. The extension velocity is 2 cm yr)1.
 2006 Blackwell Publishing Ltd
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frictional strength on the fault increases, suggesting a seismogenic movement.
A pressure decrease within the
magma reservoir will produce normal
slip on faults located laterally to the
magma chamber (Fig. 4, curves A–D)
as well as when they originate above
the magma reservoir (Fig. 4, curve E).
The amplitude of the pressure variation does not aﬀect the direction of
oﬀset but only the amplitude of the
slip. The greater the amplitude of the
pressure variation, the greater the
fault displacement (Fig. 5). For a fault
extending to great depth, the part of
the fault at a depth equal or less
than the chamber depth will experience reverse sliding in the case of
magma pressure increase, whereas the
deeper part of the fault plane will
experience contemporaneously normal faulting (Fig. 4B,F). The situation
is reversed for pressure decreases.
Nevertheless, this fault geometry has
a similar eﬀect on fault displacement
compared with the shorter fault
(Fig. 4B,C). The slip on the fault is
more sensitive to the distance between
the magma reservoir and the fault
than the fault length.
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Fig. 5 Displacement on the fault above the magma chamber as a function of time.
The magma chamber pressure is increased by 1, 5 or 10 MPa over 6 years and
decreased by 1, 5 or 10 MPa over 1 year. The more is the pressure variation, the
greater the fault displacement. The fault is located just above the magma chamber.
This is the case C of Fig. 1. The dip of the fault is 70. The throw on the fault is
normal. Parameters of the model are those of Table 1. The 1-km-radius magma
chamber is located at a depth of 3.5 km. The extension velocity is 2 cm yr)1.
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Coulomb stress variation around the
magma reservoir
In the case of an increase in pressure
of the magma reservoir, changes in
Coulomb failure stress Drf indicate
that the positive variations are most
marked above and beneath the magma chamber (Fig. 6A,C,E). Therefore, we may expect seismicity and
cracks to develop in this area.
The crust rheology, the magma
reservoir depth, the amplitude of the
pressure variation and the length of
the nearby fault will inﬂuence the
amplitude of the Coulomb failure
stress change Drf, but not the area
where Drf is positive.
The Coulomb failure stress change
Drf during chamber deﬂation is positive laterally oﬀset from the extent of
the deﬂation source, but negative
above and beneath it (Fig. 6B,D,F).
This result suggests that the deﬂation
could produce seismicity and cracks
that propagate into the crust laterally
away from the magma reservoir.
Irrespective of whether pressure is
increasing or decreasing, the dip of
the nearby fault strongly inﬂuences
 2006 Blackwell Publishing Ltd

Fig. 6 Coulomb stress change (in Pa) calculated for a magma reservoir pressure
increase (A, C and E) or decrease (B, D and F) nearby a fault. Various fault dips are
tested (60, 70 and 80). The magma chamber pressure is increased by 10 MPa over
6 years and decreased by 10 MPa over 1 year. Higher positive values of Coulomb
failure stress change Drf indicate expected location of seismicity. When pressure
increases, the seismicity should occur above and beneath the magma reservoir. When
pressure decreases, the seismicity should occur laterally oﬀset from the extent of the
magma reservoir. The dip of the fault strongly inﬂuences the location of the areas of
positive and negative values of Drf. Parameters used are the same as in Table 1. The
1-km-radius magma chamber is located at a depth of 3.5 km. The geometry is
identical to Fig. 1A. The extension velocity is 2 cm yr)1.
407

Fault slip and Coulomb stress variations • J. Gargani et al.

Terra Nova, Vol 18, No. 6, 403–411

.............................................................................................................................................................
the location of the areas of positive
and negative values of Coulomb failure stress change Drf (Fig. 6). The
sub-planar area of positive Drf presents a 75–85 dip and makes an
angle of 20–25 with the fault plane
(Fig. 6).

Discussion and conclusion
Ground deformation and fault slip
The modelled surface deformations
are in quantitative agreement with
features observed in various volcanic
areas (Tilling and Dvorak, 1993;
Beauducel et al., 2000; Newman et al.,
2001; Mann and Freymueller, 2003).
Previous studies have already shown
the role of faults in controlling the
localization of ground deformation
(De Natale and Pingue, 1993; De
Natale et al., 1997). The role of
boundary fractures to estimate the
depth of the pressure source and
surface deformations has been shown
by Beauducel et al. (2004). Beauducel
et al. (2004) showed that point source
model in an elastic half space gave
results not compatible with seismic
and drill hole observations in Campi
Flegrei. In the present study, we show
that both the distance of the fault
from the pressure source and the fault
dip inﬂuence signiﬁcantly the amplitude of the ground deformation
(Fig. 3). Consequently, the pressure
variation in the magma reservoir from
ground deformation cannot be accurately quantiﬁed without having a
good knowledge of the dip and position of faults in the area. This result is
obtained with a discontinuity, which
takes into account friction, into a
viscoelastic lithosphere. The friction
of the fault should be considered
because it inﬂuences stress ﬁeld, surface deformations and fault slip. We
also took into account the viscosity of
the lithosphere in our modelling. The
viscosity of the lithosphere produces a
nonlinear response on ground displacements and fault slip due to a
linear pressure variation of the magma
reservoir.
Concerning the slip on the fault,
our results are in agreement with some
previous studies as well as with certain
ﬁeld observations. Previous numerical
and analogue modelling studies show
that reverse slip is possible on faults
near a magma reservoir in the case of
408

reservoir inﬂation (Acocella et al.,
2001; Walter and Troll, 2001; Troise
et al., 2003) or due to the local stress
induced by a nearby dyke (Gudmundsson and Loetveit, 2005). Another
important result of our model concerns the possibility of normal slip on
a fault above the inﬂation source. This
last result is in accordance with some
ﬁeld observations: focal mechanisms
with normal dip–slip motion have
been observed above the magma reservoir during reservoir inﬂation at
Campi Flegrei (Italy) nearby an inward dipping discontinuity (De Natale et al., 1995; Troise et al., 1997).
Analogue modelling also suggests the
possibility of normal slip on a fault
located in the summital block above
the magma reservoir during inﬂation
(Acocella et al., 2001; Walter and
Troll, 2001).

pointed out that, in Campi Flegrei,
seismicity with a normal dip component is coeval with episodes of fast
uplift, being located above the magma
chamber and strongly correlated with
positive Drf. Gray and Monaghan
(2004) showed the possibility to obtain fracture growth above and laterally away from a magma chamber in
an homogeneous rock without preexisting fault. In their study, the
fracture growth was inclined or with
more vertical angles depending on the
extension rate. During reservoir inﬂation, we obtain an inclined planar area
(75–85) with a positive Coulomb
failure stress change Drf above the
magma reservoir. This can be interpreted as reﬂecting the growth direction of a new fault or a permanent
plexus of cracks (Fig. 7A). Studies on
Kilauea volcano (Hawaii) show that
the number of short-period earthquakes increases above and beneath
the magma reservoir when surface
inﬂation is observed (Tilling and Dvorak, 1993). Also our numerical models
predict an increase of the Coulomb
failure stress change in the region
above and below the magma chamber,
which suggests that earthquakes there
are encouraged. The higher temperature below the magma reservoir reduces slightly the stress change beneath
the reservoir. If we interpret the
inclined plane of cracks above the
magma chamber (Drf > 0) as a fault,
we would expect normal slip to occur
because it is located just above the
magma reservoir (see Fig. 4, curve E
and Fig. 5).

Coulomb stress variation, cracks and
fault growth
The pattern of Coulomb failure stress
change around a magma reservoir
diﬀers strongly during inﬂation compared with deﬂation. On the contrary,
crust rheology (continental vs. oceanic), magma temperature and model
boundary conditions (extension/no
movement) have no signiﬁcant eﬀect
on the sign of Drf or the distribution
of positive Drf.
The area of positive Coulomb failure stress change Drf (Fig. 6A,C,E), in
which seismicity is supposed to occur
preferentially, should be a zone with
numerous cracks. Troise et al. (2003)
Pressure increase

A

Pressure decrease

B

Seismicity
Intrusion

Fig. 7 Schematic interpretation of the inﬂuence of magma reservoir pressure
variation with time. During the ﬁrst stage (A), the pressure increases within the
reservoir. The seismicity and cracking should occur preferentially in the hatched area.
This area may constitute a preferential path for magma ascent. During the following
second stage (B), the pressure decreases. The new area with Drf > 0 is now subhorizontal and tends to intersect the fault plane. Magma injection within the subhorizontal cracked area depends on the magnitude of the pressure variation DPm
regarding Drxy (see text).
 2006 Blackwell Publishing Ltd
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When the pressure of the magma
reservoir decreases from an overpressured state (Fig. 7B), we observe an
area of positive stress change Drf,
located laterally oﬀset from the
extent of the magma reservoir and
at the same depth (Fig. 6B,D,F).
Seismicity occurring laterally oﬀset
from the extent of the magma reservoir is often observed in volcanic
areas (Tilling and Dvorak, 1993;
Arnott and Foulger, 1994; CaplanAuerbach and Duennebier, 2001;
Newman et al., 2001; Clifton et al.,
2002; Zobin, 2003). This seismicity is
thought to be consecutive to magma
intrusion (Toda et al., 2002), but
could also be due to other processes
such
as
hydrothermal
activity
(Almendros et al., 2002) or complex
interactions between faults and pressure sources (Clifton et al., 2002). A
few observations in the literature
relate lateral seismicity to a decrease
in magma reservoir pressure as suggested by our modelling. The occurrence of a change in location of
seismicity around the magma reservoir before and after an eruption has
been observed in the case of the 1989
Teishi Knoll activity (Japan), the
May 1980 activity of Mt St Helens
(USA), the New Tolbachik volcanoes
(Russia) (Zobin, 2003) and the 1996
Loihi seamount collapse (Hawaii)
(Caplan-Auerbach and Duennebier,
2001). Volcano–tectonic earthquakes
related to shear failure were relocated
laterally to the Loihi seamount during the beginning of a slow collapse,
and have been clearly distinguished
from long-period events associated
with ﬂuid or magma transport
(Caplan-Auerbach and Duennebier,
2001). This is in agreement with our
interpretation: our model suggests
that seismicity may increase laterally
oﬀset from the extent of the magma
reservoir due to a decrease in magma
reservoir pressure.
Considering that the positive area
of Drf corresponds to a cracked zone,
the existing fault near the magma
reservoir is likely to intersect the
cracked zone (Figs 6B,D,F and 7B).
The eﬀect of this complex interaction
on deformation needs to be detailed,
but such a study falls outside the
scope of this study. Nevertheless, the
geometry of this intersection suggests
a way of terminating the faults close
to a magma reservoir.
 2006 Blackwell Publishing Ltd

Magma intrusion
In this section, we discuss the possible
link between the calculated Coulomb
failure stress change distribution
around a magma reservoir and the
injection of magma from such a reservoir into the surrounding rock.
There are at least two ways in which
magma can propagate into the crust.
Tensile stress concentration is expected at speciﬁc areas around magma
chambers especially in the case of
increase in internal pressure (Gudmundsson, 1988). This leads to magma injection in dykes that trend
perpendicular to the minimum compressive stress (mode I rupturing).
Another possibility is that magma
could propagate obliquely to the minimum compressive stress, if it invades a
pre-existing fracture or fault that is
misaligned with respect to the principal stress directions. We focus here on
this second possibility because the
magma reservoir can generate numerous faults along which the magma is
able to propagate. There are three
factors that could facilitate propagation of the magma along a fault (only
one is necessary): (1) the fracture is
nearly perpendicular to the minimum
compressive stress; (2) the resolved
shear stress on the fracture is small
compared with the excess magma
pressure; (3) the eﬀective ambient
pressure normal to the dyke is small
compared with the tensile strength of
the rock (Ziv et al., 2000).
Assuming that areas of rock damage (i.e. Drf > 0 in our model) are
similar to a faulted area, we would
then expect magma to be injected
preferentially along these directions.
During magma reservoir inﬂation,
sub-vertical weak zones are generated
above and beneath the reservoir
(Figs 6 and 7A). Such sub-vertical
ÔfaultsÕ are nearly perpendicular to
the least compressive stress so that
magma can propagate into them. The
magma can propagate upwards from
the magma chamber. This can also
suggest a preferential location of
hydrothermal ﬂuid in the highly fractured rock area (i.e. Drf > 0) above
the magma chamber. The planar areas
located beneath the chamber may also
allow magma ascent from greater
depth into the magma chamber.
Alternatively, Caplan-Auerbach and
Duennebier (2001) also suggest that

the magma could drain into a deeper
reservoir from a shallow reservoir.
The propagation of magma may not
be strictly vertical in a volcanic area
close to a fault system: an analysis of
the very-long-period waveform reveals
the existence of a magma plumbing
system dipping 80 below the Kilauea
volcano (Hawaii) (Almendros et al.,
2002).
Although magma reservoir deﬂation
can be interpreted as a simple consequence of dyke intrusion, other processes can lead to the same results such
as magma crystallization or thermal
contraction (Mann and Freymueller,
2003). The deﬂation can facilitate
magma propagation. During magma
reservoir deﬂation, a sub-planar
cracked zone is generated laterally to
the magma chamber in a nearly horizontal plane (Fig. 7B). Conditions (1)
and (3) for magma injection (Ziv et al.
conditions) are not satisﬁed in this
zone. Condition (2) may be satisﬁed at
the beginning of deﬂation when the
excess magma pressure is relatively
high and the shear stress along the
weak plane is small. In our modelling,
this condition applies as long as the
excess magma pressure DPm exceeds
2.5 MPa because, at the same time,
the shear stress resolved on the direction of the ÔfaultÕ plane in the weak
zone is relatively small (<0.6 MPa).
To our knowledge, such lateral propagation of magma has not been clearly
documented.
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