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Abstract. Natural hazards associated with volcanic edificesFor comparison, the surface energy needed to form a typi-
depend partly on how fracture resistant the edifices arecal feeder dike is of the same order of magnitude, df 10

i.e. on their strengths. Observations worldwide indicate thatThere are several processes besides magma-chamber infla-
large fluid-driven extension fractures (dikes, inclined sheets)tion that may increase the strain energy in a volcano before
shear fractures (landslides), and mixed-mode fractures (ringruption. Thus, during a typical unrest period with magma-
dikes and ring faults) normally propagate more easily in achamber inflation, the added strain energy in the volcano is
basaltic edifice (shield volcano) than in a stratovolcano. Forlarge enough for a typical feeder dike to form. An injected
example, dike-fed eruptions occur once every few years indike, however, only reaches the surface and becomes a feeder
many basaltic edifices but once every1®yr in many stra-  if it is able to propagate through the numerous layers and
tovolcanoes. Large landslides and caldera collapses also agentacts that tend to deflect or arrest dikes. The strong elastic
pear to be more common in a typical basaltic edifice/shieldmismatch between layers that constitute stratovolcanoes not
volcano than in a typical stratovolcano. In contrast to aonly encourages fracture arrest, but also the storage of more
basaltic edifice, a stratovolcano is composed of mechanicallgtrain energy (than in a typical basaltic edifice/shield vol-
dissimilar rock layers, i.e. layers with mismatching elastic cano) before fracture formation and failure. It is thus through
properties (primarily Young's modulus). Elastic mismatch producing materials of widely different mechanical proper-
encourages fracture deflection and arrest at contacts and iries that stratovolcanoes become strong and resilient.
creases the amount of energy needed for a large-scale edi-
fice failure. Fracture-related hazards depend on the potential

energy available to propagate the fractures which, in turn,y |ntroduction

depends on the boundary conditions during fracture propa-

gation. Here there are two possible scenarios: one in whictMany stratovolcanoes are long-lived, tall and strong struc-
the outer boundary of the volcanic edifice or rift zone doestures (Fig. 1). The tallest ones reach 6-6.9km above sea
not move during the fracture propagation (constant displacetevel, 4-4.8 km above their surroundings, and their upper
ment); the other in which the boundary moves (constantparts are as steep as 35248imkin and Siebert, 1995, 2000;
load). In the former, the total potential energy is the strainFrank, 2003; Rosi et al., 2003; Siebert et al., 2010). Given
energy stored in the volcano before fracture formation; inthe steep slopes, small landslides are common (Reid, 2004;
the latter, the total potential energy is the strain energy pluBoudon et al., 2007). For most stratovolcanoes, large land-
the work done by the forces moving the boundary. Constantslides taking 20-30 % of the cone material, however, are ap-
displacement boundary conditions favor small eruptions,parently not common and seem to require specific external
landslides, and caldera collapses, whereas constant-load copading, such as shallow magma intrusion or earthquakes
ditions favor comparatively large eruptions, landslides, and(Tibaldi et al., 2006).

collapses. For a typical magma chamber (sill-like with a di-

ameter of 8km), the strain energy change due to magma-

chamber inflation is estimated at the order of4D(0.1 PJ).

Published by Copernicus Publications on behalf of the European Geosciences Union.



2242 A. Gudmundsson: Strengths and strain energies of volcanic edifices

Dike-fed eruptions are the most common type of large-
scale fracture failure of volcanic edifices. Some stratovolca-
noes erupt once every 0.1-10yr (Simkin and Siebert, 2000;
Siebert et al., 2010), but these eruptions are mostly related
to open central conduits, rare features, or lava lakes, rather
than to feeder-dike formation and associated edifice failure.
A common eruption frequency in a mature stratovolcano is
once every several hundred to several thousand years (Simkin
and Siebert, 1995, 2000; Frank, 2003; Rosi et al., 2003;
Siebert et al., 2010).

Some clarification is needed as to what is meant by vol-
cano failure. When we refer to magma-driven fracture failure
of a volcano, what is meant in this paper is failure through
dikes and inclined sheets. Many stratovolcanoes have central
conduits. Only in very rare cases, however, and over short pe-
riods of time and at very shallow depths, are these conduits
open cavities to the surface. Most commonly, the conduits are
filled with rocks of various types. As is well known, many
eroded conduits are exposed as plugs (necks) composed of
breccias and (mainly dike and inclined sheet) intrusions. Dur-
ing eruptions from conduits, it is commonly a single dike
that propagates through the conduit rocks and to the surface
supplies magma to the eruption rather than the conduit as a
whole.

This conclusion is strongly supported by the recent drilling
into the conduit of the Mount Unzen volcano in Japan
(Nakada et al., 2005). The results of the drilling show that
the 500-m-thick conduit is, at 1.3 km depth below the sum-
mit of the volcano, composed primarily of volcanic breccias
dissected by many dikes and igneous (pyroclastic) veins. The
dikes range in thickness from 7 to 40 m, are subvertical and

Fig. 1. The stratovolcano Teide in Tenerife, Canary Islands. subpqra_lllel, and_ st_rike perpendic_ular to the_infe_rred trend of
View looking southwest, the summit of El Pico del Teide is at tN€ Minimum principal compressive stress, in this part of
3710ma.s.l. The volcano as seen here stands about 1800 m abotl€ volcano. The dikes are sheet-like (not pipe-like), some
its surroundings, has steep slopes, and is composed of numerodBultiple, and occur over the entire 500-m width of the con-
lava flows, pyroclastic and sedimentary layers, and intrusions of varduit. Similar results have been obtained from detailed studies
ious types and mechanical properties (cf. Figs. 3 and 10). of Stromboli, Italy. Close to the central zone of the volcanic

cone of Stromboli, well-exposed outcrops indicate that close

to 100 % of the uppermost part of the plumbing system is

Some stratovolcanoes, over certain periods of time, maynade of sheet-like dikes (Tibaldi et al., 2009). No circular or

be subject to many landslides. Well-known examples includepipe-like conduits have been found. Furthermore, the active
Stromboli in Italy, where four large landslides have occurredmagma conduit itself is a dike (Casagli et al., 2009). Thus,
in the past 15 thousand years (Tibaldi, 2003), and Auguseyen within a clear conduit zone, the supply of magma to
tine in Alaska (composed of several overlapping lava domes)ihe surface, and thus the condition for an eruption, in a stra-
where some eleven lateral collapses have occurred in the pagdyolcano may be, and presumably very often is, primarily
2 thousand years (Beget and Kienle, 1992). Both these stratqnrough dikes.

volcanoes are highly active — Augustine being the most active The |argest basaltic edifices (shield volcanoes) on Earth
volcano in the eastern part of the Aleutian Arc and Strom-rise as much 9 km above the sea floor — some 15-17 km if
boli effectively the most active volcano in the world — and the depression of the sea floor is taken into account (Rosi et
their high activity may be one reason for their relative in- |, 2003; Lockwood and Hazlett, 2010; Siebert et al., 2010;
stability and frequent landslides over these time periods. IMvo.wr.usgs.gov/maunalpa but they often form clusters
comparison with basaltic edifices/shield volcanoes, howeveryith unclear elevation reference levels (Simkin and Siebert,
large landslides appear less frequent in typical stratovolca1995, 2000; Frank, 2003; Rosi et al., 2003; Siebert et al.,
noes than in typical basaltic edifices. 2010). Most basaltic edifices are much smaller, and their
slopes are generally gentle (Fig. 2). For example, the slope
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Fig. 2. Small shield volcano, the Holocene lava shield Skjaldbreidur Fig. 3. Internal structure of a stratovolcano, here a part of the col-

in Southwest Iceland. View looking east, the top of the lava shieldlapse caldera of Las @adas volcano in Tenerife, Canary Islands.

is at 1060 ma.s.l. and rises here some 700 m above its surrounding¥iew looking east, the caldera wall is about 300 m high. The rock

The shield is composed almost exclusively of thin (0.5-2m thick) units seen in the wall include felsic light-colored to brownish py-

pahoehoe flow units with little or no scoria at the contacts betweenroclastic layers, several basaltic sills and lava flows, as well as a

the layers. prominent basaltic dike. Many of these layers and rock units have
widely different mechanical properties.

of the subaerial parts ofikauea and Mauna Loa is mostly 4—
8° (Walker, 2000). Large landslides are common in basalticdifferent boundary conditions have different implications for
edifices (Oehler et al., 2005; Thompson et al., 2008), sucHracture growth. In particular, | discuss the difference be-
as around the Big Island of Hawaii (Moore et al., 1994), thetween the conditions where the outer boundary of the vol-
Canary Islands (Acosta et al., 2005), anéuRion (Oehler  canic edifice/rift zone does not move (constant displacement)
et al., 2005). Many large landslides are submarine; otherand where it moves (constant load) during the fracture prop-
are subaerial. There are more identified calderas hosted bagation. The third aim is to estimate the strain energy stored
stratovolcanoes than by basaltic edifices (Geyer and Martiin a volcanic edifice during unrest and magma-chamber in-
2008), because there are many more known and classifieflation and compare it with the surface energy needed for a
stratovolcanoes than basaltic edifices (Simkin and Siebertiracture to propagate to the surface in a volcanic edifice. The
1995, 2000; Frank, 2003; Rosi et al., 2003; Siebert et al.fracture example used is a typical feeder dike, but the re-
2010;www.volcanodb.com However, formation of and slip  sults are easily generalized to other fractures such as land-
on existing ring faults of calderas appear to be more commorslide faults (slip surfaces) and ring faults (caldera faults).
in individual large basaltic edifices (Walker, 1988) than in
individual stratovolcanoes (Newhall and Dzurisin, 1988). In
many basaltic edifices, there is a dike-fed eruption once ever® Internal structure
1-5yr. For example, in Piton de la Fournais&@(Rion), Etna
(Italy), and Mauna Loa (Hawaii) (Simkin and Siebert, 1995, A stratovolcano consists of rocks of widely different origin
2000; Frank, 2003; Rosi et al., 2003; Siebert et al., 2010). and composition (Fig. 3). Pyroclastic material is as much as
This paper has three main aims. The first is to explain50 % of the volume of the volcano and ranges in composition
why, in comparison with basaltic edifices (shield volcanoes),from mafic to felsic. The lava flows and intrusions, primarily
stratovolcanoes can maintain steeper slopes and appear to bils, inclined sheets, and dikes (Fig. 3), show a similar com-
less frequently subject to large-scale failure through dike-fedpositional range. The sedimentary rocks, mostly debris talus
eruptions and large vertical (caldera) and lateral (landslidederived from erosion of the upper parts of the volcano, be-
collapses. Using field observations, and analytical and nu€ome buried by subsequent lava flows and pyroclastic flows
merical models, | provide observational and theoretical evi-and thereby a part of the volcano structure. Some welded py-
dence for stratovolcanoes being mechanically stronger strucroclastic layers may have a higher Young’s modulus, i.e. be
tures than basaltic edifices. Other factors, of course, constiffer than, typical lava flows, whereas non-welded pyroclas-
tribute to the steep slopes of stratovolcanoes, for exampletic layers and many sedimentary layers are compliant (with a
the commonly high viscosities of their magmas and associfow Young’s modulus) and thus softer than lava flows (Bell,
ated extrusives. Here, however, the focus is on the effects 02000; Gudmundsson, 2011a).
mechanical strength. The second aim is to analyze the con- A basaltic edifice consists mostly of basaltic lava flows
ditions for fracture propagation in volcanic edifices and how (Fig. 4), sills, inclined sheets, and dikes. The lava flows and
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a

Opening

¥ Dike

Fig. 5. (a) Schematic presentation of boundary element-model re-
sults showing opening, debonding or delamination, of a weaker
contact between stiffer layers ahead of an overpressured (10 MPa)
propagating dike(b) If the dike reaches the contact, it may either
become deflected into a sill (Figs. 7 and 10), as indicated here, or
become arrested (Figs. 8 and 10).

Fig. 4. Vertical cliff, about 120 m high, of thin basaltic lava flows

at the peninsula of Teno in Tenerife, Canary Islands. View looking fact, composite materials are made tough by arranging their
west, the cliff is composed of tens of lava flows, most of which parts so as to encourage deflection and arrest of fractures.
are about one meter thick and with thin layers of scoria betweenFracture deflection and arrest, such as of dikes, is common in
the lava flows. Overall, the rocks that constitute the cliff, as well asrocks, particularly at contacts between layers of contrasting

many other sea cliffs in this old basaltic part of Tenerife, have very mechanical properties, i.e. layers with an elastic mismatch.
similar mechanical properties and the cliff functions effectively as

a single mechanical layer.

3 Fracture deflection and arrest

intrusions contain numerous columnar joints which lower
their effective stiffness. The joints also decrease the horizonDeflection and arrest of rock fractures at contacts, and thus
tal tensile strength to as low as 0.5 MPa (Schultz, 1995), makmuch of the toughness of a volcanic edifice, is primarily con-
ing it similar to the vertical tensile strength across contactstrolled by three related factors: (1) the tensile stresses ahead
between 'aa lava flows and between flow units ialpehoe  of the fracture and thus the tensile strength of the contact ver-
flows. (A stratovolcano also contains lava flows and intru- sus that of the adjacent rock layers; (2) rotation of the local
sions with numerous joints, but in addition it contains many principal stresses at the contact; (3) the material toughness of
pyroclastic and sedimentary layers with very different joint the contact in comparison with the material toughness of the
patterns and mechanical properties from those of the lavadjacent rock layers.
flows and intrusions). A basaltic edifice is thus made of rock The first factor can be illustrated by a contact opening
units, layers, and contacts with mechanical properties thatip because of induced tensile stresses ahead of a dike tip
vary much less than those in a stratovolcano (Fig. 4). (Fig. 5), referred to as the Cook-Gordon debonding or delam-

One principal measure of the toughness of layered andnation (Gudmundsson, 2009, 2011b). In a homogeneous,
laminated materials is the frequency with which fractures be-isotropic material the tensile stress ahead of, and parallel to,
come deflected and arrested at interfaces or contacts betweam extension fracture such as a dike is about 20 % of the stress
the layers (He and Hutchinson, 1989; Hutchinson, 1996). Inperpendicular to the fracture. Opening of contacts between
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Fig. 7. Dike (inclined sheet) deflected into a sill at a contact between
dissimilar layers in the Tertiary areas of West Iceland. The layer

b below the sill (in front of which the person is standing for scale) is
softer (more compliant) than the basaltic lava flow on the top of the
EEREss sill.
L)

The third factor is best analyzed as follows. The total
energy release rat6oty for a mixed-mode (extension and
shear) loading is (Broberg, 1999; Gudmundsson, 2011a, b)
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whereG is energy release rate (see Sect.ibjs Poisson’s
ratio, £ is Young’'s modulus, an& is the stress-intensity
factor. The critical value ot is referred to as the material
toughness, given as J1h The critical value of is referred
Fig. 6. Dike arrest due to principal stress rotation at contacts be-t0 as fracture toughness, given as P&mThis form of the
tween dissimilar rocks. In this finite-element model, the only load- €quation assumes plane-strain conditions; the subscripts Il
ing is magmatic excess pressure (5 MPa) in the magma chamber, Idfor G andK denote the loading modes. In geology, a mode |
cated in a layer with a stiffness of 40 GPa. The thick (light blue) and crack model is suitable for extension fractures such as dikes,
thin (yellow) layers have stiffnesses of 100 GPa and 1 GPa, respeca mode Il crack model for many dip-slip (normal and reverse)
tively. The direction of the principal compressive stress,is indi-  faylts, and a mode Il crack model for many strike-slip faults.
cated by t_|cks (short IlnesQa) State of stress bgfore d|_ke injection. For an extension fracture such a dike (Figs. 3 and 5-8),
(b) The dike foIIovys th.errl-tlcks a.nd, depending on its overpres- the total energy release ratg,, is given by the first term on
sure and the elastic mismatch (F|g.l9) across the contact, becom%ﬁe right-hand side of the equality sign in Eq. (1). Deflection
arrested (as seen here) or changes into a sill (Figs. 7 and 10). Lo

of the fracture along a contact normally involves more than

one loading mode (He and Hutchinson, 1989; Hutchinson,
mismatching rock layers is common close to the surface, of-1996), @ mixed mode, in which case the total energy release
ten resulting in fracture deflection or arrest. rate is a combination of, for examplé, and eitherGy or

The second factor, rotation of the principal stresses, ocGiii - Thus, to deflect an extension fracture from its normal

curs frequently at contacts between dissimilar rocks at vari-Path and propagate it along a contact between layers (as, say,
ous crustal depths (Fig. 6). Since dikes and other extensiof’0de Il) for a while requires more energy per unit extension
fractures do not normally propagate perpendiculantqbut  ©f fracture than a pure mode | propagation.
rather perpendicular ), a vertically propagating dike that !N @ddition, the path of a deflected fracture normally be-
meets a layer where the loeal has changed from being ver- comes longer than the path of a vertical extension fracture,

tical to horizontal either becomes deflected along the contacvhich adds to the energy needed for the propagation of
(Fig. 7) or arrested (Fig. 8). the mixed-mode fracture. This follows because the stress-

intensity factork depends on the length of the fracture. For
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Fig. 9. Ratio of strain energy release rate, a measure of material
toughness, to that of Dundurs’ elastic mismatch paramesddata

from He and Hutchinson, 1998 and Hutchinson, 1996). Inset: on
meeting a contact, a fracture (here a dike) may bed@narrested,

(b) singly deflected(c) doubly deflected, ofd) penetrate the con-
tact. Layers A and B are stiffer than, whereas layer C has the same
stiffness as, layer D. With no elastic mismatch across the contact,
ap = 0.0, and fracture deflection occurs only if contact toughness
is about 25 % of the toughness of the layers A, B and C. When the
mismatch increaseg() increases from 0.0 toward 1.0), deflection
occurs even if the contact toughness becomes higher than the tough-
ness of the adjacent layers.

fracture 2) and below the contact is less than that of the
layer above the contackt(). Theoretically, the tendency to
fracture arrest or deflection varies positively with (Eq. 2;
Fig. 9), i.e. with increasing difference betwe&n and E,

as is confirmed in experiments (Kim et al., 2006; Lee et al.,

Fig. 8. Arrested basaltic dike at a contact between dissimilar rocks
in Tenerife, Canary Islands. The stiff host rock is an inclined,

basaltic sheet, whereas the soft rocks are altered breccias. The ma§907)- ] ]
imum dike thickness is 0.8 m. From Eq. (2) and Figs. 3 and 5-9, what follows is that frac-

ture deflection and/or arrest at a contact is encouraged when
the mechanical properties, in particular Young’s modulus, on
example, for a model | crack model of a dike (Figs. 3, 5 andegijther side of the contact are very different, giving rise to
8), K| = Po[a]'/?, whereP, is the magmatic overpressure an elastic mismatch. By contrast, deflection along contacts is
driving the dike and is the dip dimension (the vertical path giscouraged when the properties are similar or the same on
length) for a dike injected from a magma chamber. Deflectedsither side of the contact (Figs. 4 and 9).
(Fig. 7) and arrested (Fig. 8) dikes and other fractures in a There is thus generally a much stronger tendency to deflec-
volcano indicate that the volcano has a comparatively hightion and/or arrest of fractures on meeting contacts between
material toughness, i.e. is fracture resistant and strong. layers in a typical stratovolcano (Figs. 1, 3 and 10b) than in
The tendency to fracture deflection at contacts is indicated, typical basaltic edifice (Figs. 2, 4 and 10a). This is because
by the Dundurs’ elastic extensional mismatch parameter  e|astic mismatch between layers is much more common, and
(He and Hutchinson, 1989; Hutchinson, 1996): generally much greater, in a stratovolcano than in a basaltic
Ei—E> e(_jifice. These theoretical conclusi_ons are in goqd agreement
= Eit B, 2) with the results of a study of 165 dikes exposed in the upper-
most 200 m of the caldera walls of the stratovolcano Miyake-
where E is the plane-strain extensional Young’s modulus jima (Japan), the wall being the result of a caldera collapse in
(stiffness). Deflection of a vertical fracture along a horizontal the year 2000 (Geshi et al., 2010, 2012). Even at such a shal-
contact is favored when the stiffness of the layer hosting thdow depth (less than 200 m below the surface), 93 % of the

ap
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materials (fragments) of various size, shapes, velocities, and
d temperatures are ejected from the eruptive vents. Seismic en-
ergy involves volcanic earthquakes, such as are generated
during the upward propagation of a feeder dike, as well as
during the volcanic tremor. Hydraulic potential energy re-
sults from the fact that fluids (magma and gas) are driven
from a higher to a lower potential energy. This energy is
thus reflected in the pressure/hydraulic gradient that drives
the magma and gas to the surface during an eruption.

While thermal energy may contribute to the energy needed
for a feeder-dike (or caldera ring-dike) propagation (such as
through thermal stresses), it is primarily the (elastic) poten-
tial energy stored in the volcano that allows feeder-dikes,
b caldera faults, and landslide faults to form. Here the focus
is thus on the (elastic) potential energy and its contribution
to fracture formation in volcanic edifices.

When a volcanic edifice is loaded, potential energy is
stored in its rock layers and units. In general, the loads may
be forces, moments, stresses, strains, or displacements, or
rrest ¥ combinations of these. In the present analysis, the loading
is supposed to be primarily related to inflation of the associ-
ated magma chamber. In this section, the focus is on simple
magma-chamber inflation (and deflation) models, in partic-

_ S o ~ ular the “Mogi model” (Mogi, 1958; Kusumoto and Gud-
Fig. 10. (a) A basaltic edifice is composed primarily of mechani- mundsson, 2009), and how they relate to thermodynamic

cally similar Iayers so that, once initiated, Iaqulide faults (or slip principles and the storage of potential energy during unrest
surfaces or failure planes), ring faults, and dikes have a compara:-

tively high probability of reaching the surface, as indicated here bypenOdS' In Sect. 5, | show how the stored potential energy

the many feeder dikegb) A stratovolcano is composed of mechan- relates t_o fragture forma_t'on in the volcanic edifice.
ically dissimilar layers so that faults and dikes have comparatively Consider first a spherical model of a magma chamber. Let

low probability of reaching the surface, as indicated here by thethf_a depth to its centef be m'uch' Iarger than its radiug; _
many arrested and deflected (into sills) dikes. (Fig. 11). The standard solution is given for a sphere subject

to a total pressure (rather than the excess pressure discussed
below) as the only loading. For a magma chamber, the total
exposed dikes are arrested, mostly at contacts between stifffessurep; may be given agpt = pe+ p;, Where pe is the
lava flows and softer tuff layers — as predicted by the threeexcess pressure ang the lithostatic pressure in the magma
fracture-arrest mechanisms discussed previously (cf. Figs. 5¢hamber. For convenience, the margin of the volcanic edifice
10). or crustal segment hosting the chamber is also assumed to
be a sphere with a radiu8, where R, > R; and there is
lithostatic stress or pressupgat R2 .
4 Energies of a volcanic edifice Using spherical polar coordinatesd, ¢), r is the radius
vector (distance) is the angle between the radius vector
While the arrest of a fracture depends on the mechanisms disand a fixed axig, andg is the angle measured around this
cussed above, its initiation and propagation depend largelhaxis (Gudmundsson, 2011a). The total magmatic pressure in
on the energy stored in the volcanic edifice prior to fracturethe chambep; generates a compressive radial stkgss
initiation. During an unrest period in a volcanic edifice, the 3 3
associated hazards depend on how much energy is availab!,er = pi (&) + |:1_ (&) ] ©)
to drive the fracture propagation that eventually gives rise to r r
a volcanic eru_ptlon, a caldera collapse, ora Iarg_e Iandslld_e. Because of spherical symmetry, the two other principal
There are various forms of energy associated with VOICamCstressese ando, are equal and given as
edifices. These include thermal, kinetic, seismic, hydraulic ¢

potential, (elastic) potential, and strain energies. Thermal en- Dt <R1)3 P [<ﬂ>3 N 2}

ima ch:

ergy is related to the heat released from gas, pyroclastic mag2o = 0y = o\ 2 (4)
terials, and lava flows, but is also transferred from the magma
chamber to the host rock and to the surface. Kinetic en- Magma-chamber inflation or deflation occurs if the mag-

ergy is related to the explosive activity whereby pyroclastic matic pressure in the chamber is above or below the

r
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inflation. The “point-pressure” or strain-nucleus enetgy
Free surface A inflation. The "poi ' - !
TR \\\\\\\\\\\\\T&\\\\\\\\\\\\\\\ WX may be expressed as:
B Un= PeR:f (7)
d A A It should be noted that, her®; is the radius of the point
Wiy |
‘\ - source or chamber ang., the excess pressure, is the pres-
~ p > sure above lithostatic and thus the added pressure (change
: R1 e : in pressure) that is responsible for the inflation — eventually,
S a perhaps, resulting in magma-chamber rupture and dike injec-
)‘, Yy \\ tion. The model is commonly formulated in terms of magma-

chamber volume chang&V, during the inflation, as is dis-
cussed below.

This model is a special case where the chamber is assumed
small and totally molten. A more general case of a partially
molten magma chamber can be derived as follows. If the vol-
ume of magma received (from a deeper source) by a porous

y magma chamber of total volunmié is denoted by, then
the excess pressure in the champeis given by (cf. Gud-

Fig. 11. Totally fluid, spherical magma chamber, the depth to its Mundsson, 2006):
center being denoted ki The chamber radius 81, and it is sub-

ject to magmatic excess pressuyigas the only loading. The point o = L
directly above the center of the magma chambevould be the lo- Y (Bm + Be) Ve

cation of fissure eruptions in case the chamber rupture was at point . . .
B. Many spherical chambers, and chambers of other geometriedvVhere y is the melt fraction (porosity) of the magma

rupture and inject dikes and inclined sheets along their entire uppeEhamberBn is the magma compressibility, angt is the
boundaries (cf. Gudmundsson, 2006). compressibility of the host rock of the magma chamber. Sub-
stituting Eq. B) for pe in Eq. (7), and using a R1, we get
the strain-nucleus energy as:
lithostatic pressure in the host rock. Thus, it is more con-
venient to use the magmatic excess magma pregsiiicke- Viea®
ﬁned as the total pressure minus the normal stress (_here, tHén = Y (Bm + Be) Ve ©)
lithostatic pressure), instead of the total pressyré®pring
magma-chamber inflation, the excess pressure must incread® see how the equations above relate to more general prin-
with time, whereas during deflation it must decrease withciples, consider the first law of thermodynamics, which may
time. Using excess pressure, Egs. (3) and (4) may be rewritbe written in the form:
ten in the form:

)

AU =AQ+ AW (10)
R1 3
or = pe(T) (5) where AU is the change in internal energy of the system
3 (here the volcano)A Q is the heat received by the system,
0p =0, = _Pe <ﬂ) (6) andAW is the work done on the system. These are the stan-
2 \r dard definitions in physics and chemistry (e.g. Atkins and de

Paula, 2010; Blundell and Blundell, 2010). (In engineering it

Consider next the special case of a very small sphericals common to consider the work done by the system on its
chamber, so thaR1 « d and Ry — 0 but that the product surroundings and provide a negative signAdv).
of excess pressure and chamber radjwl{f, is still finite. When a magma chamber shrinks as magma flows out of
This is the model of a “point pressure” or a nucleus of strain,it during an eruption, there is inward displacement of the
initially used by Anderson (1936) to explain cone sheetschamber boundary/walls, so that there is work done. The
and ring dikes, and subsequently referred to as the “Mogiwork done is negative, since the volume is decreasing and
model” in surface-deformation studies of volcanoes duringthe associated energy is decreasing. This follows because the
unrest periods (Mogi, 1958; Kusumoto and Gudmundssonmaximum energy stored in the host rock existed at the time
2009). Since pressure has the units of Nmand volume  when there was maximum inflation of the chamber just be-
has the units of /y it follows that a “point pressure” has the fore it ruptured and magma started to flow out of it towards
units of N m, i.e. joules. This means that the “point-pressure”the surface. Since magma is flowing out of the chamber dur-
model is a measure of the energy stored in the volcano duringng the eruption and to the surface where it cools down, the
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heat received by the chamber (the systeng) is also nega- dike, a ring-fault, or a landslide fault. This energy is referred

tive, meaning that heat is transported (by the erupted magmap as surface energy. It can be explained at an atomic level

out of the system, i.e. the chamber. as follows. To form a fracture, two atomic planes must be
It follows from these considerations that the energy changemoved away from each other to a distance where there are

in the volcanic edifice or system during an eruption is neg-no interacting forces between the planes. The separation re-

ative, i.e. the internal energy decreases. It is this energy dequires work, i.e. energy, namely surface eneliy Because

crease that drives the eruption. The heat lost can be calculates represents energy that must be put into the system, in this

from the solidification of magma from, say, 1100to 25°C, case the volcanic edifice, it is regarded as positive.

but is not considered in the calculations below which focus For a fracture to form, the total energy of the volcanic edi-

on the work and its relation to the potential energy availablefice U; must be large enough to overcome the surface energy

to drive eruptions, landslides, and caldera collapses. Ws. The total energy may be regarded as composed of two
Work is defined as force time displacement or distance inparts (cf. Sanford, 2003; Anderson, 2005):

the direction of the force. The excess pressure is force per

unit area of the magma-chamber boundary. It follows that thelUt = IT + Ws (14)

work done, AW, is given by (positive if expansion, negative i ) . i
if shrinkage): wherell is the (elastic) potential energy of the volcanic ed-

ifice and is supplied from two sources, i.e. the strain energy
AW = peAVe (11) v, and external applied load or generalized foiceThe

where AV, is the change in volume of the magma cham- strain energy/p , or rather the strain-energy change, is stored

ber during the eruption. The magmatic excess pressure hd® the edifice (\jNZen_ itis loaded. I—i|1ere tt)hefo:c:lug IS O,n thehstraln
the units of pascal, newtons per square meter, whereas tHihergy stored during magma-chamber inflation, 1.e. the en-

volume change has the units of cubic meters. We thus hav&Y ch_ange prior to failure and fr_acture fc_erat|on.
Nm~2x m3 =N m, namely joule, which is the unit of work If a dike, a ring-fault, or a landslide fault is to form or reac-

and energy. tivate, the total energ¥; in Eq. (14) must either rg.mqin con-

In Eq. (L0), it is assumed that the excess pressure is Con§tant or decrease. Frg_cture growth under equilibrium condi-
stant during the magma-chamber volume change. This is nort-Ions is thus the condition wher& = constant. For the frac-
mally not the case. For variable excess pressure, the worfUré to propagate, new surface arb@_must be generated. It
during the magma-chamber volume change is given by (postollows_f_ror_n Eq. (L4). _and the conditiorl/y = constant that,
itive if expansion, negative if shrinkage): for equilibrium condition:

dW = ped Ve (12) & = all % =0 (15)

. dA  dA ' dA
so that the total workly') during the magma-chamber shrink-

age or compression becomes: so that
Vi il dWg
f AL (16)
W= /pedV (13) dA ~ dA
Vi Using Eq. (L6) we may define the energy release rate
whereV; andV; are the initial and final volumes, respectively. d1l
In the point-pressure model, the magmatic excess pressure G = ~Ta (a7)

assumed constant. Comparison of E).gnd Egs. (11) and

(12) further shows that the point-pressure model is simply awhich is then the energy available to drive the fracture propa-

measure of the energy or work done by the expanding (inflatgation. More specifically, fracture extension occurs if the en-

ing) or contracting (deflating) magma chamber in a volcano.ergy release rate reaches the critical value on the right-hand
The work done during the shrinkage of the magma cham-side of Eq. 1.6):

ber, however, is primarily used to keep the magmatic excess

pressure positive (or else no magma could be driven out of~ _ dW (18)

the chamber). Thus, this work is not readily available to gen- T dA

erate fractures, such as are needed for the formation of dyke

caldera collapses, and landslides, to which we turn now.

%\’/herch is referred to as the material toughness of the rock.
Fracture formation and propagation can be formulated in
terms of two principal boundary conditions that provide dif-
5 Energy available for fracture formation ferent energy sources for the fracture propagation. One is the
displacement control, i.e. a fixed-grip or constant displace-
Energy is needed as input into the volcanic edifice to createnent boundary condition. This means that during the fracture
the new fracture surfaces associated with the formation of gropagation within, say, a rift zone in the volcanic edifice,
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/ /

Flexible boundary

Fixed boundary

Dike Rift zone

Fixed boundary

Fig. 12.Dike injected laterally from a magma chamber located in a

Ma
chay Dike Rift zone

' Flexible boundary

volcanic edifice associated with a rift-zone segment. A fixed bound- F
ary means that the boundary displacement is constant during the
dike emplacement —i.e. the boundary does not move. Fig. 13. Dike injected laterally from a magma chamber located in

a volcanic edifice associated with a rift-zone segment. A flexible
boundary means that the loading is constant during the dike em-
there is a prescribed constant displacement, so that the exteplacement —i.e. the boundary can move as the dike propagates.
nal loads do not perform any work. This means that the outer
boundaries of the rift zone are fixed, i.e. do not move during . i
the fracture propagation within it (Fig. 12). The second con- SO that, usingl =a xt, wherea is the fracture length for

dition is the constant load, where the load (force, stress, pres2 tUnnel-shaped through crack (Gudmundsson, 20114 and

sure) is prescribed and maintained during the fracture prop!S the thickness of the crustal layer hosting the fractdre,

agation. This means that, for a volcanic-edifice rift zone, thebecomes:

boundaries of the rift zone are flexible and can move outward drIl 1 /d(—Up)
as the fracture propagates (Fig. 13). Consequently, the geneﬁ TT4A T % ( da >
alized forceF on the rift-zone boundary does work, denoted <1 d (FA>> F <dA>

by W, which is equal to the load or forcg times gener- = > =\ 7a
alized displacemena, i.e. W= F x A. This work can be a
partly transmitted to the tip of the fracture and help it propa- Since the term on the right-hand side of the last equality

t da (23)

gate. sign is positive, it shows that the strain energy of the volcano
For the constant-load (load-controlled) condition (Fig. 13), or rift zone hosting the fracture actually increases as the frac-
the potential energy is defined as: ture propagates. This implies that the fracture propagation for

the constant-load boundary condition is unstable.

T=Uo— WL (19) Consider next the boundary condition of constant dis-
wherelj is the strain energy of the host rock of the fracture, Placement. Since there is no work done on the boundary of
here a volcano or a rift zone. From E@7) the energy release  the rift zone or volcano (Fig. 12), it follows tha¥, =0, in

e s which case, from Egs. (19) and (21), the total potential en-
G o dll — dUo—WL) dWL dUg 0 ergy is:
=T4A " dA ~ dA  dA IM=Up=1/2FA (24)

where all the symbols are as defined above. To solveZ®)). ( j e the potential energy (of deformation) is equal to the strain
in terms of loads and displacements, we first note that thesnergy, which is equal to half the product of the generalized
work WL = Fx A, and then find a similar expression for the t5rce F and the generalized displacement Using again
strain energyo as follows: A =a x t, and proceeding as in EQ3), we obtain:

n dil 1 (/d(Up)
Uo=/FdA=%FA (21) G=—d—A=—;( Ta )
° (BE)-RE)
From Eg. 9) we then get: t 2 \da 2t \ da
M=Uy—W,.=1/2FA— FA=—-1/2FA=-Ug (22) As the term on the right-hand side of the last equality sign

is negative, it follows that the strain energy of the volcano
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or rift zone hosting the fracture decreases as the fracture
propagates. This implies that the fracture propagation for the
constant-displacement boundary condition is stable.

Let us now rewrite and compare the results in Egs. (23) 2.

and (25) so as to understand better the implications for frac-
ture propagation during landslides, caldera collapses, and
volcanic eruptions. Force or load and displacemenh are
related through the complianag in a version of Hooke's
law, thus:

F==
C

For constant load boundary conditions, EB3)(gives the
strain energy release rafein terms of loadF (a constant)

(26)

and compliance€: 3

F (d(FC)\ F?/dC
G=— =—|— 27
Z(da) Z(M) 27)
Similarly, for constant displacement boundary conditions,
i.e. A = constant, from Eq.25) we get:

A [d(ac™Y A2 [dC F2 (dcC 08

2 da _2tC2<da)_21(da) (28)
showing that, for the constant load and the constant displace-
ment boundary conditions, we obtain identical expressions
(Egs. 27 and 28) for the strain energy release ¢abe terms
of generalized load or forcE and compliance& for a given
fracture growth or extensiasa. The results also show that,
as the fracture grows yju, its compliance increases by
Since compliance is the reciprocal of stiffness, this means
that, during fracture propagation in a volcano, the overall
stiffness (Young’s modulus, when using stress and strain
rather than force and displacement) decreases, i.e. the vol-
cano becomes “softer” or more compliant.

The main results as regards fracture development in volca- 4-

noes, based on the present analysis, may be summarized as
follows:

1. When the boundaries of a rift zone, or a volcanic edifice
as a whole, cannot move during an unrest period and
fracture development, the only source of potential en-
ergy for the fracture development is the strain energy
stored in the volcano/rift zone before fracture propa-

. The

2251

added to the system during the fracture propagation, the
strain energy decreases (Eq. 25).

When the boundaries of the volcanic edifice or its rift
zone can move during the fracture development, there
are two principal sources of potential energy for the
fracture development: the stored strain energy in the rift
zone/volcanic edific&/g and the workW|_ done by the
external, generalized loading or force. The strain energy
stored in the rift zone/volcano decreases as the frac-
ture propagates. However, there is work done on the
rift zone/volcano by the external force and this work
is partly transformed into energy to drive the fracture
propagation.

constant-displacement boundary conditions
(Eq. 25) result in stable fracture propagation, i.e. as the
fracture propagates the energy (stored strain energy)
available to drive the fracture gradually decreases.
Thus, other things being equal, constant-displacement
boundary conditions favor comparatively small erup-
tions (for dikes) and landslides or caldera collapses (for
shear fractures). By contrast, constant-load boundary
conditions (Eq. 23) result in an unstable fracture
propagation, i.e. as the fracture propagates, the energy
available (strain energy and work) to drive the fracture
gradually increases. Generally, therefore, comparatively
large eruptions and landslides (and caldera collapses)
would be favored by such boundary conditions. These
results are, of course, easily extended to shear fractures
in general, such as earthquake faults, and imply that,
for a given earthquake zone, small earthquakes tend
to occur under constant-displacement conditions and
larger ones under constant-load conditions — a topic
that will be explored elsewhere.

During fracture propagation in a rift zone or a volcanic
edifice, the energy release rafecan increase, remain
constant, or decrease, depending on the type of bound-
ary conditions applied and the fracture geometry. Thus,
the boundary conditions partly determine the fate of the
fracture, which is also controlled by the layering of the
volcanic edifice, i.e. the edifice strength.

For fractures (dikes, inclined sheets, faults) to develop in

www.nat-hazards-earth-syst-sci.net/12/2241/2012/

gation starts. The stored strain energy is primarily duea volcano or its rift zone(s), energy input is needed. For
to extension across the rift zone, i.e. the stretching redonger fractures, more energy is needed than for short frac-
lated to the extensional forces (such as plate pull fortures (Mohajeri and Gudmundsson, 2012). As indicated, the
edifices in rift zones located at divergent plate bound-available energy sources, however, depend on the boundary
aries or spreading for many other volcanoes), to magmaconditions at the time of fracture initiation and propagation.
chamber inflation as new magma is injected into the More specifically, Egs. (19) and (20), and the signs#gr,
chamber during an unrest period, or both. The storedand Uy in Eq. (19), can be explained in more detail as fol-
strain energy is transformed into surface energy (whichlows. When the displacement is fixed, the boundaries of, say,
is largely dissipated in the process zone at the tip of thea volcanotectonic rift zone cannot move when a dike or other
fracture in relation to microcracking or plastic defor- fractures are emplaced or slip within that zone (Fig. 12). This
mation) during fracture propagation. Since no energy ismeans that the only energy available to overcome the surface
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energy of the rocl¥s during fracture propagation is the en-  Using common dimensions of calderas formed in single
ergy stored as strain energy in the host rock of the fracturecollapses, as well as studies of active and fossil magma
(due to magma-chamber inflation and/or tensile strain relate&¢hambers, typical dimensions of a sill-like chamber associ-
to extension across the rift zone) before the fracture starts tated with a major volcanic edifice would be a diameter of
propagate. Thus, for a fixed displacement, the total potentiaB km and a thickness of about 2.5 km. The chamber volume
energy available for driving the fractuii@ is equal to the  would then be about 167 KinThis is well within the range
strain energyUy stored in the host rock, hence Eq. (24). As of estimated magma-chamber volumes, generally between
the fracture propagates, the strain energy available to drivé& km® and 500 ki (Chester, 1993). For a spherical cham-
the propagation gradually decreases, so that, for fixed disber, rather than the sill-like used here, the chamber diame-
placement, the fracture propagation is stable. ters corresponding to volumes of 5-500%mwould be from

By contrast, for the constant-load conditions the bound-2 km to 10 km. For the largest eruptions, producing in ex-
aries of the rift zone are flexible, i.e. can move when a dike orcess of thousand cubic kilometers of pyroclastic materials,
other fractures are emplaced or slip within the zone (Fig. 13)the magma chambers may have been even larger than this —
In this case, the potential energy increases as the fracturpossibly more than 1000 kn
propagates or grows. This follows because, when the load The magma-chamber volume of 167%ns thus much
is kept constant during the fracture propagation, the boundiess than the likely maximum volume that crustal magma
ary of the rift zone adjacent to the fracture does work, i.e. thechambers can have. Very large magma chambers, say 500—
boundary becomes displaced in a direction away from thel000 kn?, are presumably rare, whereas smaller magma
fracture. As indicated above, the work done by the generalchambers, say 20-200 Bmare much more common. This
ized load isW|_ = F x A, and the strain energy is (Eg. 21) follows from general probability considerations of the size
Uop=1/2FA. From Egs. (22) and (23), it then follows that, distributions of eruptive materials in single eruptions, as well
as the fracture grows, the energy available to drive the growthas from the size distributions of plutons and calderas (Sib-
increases, which means that the fracture propagation is unstéett, 1988; Marsh, 1989; Radebaugh et al., 2001; Gudmunds-
ble. son, 2008). The size distributions of all these objects fol-
low negative exponential laws, and many follow power laws.
This means that most of the objects are small, whereas a few
ones are very large (e.g. Mohajeri and Gudmundsson, 2012).

L L . . There is a cutoff size, however, in that very small magma
As an exercise in application, we consider first a magma X
i : hambers, while presumably formed frequently, tend to have
chamber that is totally molten, as is commonly assume Lo . )
: ) : . ___very short active lifetimes. They solidify rapidly and soon
when modeling chambers beneath major volcanic edifices,
) ) ., Cease to act as magma chambers. Overall, chambers between
The “Mogi model” assumes the magma chamber to be spher: X
. o : : 50 kn? and 200 krd are likely to be common, and the value
ical. Below, we will briefly consider a spherical chamber.

O 167 kn? (1.67 x 101 md) is well within that range.
However, sill-like chambers are presumably the most com- . .
To calculate the strain energy in the volcano due to the

mon in the world, and are the geometries often inferred . : . )
o ; magma-chamber expansion (inflation) prior to rupture and
from seismic and other geophysical measurements for ac-., 2. = " . .
dike injection, we must first calculate the volume of magma

tive chambers, as well as for many fossil chambers, or plu-__ " . .
tons (Gudmundsson, 1990; Annen and Sparks, 2002; Guor_ecelved by the chamber, using E@).(A typical com-

il ; e _ 10ps1
mundsson, 2006; Kavanagh et al., 2006; Menand et al., 201OQres’SlbIIIty for basaltic magma iy = 1.25x 107" Pa™,

; e “and that for the magma-chamber host roclgis=2.94 x
ll;/leergand, 2011). Thus, the focus is on sill-like magma cham 10-11pa! (Gudmundsson, 2006). For a totally molten

magma chamber, as assumed here;, 1.0. The excess pres-

The maximum diameters of active calderas on Earth range. | o ot maama-chamber runture mav be reqarded as roughl
from 1.6 km to about 80 km, the largest being multiple and 9 P y 9 gnly

cometrically complex. For comparison. the maximurm di equal to the in-situ tensile strength of the host rock, a typical
9 y piex. b ' value of which is 3 MPa (Gudmundsson, 2011a). Using these
ameters of Quaternary calderas range from about 1.6 km .
. ) - values and the above estimate for the magma-chamber vol-

to about 50km (Lipman, 2000; Krassilnikov and Head, 1.3 .

i . . . ume,Ve = 1.67 x 10t m3, we obtain the magma voluniée

2004; Gudmundsson, 2008). There is a difference in caldera_ ;
. . o . received (from the deeper source/reservoir) by the shallow
size between basaltic edifices and stratovolcanoes. In active

) o . ) . _mhagma chamber as:
basaltic edifices, the mean maximum caldera diameter is 6— 9

7km, whereas in stratovolcanoes the mean maximum calderg, _ 7 3

diameter is 18—-19 km (Radebaugh et al., 2001), suggestingre = pey (Bm+fe)Ve=7.7>x10°m (29)
greater energy available to form typm;al calde'ras n stratov.ol-' We shall now calculate the strain energy in the volcano due
canoes. For calderas, the collapse diameter is normally simi-

: - to the added magma and magma-chamber inflation in two
lar, or somewhat smaller, than the diameter of the assomateWa - first, using strain-nucleus (corresponding to a spheri-
shallow magma chamber (Gudmundsson, 2008). ys: ’ 9 b 9 P

cal chamber), and second using a sill-like magma chamber.

6 Application
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Consider first the formula for the magma-chamber volume.

For a general ellipsoid, the volunig is:

Vi = gnabc (30)
wherea, b, ¢ are the semiaxes of the ellipsoid. For a spherical
chamber = b = ¢, and this reduces to the well-known for-
mula Vi = 4/3ra®. For a volumeV; = 167 kn?¥, for a spher-
ical chamber we obtain the radius= 3.4 km. Using this ra-
dius and the values used above for E2P)( we obtain the
strain energy from EQq.9) as Un = 1.17 x 1017 J or about

2253

1927; Jaeger and Cook, 1979). This is indicated in B4).

It follows that the strain energy of the volcano is half the
value of Eq. (1). Substituting Eq.33) for AV; in Eq. (11)
and multiplying by 1/2, we get the strain enerjfy due to
the inflation of the magma chamber in the volcano as:

8(1— vz)pga3

U=
0 3E

(34)
where all the symbols are as defined above. Effectively, this
is the strain energy solely due to the expansion of the magma
chamber. As discussed earlier and below, there are other fac-

0.12EJ. This is similar to the energy released in a magni+tors that may contribute to the total strain energy in the vol-
tude 8 earthquake (cf. earthquake.usgs.gov). Of course, theano or rift zone at the time of magma-chamber rupture and

chamber here is no longer with a very small radius in com-
parison with its depth below the surface (Fig. 11) — which
was the assumption in EB)(that was used in Eq9J. Also,

feeder-dike emplacement.
Let us now apply these results to a typical volcano. We can
calculate the strain energy directly from E§3) using only

totally molten chambers of radius 3.4km are probably notthe assumed excess presspgenf 3 MPa. Alternatively, we
common, suggesting that this is not a realistic approach taan use an estimated vertical surface displacement above the
strain-energy estimates for most magma chambers. Rathesjll-like magma chamber during deflation and then calculate

this exercise is mainly meant for comparison with the more
realistic model of a sill-like chamber below.

the associated strain energy in the volcano from Egs. (11),
(31) and (32). Let us first use EQRJ). For a sill-like shallow

For the sill-like magma chamber, the volume is assumedmagma chamber at, say, 3 km depth, and with dimensions in-

the same as above, namely 167 the magma chamber
has a radiug and if u is the vertical displacement (“uplift”)
of its roof during the inflation, then Eg3Q) may be rewritten

in the form:

2

Vi = §na u (31)

Notice that for a real magma chamber, the total opening

displacement may be the uplift of the roof, i.e. there may
not necessarily be any downward displacement of the lowe

boundary (the bottom) of the magma chamber. That would
not, however, change the results of the present analysis. Th

displacement of the roof of the sill-like magma chamber is
equal to half the displacement of a penny-shaped fractur
subject to internal magmatic excess presgwrand is given

by (Sneddon and Lowengrub, 1969; Gudmundsson, 2011a)

4pe(1—1v2)a
U= ————

— (32)

whereE is Young's modulus and is Poisson’s ratio. Com-
bining Egs. 81) and @2) and referring to the volume increase
due to the inflation aa V¢ (Eq. 11), we get:

AVe= 2742
0—37'[61

From Eqg. (1) we know that the total work in expanding
the magma chamber is equalgex AV, and has the units of
N m. But we also know that the total strain energy in a body
(in equilibrium) under the action of forces is equal to half

41— v?) pea
nE

_ 16(1—1v?) pea®
N 3E

(33)

e

dicated above, i.e. volume of 167 Rrand diameter of 8 km,
then, from Eq. 83), the strain energy is:

8(1— vz)pgag
- 3E
_ 8(1—0.25%)(3 x 10°)2(4000°
- 3x 2x 100

The second method is to combine Edil)( (31) and B2)

;o calculate the strain energy from the measured vertical dis-

placement of the upper boundary or roof of the magma cham-
er. Using the same values as in E85)(for the magma-

chamber size and elastic properties, we use a common value

of maximum uplift of the volcano surface as 1 m. Similar,

Uo

=72x1018)

(35)

or larger, surface uplifts have been observed in many vol-
canoes prior to eruptions (e.g. hvo.wr.usgs.gov). While the
displacement of the roof and floor of a sill-like chamber
may be considerably larger than the measured surface up-
lift, which depends much on the mechanical layering of the
volcano (e.g. Gudmundsson, 2003, 2006; Masterlark, 2007),
we shall here use 1 m as the reference displacement value for
the roof. From Eq.31) we obtain the volume of the chamber
expansion as 67 10’ m3. From Eq. 82) the excess pressure
needed to generate 1 m upliftjg = 4.1 MPa, or somewhat
larger than the assumed value of 3 MPa. Using these values
for the volume and excess pressure, and taking the strain en-
ergy as half the work done during the inflation, Etfl)(gives

the strain energy due to the inflation as about 1.35% 10

This value differs from the one in EB%) by the ratio of the
excess pressures used (4.1 MPa over 3 MPa) squared. These
results indicate that the change in strain energy related to a

the work done by the forces through the associated displacetypical inflation period in a volcano prior to an eruption is of
ments, from the unstrained to the strained state (e.g. Lovethe order of 1&*J.
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Let us now compare this strain energy with the surface en-7 Discussion
ergy needed to form a feeder dike. Consider a feeder dike
that is 2—4 km long (strike dimension) and 2 km tall (dip di- There are many factors that may contribute to the differences
mension). If the estimated energy release rate for a typicain geometry and failure frequencies of stratovolcanoes and
dike of about 2« 10’ Jm~2 (Gudmundsson, 2009, 2011a) is basaltic edifices (shield volcanoes). These need to be con-
multiplied by the area of the feeder dike, we obtain the totalsidered when assessing the importance of the present model
strain energy needed to form the dike (to overcome the surin explaining failure frequencies of these volcano types. One
face energy) as 1-2 104 J. These results indicate that the reason for, say, not getting an accurate view of the frequen-
strain energy needed to form the dike-fracture, in a typicalcies of vertical and lateral collapses is that the scars may be
small eruption in a basaltic edifice or a stratovolcano, is ofcomparatively quickly buried with new eruptive materials.
the same order of magnitude as the strain energy generatedn reflection, however, this is unlikely to cause a large bias in
by a typical magma-chamber inflation prior to the eruption. the assessment of relative failure frequencies in stratovolca-
As indicated above, there are, in addition to inflation, othernoes and basaltic edifices. Both stratovolcanoes and basaltic
sources of strain energy that may contribute to feeder-dikeedifices tend to “heal their scars”, yet the scars are normally
formation and the associated eruption. One is already disvisible for a considerable time after the event. For exam-
cussed, namely loading of the volcano or rift zone prior ple, following a caldera collapse in many stratovolcanoes, a
to eruption through external loads. These include the tennew edifice builds up either somewhere near the center of the
sile forces associated with divergent plate movements (platealdera or at one particular location along the ring fault (e.qg.
pull), for rift zones at plate boundaries, and the forces as-Newhall and Dzurisin, 1988; Wood and Kienle, 1990; Scarth
sociated with volcano spreading for many volcanoes (e.gand Tanguy, 2001; Francis and Oppenheimer, 2003; Pichler
Gudmundsson, 1990, 2006; Costa et al., 2011). For examplend Pichler, 2007). The greater part, or the whole, of the ring
if the volcano is located within a larger rift zone at a plate fault is thus easily recognizable even after the new edifice is
boundary, the strain energy stored inside and in the vicinsfully formed.
ity of the volcano due to the plate-pull forces may be of the Also, if, as suggested here, the eruption frequency in a
same order of magnitude (or larger, depending on the volumeypical stratovolcano is considerably less than that in a typ-
of the rift zone) as the strain energy due to magma-chambeical basaltic edifice, then the scars from lateral and vertical
inflation. The dike itself also has overpressure, which de-collapses might be expected to be visible over longer peri-
pends partly on the excess pressure in the source chambeds of time in stratovolcanoes than in the basaltic edifices.
and partly on the density difference between the magma andlVe might therefore expect any bias, if it existed, to exag-
the host rock, i.e. buoyancy effects (e.g. Spence et al., 198 erate the frequency of collapses in stratovolcanoes in com-
Gudmundsson, 1990; Costa et al., 2009; Taisne et al., 2011parison with basaltic edifices. The lifetimes of the volca-
The load due to the overpressure generates strain energy imoes may also possibly affect the number of inferred col-
the surrounding host rock. Different strain energies due tolapses. For example, if large basaltic edifices would live
magma-chamber inflation are also obtained when any of thébe active) longer than large stratovolcanoes, this might af-
following three parameters changes (Eg. 35): Young’s modufect the number of visible scars or collapse structures ob-
lus (E), excess pressurgd), and magma-chamber size)(  served on these volcano types. But even Mauna Loa, the
These can all vary considerably, whereas Poisson’s rafio ( largest basaltic edifice on Earth, is less than million years
is essentially constant (Gudmundsson, 2011a). old (hvo.wr.usgs.gov/maunaloa), which is similar to, or less
Based on the models proposed here, stratovolcanoes atban, the lifetimes of many major stratovolcanoes. And, in
mechanically stronger than basaltic edifices. And this greateaddition, because of its high eruption frequency, Mauna Loa
strength is largely due to typical stratovolcanoes being comis almost entirely covered with lava flows younger than
posed of rock layers with more widely different mechanical about 4000yr (Frank, 2003), thereby supporting the com-
properties than those layers that constitute typical basaltiparatively rapid healing of scars on basaltic edifices, as sug-
edifices. Because of their greater strengths, many stratovolgested above.
canoes are likely to be able to store considerably greater Another point sometimes raised, and indicated earlier, is
strain energies before eruptions than typical basaltic edificeshat because the average viscosity of magmas and lavas is-
This may contribute to a typical stratovolcano being able tosued from stratovolcanoes is higher than that of lavas from
“squeeze out” a larger proportion of the magma in its cham-basaltic edifices, the stratovolcanoes tend to develop steeper
ber during an eruption than a typical basaltic edifice and proslopes. Itis of course clear that the viscosities of intermediate
duce larger collapse calderas. and acid or generally felsic lava flows, which constitute sig-
nificant parts of many stratovolcanoes, are much greater than
those of typical tholeities, which constitute the greater part
of many basaltic edifices (Murase and McBirney, 1973; Kil-
burn, 2000; Spera, 2000). The high-viscosity lavas can come
to a halt more easily on steeper slopes than low-viscosity
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lavas (although lava thicknesses and cooling rates are als Potential landslide
factors). However, to maintain the steep slopes of a stratovol( ) fault becomes arrested
cano, whether formed by high-viscosity lava flows or pyro-
clastics and sedimentary rocks, the condition for large-scale
failure must be met only rarely. Why those conditions are
apparently so rarely satisfied in stratovolcanoes needs to b
explained, and one such explanation is their great mechanic:
strength — as suggested here.

The slope angle also affects the probability of generating
landslides, i.e. shear failure (e.g. Scheidegger, 1970; Afrouz
1992; Wyllie and Mah, 2004; Apuani et al., 2005). It might _
be argued that this factor should thus also be considered i (b) k:::hsé'gfhf:‘;trface

the present analysis. However, the slope angle is already ir N
cluded in any proper stress analysis for shear failure, becaus \
K

it affects the normal and shear stresses on the potential fail
ure (fault) plane (e.g. Gudmundsson, 2011a). For shallow |
surface landslides, as are common on volcanoes, the steep

the slope, normally the greater the chance of shear failure
It then follows that the likelihood of shear failure should be

greater, other things being equal, in stratovolcanoes than iRy 14 For a large landslide to occur in a volcanic edifice, the
basaltic edifices. Since the opposite appears to be the casgyear-fracture (the landslide fault or slip surface) must reach the
we are again facing the fact that stratovolcanoes appear mucfurface along the slopes of the volcano; if the fracture becomes ar-
stronger than basaltic edifices, a fact that must be explainedkested, no major landslide can occur. The tendency for a potential
The mechanical ideas and models presented in this papdandslide fault to become arrested is normally greater in a stratovol-
constitute one such explanation. For landslides, the main mecano(a) than in a basaltic edificb).
chanical point explored here is that the tendency to shear-
fracture arrest is much greater in a stratovolcano than in a
basaltic edifice (Fig. 14). While there are clearly other fac- of the edifice/rift zone are flexible and subject to gen-
tors that contribute to the probability of landslide formation eralized force, additional energy is available to drive the
in volcanic edifices, the results presented here indicate thdracture propagation as the work done by the generalized
the tendency to arrest is one of the main reasons for the difforce. The size of the resulting fracture and, by implica-
ference in large-landslide frequencies between stratovolcation, the resulting eruption (other things being equal) thus de-
noes and basaltic edifices. The same conclusions apply to theends on the boundary conditions operating during the erup-
formation of shear fractures, faults, in volcanic edifices intion. Small eruptions/collapses tend to occur under constant-
general, and as regards the formation or reactivation of coldisplacement boundary conditions (Eq. 25), while larger
lapse calderas in particular. eruptions/collapses rather occur under constant-load bound-
The conditions that must be satisfied so that a dike is ablary conditions (Eq. 23).
to propagate to the surface of a volcano have received much As indicated above, there are many factors in addition
attention in recent years. Many of the stress-field models aréo the magma-chamber inflation that may contribute to the
discussed by Gudmundsson (2006), whereas models focustrain energy stored in a volcano before eruption. These need
ing more on materials-science aspects and fracture mechame be considered in a further development of the ideas pre-
ics are presented by Gudmundsson (2009, 2011b). Some paented here. One factor, however, is worth emphasizing in
pers explicitly deal with the effects of overpressure-relatedthis context, namely the effects of differences in average
variation in dike aperture and external loading on magmaYoung’s moduli and mechanical strength between stratovol-
flow during eruptions (Costa et al., 2009, 2011). Other re-canoes and basaltic edifices. Since the average Young's mod-
cent papers on this and related topics include Canon-Tapia atlus of a part of a stratovolcano is normally less than that of
al. (2006), Menand et al. (2010), Geshi et al. (2010, 2012)a similarly sized part of a basaltic edifice, while at the same
Taisne et al. (2011), and Maccaferri et al. (2010, 2011). Atime the stratovolcano is mechanically stronger, the strato-
detailed statistical summary of “failed eruptions” (mostly ar- volcano would normally be able to store more strain energy
rested dikes) is provided by Moran et al. (2011). before eruption than a basaltic edifice. This is probably one
During unrest periods with magma-chamber inflation reason as to why eruptions in stratovolcanoes, when they
and/or loading due to tensile stresses associated with rifthappen, tend to be more powerful and can generate larger
zone extension, potential mechanical energy is stored ircalderas than those in basaltic edifices.
the volcanic edifice or rift zone. Part of this energy is The use of Egs. (11), (31), (32) and (33) for calculating
stored as internal strain energy. When the outer boundariethe strain-energy change associated with magma-chamber
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inflation is most appropriate for a sill-like chamber that is that encourage fracture deflection and arrest (Figs. 1-6). The
of a depth below the surface that is comparable to the diamstrain energy required to propagate a fracture for a given dis-
eter of the chamber. If the depth is much less than the diamtance (and through many layers) in a stratovolcano is there-
eter of the chamber, as is assumed in the calculations heréore normally much larger than that required to propagate a
then the magmatic excess pressure in the chamber may réracture an equal distance in a basaltic edifice. In other words,
sult in bending of the layers above the chamber (Pollard andgstrain energy that is sufficiently large to propagate a feeder
Johnson, 1973; Gudmundsson, 1990). Such a bending magike, a caldera fault, or a landslide fault through many layers
eventually result in a laccolith shape of the chamber (Pollardand to the surface in a basaltic edifice is commonly too small
and Johnson, 1973). It is well known, however, that manyto propagate a similar fracture to the surface in a stratovol-
comparatively shallow sills do not generate such bendingcano.
(Gudmundsson, 2011b). For the present purpose of order- The potential energy considerations in this paper suggest
of-magnitude calculations, the models used are sufficientlythat the boundary conditions that operate during fracture
accurate, but a future development of the ideas presentegropagation in a volcanic edifice or rift zone may partly con-
here will take into account possible crustal bending and strestrol the size of the resulting eruption, landslide, or caldera
variations within the edifices and their effects on the strain-collapse (and, by implication, the sizes of earthquakes). The
energy storage before eruption. constant-displacement boundary conditions favor stable frac-

Knowing the condition for extension-fracture (dike, in- ture propagation and comparatively small eruptions, land-
clined sheet, and sill) propagation and arrest in volcanoes islides or caldera collapses. By contrast, the constant-load
of fundamental importance for understanding how volcanoesoundary conditions favor unstable fracture propagation and
work and the associated hazards. During unrest periods witkomparatively large eruptions, landslides, and caldera col-
earthquakes and inferred dike injections, it is very importantlapses.
to be able to forecast whether or not the injected dike is likely
to reach the surface. If the dike is most likely to become ar-
rested, the result is a “failed eruption”, and its propagationacknowledgements. thank Nahid Mohajeri for improving the
path and eventual arrest is of interest and importance primarlustrations and for helpful suggestions. | also thank Valerio
ily to the volcanological community. If, however, the dike is Acocella, Shigekazu Kusumoto, and Alessandro Tibaldi for very
unlikely to become arrested (i.e. is most likely to reach thehelpful review comments.
surface), the results have implications for all the properties
and people and their means of transportation (including aifdited by: A. Costa
transportation) that may be affected by that eruption. Reviewed by: A. Tibaldi and one anonymous referee
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