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Abstract

For a typical poroelastic shallow crustal magma chamber, about 0.1%, of the mafic magma
and about 4% of the felsic magma is erupted and/or injected during magma-chamber rupture.
Magma chambers with volumes of the order of several tens to several hundred cubic
kilometres, as are common, are thus sufficiently large to supply magma to small or moderate
eruptions. For large eruptions, however, a much higher percentage of the magma volume
must be squeezed out of the chamber. For an ordinary poroelastic chamber, the excess
pressure in the chamber falls exponentially during the eruption. For a large eruption to be
possible, however, the excess pressure must be essentially maintained until the very end of
the eruption. Here | show that caldera collapse can maintain the excess pressure through
forced magma-chamber volume reduction, in which case a resulting large eruption would be
the consequence (not the cause) of the collapse. | also show that ring-fault dip partly controls
the size and intensity (volumetric flow or effusion rate) of the eruption. If the ring-fault dips
inward (a normal fault), the displacement is ‘stable’, the volumetric flow rate (intensity)
remains essentially constant during the collapse, and the magma chamber remains active
following the collapse. By contrast, if the ring-fault dips outward (a reverse fault) the
displacement is ‘unstable’, the volumetric flow rate normally increases dramatically during
the collapse, and the magma chamber may be entirely destroyed during the collapse.

Keywords: volcanoes, magma chambers, collapse calderas, volcanic hazards, ring-dykes,
crustal stresses

1. Introduction

Apart from large meteoritic/comet impacts, the only known natural disasters with the
potential of having devastating effects on the entire mankind are very large eruptions. It is
thus of fundamental importance to understand the processes that give rise to large eruptions.
Such an understanding is a necessary condition for forecasting and preparing for such
eruptions and, as must ultimately be the goal, to prevent them.

The physical processes that generate small to moderate eruptions are reasonably well
understood. The magma chamber ruptures when the internal excess pressure reaches a critical
value, normally equal to the in-situ tensile strength of the host rock. Magma flows out of the
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chamber, usually up into its roof through a dyke or an inclined sheet. As the magma leaves
the chamber, its excess pressure falls exponentially, and so does the volumetric flow or
effusion rate through feeder-dyke and associated volcanic fissure. When the excess pressure
falls to zero, the magma flow out of the chamber stops, and the eruption comes to an end.
While some magma chambers are totally molten, most are partially molten and behave as
poroelastic materials (Maaloe and Scheie, 1982; McKenzie, 1984; Gudmundsson, 1987;
Marsh, 2000; Sinton and Detrick, 1992; Mutter et al., 1995; MacLeod and Yaouancq, 2000;
Singh et al., 2006; Canales et al., 2009). We shall refer to this eruptive process as the ordinary
or poroelastic mechanism of eruption.

To squeeze out a large fraction of the magma in a chamber, as is necessary for generating
large to very large eruptions (producing tens or hundreds of cubic kilometres of eruptive
materials), the ordinary poroelastic mechanism is not sufficient. As indicated, such a
mechanism is normally unable to supply more than about 4% of the total volume of magma
in the chamber, and usually much less than this percentage. For the poroelastic mechanism to
supply magma to a large eruption, an unrealistically large magma chamber would thus be
needed. For example, an eruption of 100 km® (assuming the feeder-dyke volume is included
in this figure) would require a chamber of about 2500 km®, for felsic magma, and a chamber
of 100,000 km®, for mafic magma. The shapes of collapse calderas are a good indication of
the horizontal cross-sectional geometry of the associated shallow magma chamber
(Gudmundsson, 1988,2007; Marti et al., 1994, 2008; Marti and Gudmundsson, 2000;
Acocella, 2007). Common caldera diameters on Earth are about 10 km, although the largest
calderas have maximum diameters of as much as 80 km (Radebaugh et al., 2000; cf. Geyer
and Marti, 2008; Gudmundsson, 2008). For a sill-like magma chamber of circular horizontal
cross-section and with a diameter of 10 km, the area is 78 km?. To reach the required volume
of 2500 km®, the chamber thickness would have to be 32 km, which is too large to be
plausible. To reach the required chamber volume of 100,000 km® for mafic magma, the
chamber thickness would have to be 1282 km, which is impossible.

Let us now consider a recent example of a large explosive eruption associated with caldera
collapse. The 1815 Tambora eruption in Indonesia produced some 160-170 km?® of eruptive
materials, mainly ash, which is regarded as roughly equivalent to 50 km* of magma (Self et
al., 1984; Stothers, 1984). The eruption was associated with the formation of a caldera about
6.5 km in diameter. The area of the caldera is thus about 33 km?. To erupt 50 km® of felsic
magma by the poroelastic mechanism, the chamber volume would have to be about 1250
km®. If the horizontal cross-sectional area of the (assumed) sill-like chamber is about 33 km?,
to reach this volume its thickness would have to be about 38 km, a very unlikely figure. The
maximum vertical displacement on the ring-fault during the 1815 Tambora eruption is
estimated at 1.2 km (Self et al., 1984). The displacement on the ring-fault is thus the most
likely reason for squeezing out a large fraction of the magma in the Tambora chamber.

The structure and geometries of collapse calderas has been reviewed in many recent
publications (e.g., Munro and Rowland, 1996; Lipman, 1997; Acocella et al., 2003; Aguirre-
Diaz et al., 2005; Cole et al., 2005; Holohan et al., 2005; Kusumoto and Takemura, 2005;



Pinel and Jaupart, 2005; Acocella, 2007; Gudmundsson, 2007; Kusumoto and Gudmundsson,
2009; Marti et al., 2009; Geyer and Marti, 2008, 2014) to which the reader is referred for a
general overview of collapse calderas, their structures and products. Here the focus is on the
mechanical relationship between ring-fault displacements (subsidences) and large eruptions.

A commonly held view is that collapse calderas form, or reactivate (in which case subsidence
occurs along an existing ring-fault), as a consequence of magma leaving the chamber, thereby
generating a sort of cavity into which the piston-like caldera is supposed to subside. Some
similar models, however, assume the fluid pressure in the top of the chamber to be
maintained as lithostatic during the collapse (Marti et al., 2000). This mechanism, commonly
referred to as the ‘underpressure-driven caldera collapse’ is discussed and modelled by many;
for reviews see Marti et al. (1994), Acocella (2007), and Geyer and Marti (2014). While
popular, the underpressure mechanism requires the magma to flow from lower pressure (the
underpressured chamber) to higher pressure (the overburden pressure in the host rock), a
process that needs to be explained and appears physically implausible.
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Fig. 1. Transport of magma to the surface of a polygenetic volcano (here a collapse caldera) is
commonly through a vertical dyke or an inclined sheet (Eqg. 1). The dyke has the dip dimension z
whereas the inclined sheet with the dip a has the dip dimension L. The outcrop length is W (half of
which is shown in this cross section). The excess magmatic pressure in the chamber at the time of

chamber rupture and dyke/sheet injection is denoted by p, . The difference in the point of initiation of
the sheet and the dyke is denoted by x; for a sill-like chamber that difference is normally close to zero.

During underpressure of a sill-like chamber tensile stress develops in the centre of the roof of
the chamber, at its contact with the magma (Pinel and Jaupart, 2005; Gudmundsson, 2007).
Such a tensile stress encourages dyke injection into the lower part of the roof. However, the
upper part of the roof, close to the surface, is subject to compressive stress, and would thus
normally encourages dyke deflection into sill or dyke arrest rather than eruption
(Gudmundsson, 2007, 2008). Also, the maximum surface shear stress occurs above the centre



of the chamber, rather than its lateral edges, and therefore does not encourage ring-fault
formation. For a spherical circular (spherical) chamber the stress field generate by
underpressure is even less likely to encourage the development of a ring-fault
(Gudmundsson, 2007). In all underpressure mechanism the caldera collapse is a consequence
of the magma flow out of the chamber.

In the present paper, the focus is on a different mechanism, namely one where the caldera
subsidence is the cause — not the consequence — of the associated large eruption. More
specifically, the ring-fault formation or reactivation is, in this model, related to
volcanotectonic processes, in particular to stress concentration due to extension or doming or
both of the crustal segment hosting the actual or potential caldera (cf. Gudmundsson, 2007,
2008). The slip on the ring-fault is then largely the result of shear-stress concentration within
the zone that hosts the actual or potential fault. Shear-stress concentration is the source drives
the slip on all tectonic faults in the Earth’s crust, and there is no reason why the source that
drives ring-fault slip should be mechanically any different.

The paper also relates the dip of the ring-fault to the volumetric flow of magma or effusion
rate of a ring-dyke as a feeder. While most ring-faults are close to vertical, some apparently
dip steeply outward as reverse faults while others dip steeply inward as normal faults (e.g.,
Kusumoto and Takemura, 2005; Acocella, 2007; Gudmundsson, 2007; Kusumoto and
Gudmundsson, 2009; Geyer and Marti, 2014; Browning and Gudmundsson, 2015). As the
piston-like caldera block subsides along the ring-fault, the opening or aperture of an outward-
dipping reverse fault gradually increases, whereas no such increase occurs for an inward-
dipping normal fault. Since the volumetric flow rate depends on the cube (the third power) of
the aperture of the fracture, the variation in intensity (volumetric flow rate) of a ring-dyke fed
eruption should be widely different depending on the dip-direction of the ring-fault.

This paper has two main aims. One is to explain how caldera collapse can maintain the
excess pressure in the associated magma chamber during an eruption so as to squeeze out
much of, or perhaps all, the magma in the chamber. This is here regarded as one main
mechanism for generating large to very large eruptions, and presumably all large explosive
eruptions. The second aim is to explore the effects of different dips of the ring-fault on ring-
dyke fed volumetric flow rate, that is, eruption intensity.

2. Transport of magma to the surface

Consider a shallow magma chamber (Fig. 1). The chamber may be of any shape; here we
show only its semi-circular uppermost part. Generally, however, for collapse calderas to
form, sill-like or oblate ellipsoidal chambers are favoured (Fig. 2; Gudmundsson, 2007;
Geyer and Marti, 2014). The chamber shown here has two feeders: one is a vertical dyke, the
other an inclined sheet - the latter also referred to as a cone sheet. The volcano itself is a
collapse caldera (only about half of the caldera is shown in Fig. 1). The shallow chamber is
presumably supplied with magma from a deeper reservoir (Fig. 2).
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Fig. 2. Magma can reach the surface either directly from deep-seated reservoirs or from shallow
magma chambers which, in turn, are supplied with magma from deep-seated reservoirs. Shallow
chambers are the sources of most eruptions in polygenetic volcanoes (here a collapse caldera) which
are fed through local dykes and inclined sheets (Fig. 1). Eruptions outside the polygenetic volcanoes
are mostly fed by regional dykes, which normally bring to the surface primitive magmas forming lava
shields (small shield volcanoes) and other monogenetic basaltic volcanoes.

When either the vertical dyke or the inclined sheet reaches the surface as a feeder, the
volumetric flow rate Q, in ms™, up through the feeder (and issued through a volcanic fissure
at the surface) follows from the Navier-Stokes equation for laminar flow between parallel
plates (e.g., Lamb, 1932; Milne-Thompson, 1996; Gudmundsson, 2011), namely:
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where Au denotes the opening or aperture of the feeder-dyke/sheet (or the volcanic fissure at
the surface) and W its length or strike dimension of the volcanic fissure at the surface (Fig. 1).
Also, up, is the dynamic or absolute viscosity of the magma in the dyke/sheet in Pa s, p,, is

the density of the magma in kg m™ (assumed constant), P, is the average density of the

crustal segment (the roof of the magma chamber) through which the feeder propagates to the
surface, g is the acceleration due to gravity in m s, a is the dip of the feeder in degrees, and
op. /0L is the magmatic excess-pressure gradient in the direction of the magma flow, that is,

in the direction of the dip dimension L of the feeder in metres (m). For a vertical dyke, the



gradient becomes dp, / 0z . While Eq. (1) is derived for laminar flow and thus most suitable

for effusive eruptions, recent results suggest that it also holds, as an approximation, for flows
during explosive eruptions (Colucci et al., 2014).

The pressure driving the magma up through the feeder and to the surface derives from two
main sources (e.g., Gudmundsson, 2011; Gonnermann and Manga, 2013; cf. Lamb, 1932).
One is the excess pressure pe in the chamber, the other is buoyancy. The excess pressure is
the magma pressure in the chamber in excess of the lithostatic pressure. At the time of
magma-chamber rupture and dyke/sheet injection (Fig. 1), pe is normally roughly equal to the
in-situ (field) tensile strength of the host rock, generally 0.5-9 MPa, and most commonly
about 2-4 MPa (Haimson and Rummel, 1982; Schultz, 1995; Gudmundsson, 2011).

Buoyancy relates to the density difference between the magma and the host rock through
which the feeder propagates (Fig. 1) and is represented by the term (o, — py)9in Eq. (1).

Buoyancy is (1) positive when the magma density is less than the density of the host rock, (2)
zero when the magma density equals that of the host rock, and (3) negative when magma
density is greater than that of the host rock. For basaltic magma injected from shallow magma
chambers (Fig. 1), the third situation is common while the first situation applies to almost any
magma injected from deep-seated reservoirs and directly to the surface (Fig. 2). Both sources
contribute to the general magma overpressure (p,), also named driving pressure and net
pressure, in the feeder. The overpressure or driving pressure is the pressure available to drive
the propagation of all sheet-like intrusions, including dykes, inclined sheets, and sills. The
overpressure is defined as the total pressure minus the minimum principal compressive stress
o3 acting on the potential dyke/sheet/sill path before magma emplacement. The reason that o3
is the reference principal stress (rather than the maximum o1 or intermediate o, principal
stresses) is that all sheets are extension fractures and must therefore by definition form in a
direction perpendicular to o3 (cf. Gudmundsson, 2011). The overpressure may reach several
tens of mega-pascals (e.g., Galindo and Gudmundsson, 2012; Becerril et al., 2013) at some
points along the path of the feeder (Figs. 1 and 2), although the excess pressure in the source
magma chamber is roughly equal to the rock tensile strength and thus typically several mega-
pascals (e.g., Gudmundsson, 2011).

One important aspects of Eqg. (1) is that the volumetric flow or effusion rate Q during an

eruption is proportional to Au®. That is, Q depends on the cube of the opening or aperture Au
of the feeder or, at the surface, the volcanic fissure to which the feeder supplies magma. This
relation between Q and Au is referred to as the ‘cubic law’, particularly in hydrogeology and
reservoir science. The relation shows that the effusion rate during a fissure eruption depends
much more on the aperture of the fissure than its length. The importance of this law for the
intensity of collapse-driven eruptions becomes apparent in Section 5.



3. The poroelastic mechanism of eruption

While some chambers are totally molten, at least during parts of their lifetimes, most crustal
chambers are likely to be partially molten and behave as poroelastic bodies (Maaloe and
Scheie, 1982; McKenzie, 1984; Gudmundsson, 1987; Marsh, 2000; Sinton and Detrick, 1992;
Mutter et al., 1995; MacLeod and Yaouancq, 2000; Singh et al., 2006; Canales et al., 2009).
For a partially molten chamber, the rock compressibility ( 3,) can be interpreted in terms of

the pore compressibility. The total volume of magma V., transported from a totally fluid
magma chamber by a feeder-dyke to the surface (including the volume of the feeder itself)
during an eruption may be estimated as follows (e.g., Gudmundsson, 1987):

Ver = ¢pe (/Br + Bm )Vt 2)

Here ¢ is the porosity or magma fraction in the chamber (no units), p, is the magma excess
pressure (units of Pa), g, is the magma compressibility and g, the rock compressibility
(both with units of Pa™), and V; is the total volume of the chamber. When the chamber is
totally molten, an assumption we will make when calculating the maximum possible eruptive
volume of a poroelastic chamber, then g, is the host-rock compressibility and ¢ = 1. When,
however, the chamber is regarded as porous, so that only a fraction ¢ of its total volume is
occupied by magma, then g, is the pore compressibility, which is a measure of the fractional
change in pore volume (the volume occupied by magma) during changes in the magmatic
exCess pressure p, .

In the poroelastic model, transport of magma out of the chamber and up through the feeder
(Figs. 1 and 2) stops and the eruption ends when the excess pressure becomes so small ( p,

— 0) as to be unable to keep the connection between the feeder and the chamber open
(particularly for feeders of low-viscosity basaltic magma) at its contact with the chamber

(Fig. 1).
3.1 Mafic magma chamber

The fraction of magma in a chamber that is transported out of the chamber during its rupture,
feeder-dyke injection, and eruption can now be estimated. From data by Murase and
McBirney (1973) the static compressibility f,. for tholeiite (basaltic) magma at 1100-1300°C
is around 1 x 10°Pa™ (Gudmundsson, 1987; cf. Woods and Huppert, 2003). As indicated
above, for a totally molten chamber, ¢ =1 in Eq. (2) the host-rock compressibility g, is
used in the calculations.

Volatiles affect magma compressibilities. Much of the gas exsolution in mafic magma,
however, occurs at very shallow depths, particularly in feeder-dykes when the magma is on
its path to the surface. For example, in Hawaii most gas exsolution in basaltic magma occurs



in the uppermost few hundred metres of the feeder/conduit (Greenland et al., 1988).
Similarly, studies of mafic dykes worldwide show that most dykes contain only small and
rather infrequent vesicles (formed by expanding gas) at depths exceeding several hundred
metres below the original surface of the associated volcanic zone/central volcano whereas
some feeder-dykes contain numerous and occasionally large vesicles close to the surface
(Galindo and Gudmundsson, 2012). Thus, gas exsolution is not likely to have much effect on
mafic magma compressibility while the magma is in the chamber.

For a crustal chamber, the host-rock compressibility g, may be around 2.94 x 10*Pa if the

dynamic/static compressibility ratio is assumed 2.0. For a very shallow magma chamber
located in a highly fractured crust, say with a roof at 1-2 km, the dynamic/static ratio may,
however, be as high as 10 (Gudmundsson, 2011), in which case the compressibility 5, would

be around 1.47 x 10™°Pa™. Here we use an average of these compressibility estimates,
namely a host-rock compressibility of 8.82 x 10Pa™, which should apply to crustal
chambers at depths from 1 km to about 5 km. With ¢ =1 and using an in-situ tensile strength

(assumed equal to p,) of 4 MPa (Gudmundsson, 2011), Eq. (2) gives the approximate
relation between the eruptive volume Ve, and the total volume of the chamber V; as:

Ve = 7x107%V, ©)

This suggests that, although there is considerable range—depending on variation in in-situ
tensile strength and host-rock compressibility—typically less than 0.1% (here about 0.07%)
of the volume of a totally fluid mafic magma chamber would be erupted/injected during an
ordinary poroelastic eruption. If the chamber is less than totally fluid, so that f < 1, then this
percentage would be even smaller.

3.2 Felsic magma chamber

The overall compressibilities of intermediate magma (Murase and McBirney, 1973) and
felsic magma (Kress and Carmichael, 1991; Dobran, 2001) are not much different from that
of basaltic magmas. Volatile content, however, affects the magma compressibility (Blake,
1984; Ochs and Lange, 1997; Woods and Huppert, 2003; Malfait et al., 2011; Gao, 2013;
Seifert, 2013). Gas is much more compressible than either liquids or solids so that gas
bubbles in magma have a much higher compressibility than either the magmatic liquid itself
or the solid host rock. The main volatiles in magma are water, H,O, and carbon dioxide, CO,,
whereas sulphur (as H,S and SO,) is also common (e.g., Gonnermann and Manga, 2013).
Here the focus is on water and carbon dioxide, the most important volatiles in magma
chambers.

It is known that CO, exsolves to form bubbles at much greater depths (higher total pressures)
than H,O (Gonnermann and Manga, 2013). CO; exsolution and bubble formation occurs in
felsic magma (rhyolite) at pressures up to and in excess of 100 MPa, and in basaltic magma at



pressures up to and in excess of 25 MPa. For comparison, using the solubility model of Dixon
(1997), Gonnermann and Manga (2013) conclude that H,O exsolves at total pressures of less
than 100 MPa in felsic magma and at 25 MPa in mafic magma. In most volcanic zones 25
MPa corresponds to crustal depth of roughly 1 km depth, and 100 MPa to about 4 km, which
is also the depth range of most shallow magma chambers. Thus, for felsic magma in shallow
chambers much of CO; (and some H,0) is readily exsolved and forms bubbles. Bubbles in
felsic magma have negligible mobility and thus remain within the magma. The only
exception is when vigorous convection occurs. Then the gas could accumulate at the top of
the felsic magma and form a separate phase. One would thus normally expect the shallow
parts of the magma chamber to be more compressible than the deeper parts (cf. Macedonio et
al., 2005).

The compressibility of the gas can be 10%3-times greater than the compressibility of the liquid
magma (Woods and Huppert, 2003; Malfait et al., 2011; Gao, 2013; Seifert, 2013). Gas
bubbles are thus much more compressible than the liquid magma and the associated crystals.
The overall compressibility of a mixture of liquid magma and gas, however, depends on the
gas fraction in the mixture. When that fraction is small, the compressibility of the liquid
magma ( By,) dominates over the compressibility of gas ( 34), to that the compressibility of

the mixture is primarily that of the liquid magma. When the gas fraction is large, however, so
that the volume fraction of gas in the magma becomes larger than the g, / B, ratio then the

high compressibility of the gas bubbles increases significantly the overall compressibility of
the mixture (Woods and Huppert, 2003). Bubble-rich and highly compressible parts of the
magma chamber, where they exist, are likely to be confined to certain layers or compartments
(Gudmundsson, 2012) rather than being uniformly distributed. The magma-chamber
compressibility may thus be highly heterogeneous, with some compartments being highly
compressible and others much less so. The result would be uneven volume changes and
overall response of different compartments to volume decrease during eruptions.

Here, however, we are concerned with the general compressibility of the magma in the
chamber as a whole. Based on the above considerations, and depending on the amount of
felsic magma in the chamber, the compressibility of gas-rich felsic magma (mixture of gas
and liquid) could be at least 10 time and possibly 100 times that of a chamber composed
entirely of basaltic magma (cf. Woods and Huppert, 2003). For such high magma
compressibility, we have g, >> ,, in which case Eq. (2) becomes:

Ver = PeSmVi (4)

Equation (4), which is commonly used instead of Eq. (2) (Machado, 1974; Blake, 1981,
Wadge, 1981), implies that the ratio V., /V, (ratio of erupted/intruded magma to the total

magma volume) depends almost entirely on the magma compressibility 5,,. For a purely
felsic bubble-rich magma chamber, using p. = 4 MPa, the ratio is approximately:
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Vg = 4x1072V, (5)

This suggests that as much as 4% of the magma in a felsic chamber (or the bubble-rich felsic
compartment of a larger chamber) could leave the chamber (as intrusive and extrusive
materials) during chamber rupture and eruption.

Magma chamber

ma reservoir

Area of doming

Ma

Fig. 3. When a caldera block subsides (here by the differential distance dx) into the associated
magma chamber, the volume of the chamber is reduced (the chamber shrinks) and the excess pressure

Pe is maintained, thereby allowing much larger fraction of the magma to be squeezed out of the
chamber than during an ordinary an poroelastic eruption. The excess pressure p, is related to the

average force on the cross-sectional area of the subsiding caldera block A through F = p.A (Eq. 6).

For the formation or reactivation of a collapse caldera, an extension or a small uplift or doming of
the crustal segment hosting the potential or actual caldera is generally sufficient.

4. Collapse-driven large eruptions

A moderate or larger volcanic eruption is not a necessary condition for caldera collapse. In
four of the five caldera collapses that have been documented instrumentally, little or no
eruptions occurred within the caldera. These are (1) the 1912 caldera collapse in Katmai in
Alaska (Wood and Kienle, 1992; Hildreth and Fierstein, 2012); (2) the 1968 caldera collapse
in Fernandina in the Galapagos (Filson et al., 1973); (3) the 2000 collapse of Myiakejima in
Japan (Geshi et al., 2002); and (4) the 2007 collapse of Piton de la Fournaise in Reunion
(Fontaine et al., 2014). Only the 1991 collapse of Pinatubo in the Philippines was associated
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with a moderate eruption at the site of the caldera, the magma-volume involved being about 4
km?® (Newnhall et al., 1997).

There was magmatism associated with most of the collapses, however. For example, in
Katmai there was eruption in Novarupta (a new volcano formed during the eruption) some 10
km from Katmai (Wood and Kienle, 1992; Hildreth and Fierstein, 2012). The volume
produced in the eruption, about 30 km® (mostly acid and intermediate tephra), was the largest
one in the 20™ century, the estimated volume of magma leaving the chamber being about 13
km®. The caldera volume at Katmai, however, is 5-6 km?, and thus much smaller than the
estimated magma volume. Similarly, there were dyke intrusions and small eruptions outside
the calderas during the collapses in Myiakejima (Geshi et al., 2002) and Piton de la Fournaise
(Fontaine et al., 2014), but none is known in association with the collapse of Fernandina.

In the present model, the reason why moderate or larger eruptions are not needed, and
generally not the cause of the collapse, is that the driving energy for the collapse is related to
the elastic energy stored in the crustal segment hosting the actual or potential caldera before
the collapse (Gudmundsson, 2014). This energy relates partly to doming and/or extension of
the crustal segment hosting the shallow chamber and the associated or potential caldera
during the unrest period prior to the caldera collapse (Fig. 3). Thus, the elastic energy
responsible for the ring-fault initiation, or renewed slip on an existing ring-fault, is primarily
related to volcanotectonic processes prior to the collapse. All cavities and holes in solid
materials, such as the rocks hosting the magma chamber, concentrate stresses when loaded
(Savin, 1961; Gudmundsson, 2011). Magma chambers are cavities that concentrate stresses.
These stress concentrations, when of suitable location and magnitude, are the primary reasons
for the initiation of a ring-fault (e.g., Gudmundsson, 2007, 2008; Marti et al., 2008; Geyer
and Marti, 2014). Once a ring-fault initiates the stress concentration normally increases. This
follows partly because any fracture, such as ring-fault, raises or concentrates stresses (Savin,
1961; Gudmundsson, 2011). Partly, however, stress concentrates at the ring-fault once the
subsidence begins to form a ‘notch’ (the caldera), stress concentration being a well-known
consequence of notch formation (Savin, 1961). Very small doming — on the scale of
centimetres or tens of centimetres - or extension of the crustal segment hosting the potential
or actual caldera is commonly enough to cause stress concentration around a shallow
(preferably) sill-like magma chamber of a suitable location and magnitude to trigger ring-
fault initiation or slip on an existing ring-fault (Gudmundsson, 1998, 2007).

The entire displacement of, say, hundreds of metres, on a ring-fault may be reached in many
slips (Filson et al., 1973). The time needed to reach the final displacement, however, varies.
For example, the Lake Oskjuvatn collapse in the Askja Central Volcano in Iceland, which
began in 1874 apparently, took many years to complete (Hartley and Thordarson, 2012,
2013). Similarly, the total maximum collapse of Myiakejima in Japan in 2000, of about 450
m, took many weeks to complete (Geshi et al., 2002). The maximum displacement of 350 m
during the collapse of Fernandina in Galapagos in 1968 happened quickly, but occurred in
some 75 individual slips, each of which being 4-5 m (Filson et al., 1973).
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In the model presented here, there are two main processes for generating large eruptions
during caldera collapse. One is the reduction in the chamber volume as the piston-like caldera
block subsides into the chamber (Fig. 3). This mechanism is the general one, and is discussed
below. The other mechanism applies primarily to gas-rich magmas, and thus to felsic
chambers, and relates to individual slips on the ring-fault generating overpressure through gas

Caldera

Surface

Footwall ;
x Hanging wall J fPressure

Pressure | decrease

Fig. 4. During slip on an inward-dipping normal ring-fault, the flanks (the hanging wall of the ring-
fault) rise as the central block subsides. The associated decrease in vertical stress or geostatic
pressure on a gas-rich magma beneath the flanks may give rise to rapid gas exsolution in those parts
of the magma chamber. Multiple slips on the ring-fault and repeated gas exsolution during the
collapse would help maintain the excess pressure in the chamber, thereby making it possible to
squeeze out larger fraction of the magma in the chamber than would be possible during an ordinary
poroelastic eruption of the chamber.

exsolution (Fig. 4). This latter mechanism may apply to ring-faults in general, but is likely to
be particularly effective during slip on normal-fault calderas (Gudmundsson, 1998). As the
block inside the ring-fault subsides, commonly in many slip events, the flanks rise in the
same events. This follows because the vertical stress on the flanks just outside the ring fault
decreases, and thus decreases on the magma beneath the flanks (at the same time as it
increases on the magma below the piston-like subsiding block). An absolute rise of the flanks
of grabens during subsidence of the graben floor has, for example, be measured during rifting
episodes in Iceland and Hawaii (Pollard et al., 1983). The repeated pressure decrease below
the flank areas during slips encourages gas exsolution form gas-rich magma (Fig. 4), and thus
the build-up and maintenance of the excess pressure in the flank-parts or compartments of the
magma chamber (Gudmundsson, 1998). Since these compartments are also those right below
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and close to the ring-fault, their excess pressure will also encourage the injection of a ring-
dyke, as discussed further below.

The other mechanism for the maintenance of the excess pressure in the chamber, and thus the
primary reason for squeezing magma out of the chamber during caldera collapse, is the
volume reduction or shrinkage of the chamber as the piston-like block subsides (Fig. 2). The
mechanism can be summarised as follows (Fig. 3). The force moving the piston-like caldera
floor down into the chamber is equal to the excess pressure times the cross-sectional area of
the caldera A, that is (e.g., Callen, 1985; Kondepudi, 2008):

F= peA (6)

Let the piston-like caldera roof move the differential distance dx (Fig. 3). Then the
corresponding infinitesimal work dW done by the surrounding crustal segment (the host rock)
on the magma chamber system is:

dW = Fdx = p, Adx (7)
At the same time the volume of the chamber changes by dV., given as:
—dV, = Adx (8)

We use a minus sign in Eg. (8) because the chamber volume decreases during the piston-like
caldera subsidence. We follow the thermodynamic convention that work done on a
thermodynamic system, here the chamber, is considered positive. Using Egs. (6) and (7) and
the relation dW = dU (the first law of thermodynamics when no heat is added to the system),
where dU is the change in internal energy of the magma chamber during its volume reduction
or shrinkage, we have:

dU = —p,dV, 9)

which gives the elastic potential energy dU transformed or released during caldera subsidence
as a function of the excess pressure pe and the contraction or shrinkage of the chamber dV..

We know that the excess pressure pe at the time of magma-chamber rupture and feeder-dyke
injection is roughly equal to the in situ tensile host-rock strength, To. The tensile strength, in
turn, is almost a constant, mostly 1-6 MPa and typically around 4 MPa (Gudmundsson,
2011). Thus, the excess pressure pe at the time of chamber rupture is essentially constant, here
taken as 4 MPa. In the present model of collapse-driven large eruptions, it is this pressure
which is maintained until close to the end of the eruption. From Eq. (9) it then follows that
the elastic potential energy of the eruption is directly related to the contraction or shrinkage
of the chamber during the caldera subsidence and eruption, that is, dV., which corresponds
roughly to the volume of magma (or mixture of magma and gas) which leaves the chamber
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during the eruption. For shallow magma chambers, feeder-dyke volumes are normally
fraction of a cubic kilometre, and maximum several cubic kilometres. For large eruptions of
the orders of tens or hundreds of cubic kilometres or more (calculated as magma) the feeder-
dyke volume may be regarded as being included in the estimated eruptive volume Ve,. From
these considerations it follows that we can identify Ve, with -dV, to obtain the elastic potential
energy U driving the caldera-forming eruption from the following equation:

Uer = peVer (10)

It is this potential energy which is the main mechanism (while gas exsolution helps,
particularly for gas-rich magmas) that drives the magma out during large collapse-generated
eruptions.

5. Effect of the ring-fault dip on the eruption intensity

5.1 Formation of a ring-fault

Caldera collapses occur along ring-faults, all of which are primarily dip-slip faults. The ring-
faults are primarily shear fractures, but some become injected by magma to form ring-dykes,
and then mixed-mode (shear and extension) fractures. For ring-faults to form there must be
suitable stress concentration above the margins of the associated shallow magma chamber.
This concentration happens only rarely, as indicated by caldera collapses being rare in
comparison with the number of dyke injections and eruptions in the volcano. The condition
for ring-fault formation or slip can be expressed by the Coulomb criterion, namely (e.g.,
Jaeger and Cook, 1979; Gudmundsson, 2011):

T =170+ U0, (11)

Here zis the driving shear stress on the ring-fault plane, z is the cohesive or inherent shear
strength of the rock, u is the coefficient of internal friction, and o, is the normal stress on the
fault plane. The (inherent) shear strength of the material is its shear strength when no normal
stress is applied. In rock physics, the criterion is commonly written in the form:

=21, + uo, (12)

referred to as the modified Griffith criterion and derives from the Griffith theory of brittle
failure (Gudmundsson, 2011). Here the shear strength is substituted with twice the tensile
strength, that is, 7, = 2T,, which is in agreement with measurements.

Equations (11) and (12) are for dry rocks, whereas all rocks below a certain (normally
shallow) crustal depth contain fluids, mostly water, referred to as pore fluids. Increasing the
pore-fluid pressure, as is common in volcanoes during deformation, particularly those that
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contain geothermal fields, increases the likelihood of fault initiation or slip for all types of
faults, including ring-faults. In addition the pore-fluid pressure, there may be fluids under
pressure on the potential or actual ring-fault plane itself. The fluids may be groundwater,
volcanic gas, geothermal water, and magma (forming a ring-dyke). When any such fluids are
present on the ring-fault plane, Egs. (11) and (12) become (e.g., Gudmundsson, 2011):

=10+ (o — Pyr) (13)
7 =2Ty+ u(on — Pr) (14)

Here p; is total fluid pressure on the ring-fault plane at the time of fault initiation or slip. Egs.
(13) and (14) imply as follows for ring-faults:

e When the total fluid pressure p; equals the normal stress o the term u(o, —p,)

becomes zero and the driving shear stress for slip becomes zp, which is equal to 2T,.
For magma forming a ring-dyke, pyis in fact higher than oy because of the magmatic
overpressure that drives the dyke up the ring-fault.

e Since the in situ tensile strength of rocks is typically in the range of 1-6 MPa and
mostly about 2-4 MPa, it follows that the typical driving shear stress for slip on the
ring-fault (and fluid-pressured faults in general) is commonly 4-8 MPa, in agreement
with common stress drops (Kanamori and Anderson, 1975).

e Fault slip is greatly facilitated when u(o, — p,) equals zero or becomes negative. Not

only because the normal stress o on the fault plane becomes zero or negative
(negative if a ring-dyke forms), but also because the friction along the fault plane is
very much reduced. That is, the fluid (water, magma, gas) lubricates the fault plane
and makes displacement easier.

A ring-dyke is not a necessary condition for a ring-fault to form or slip, but such a dyke
makes slip much easier and decreases the chance that the propagating ring-fault becomes
arrested (Fig. 5). In fact, no ring-dyke apparently formed in four of the five main caldera
collapses instrumentally recorded during the past century, that is, in Katmai (1912),
Fernandina (1968), in Myiakejima (2000), and in Piton de la Fournaise (2007). A ring-dyke
may, however, have formed in Pinatubo (1991). Nevertheless, if a ring-dyke is emplaced, it
becomes more likely that a comparatively large caldera collapse will occur. Most ring-faults
are steeply dipping, many dipping close to vertical (Figs. 1-3). The reason why ring-faults do
not have ordinary dip-slip fault dips of 50-70° is that the stress concentration around the
associated shallow chamber modifies the stress field so as to favour close-to-vertical dip-slip
faults (Gudmundsson, 1998). More specifically, the maximum principal compressive stress o1
dips in such a way that if the fault makes the angle of, say 30° to o3 then the ring-fault would
be very close to vertical.
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During some caldera collapses, however, part of the ring-fault does not slip at all. Examples
include trapdoor collapses, such as have been observed in the calderas of the Galapagos

y Collapse caldera
No friction No friction

«— —> Opening <— —>
Ring-dyke l Ring-dyke

Magma chamber

Fig. 5. During caldera subsidence (vertical arrow) on an outward-dipping reverse ring-fault, the
ring-fault must open up (indicated by horizontal arrows). It follows that the fault would normally be
injected by a ring-dyke which is likely to reach the surface and supply magma to an eruption. Because
of the ring-dyke, there is essentially no friction along the ring-fault and the caldera block may subside
to the bottom of the chamber. The ring-fault displacement is thus unstable. The main mechanical
implications are (1) that the volumetric flow or effusion rate should increase greatly with increasing
subsidence of the caldera block, and (2) most or all the magma in the chamber may be squeezed out
during the eruption. Thus, the eruption may be very large and the chamber all but destroyed during
the collapse.

Islands (Amelung et al., 2000). Normally, however, most of, or the entire, ring-fault is
involved in the collapse.

5.2 Effects of ring-fault dip on the eruption

While a ring-dyke is not needed for caldera collapses to occur, such a dyke would almost
always be injected during collapse along outward-dipping faults, that is, reverse faults (Fig.
5). This follows because the geometric consequence of the outward-dipping ring-fault is
theoretically an open cavity, an open ring-fault which reaches down to the magma chamber
itself. As the piston-like caldera block subsides, the opening of the ring-fault increases (Figs.
5 and 6). Magma in the chamber tends to flow to open cavities or faults which are,
technically, regions of lowered potential energy. Thus, magma would tend to flow into the
gradually opened fault to form a ring-dyke.
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Fig. 6. Schematic illustration of the early stages of ring-dyke emplacement along an outward-dipping
reverse ring-fault. As the caldera block subsides, the ring-fault opens more and more, hence the ring-
dyke becomes thicker until, eventually, the ring-dyke reaches the surface (Fig. 5). Here the ring-dyke
has propagated into part of the ring-fault, but as the subsidence continues the dyke will, eventually,
occupy much of, or the entire, ring-fault. The ring-fault slip is here unstable.

The existing evidence for outward-dipping versus inward-dipping ring-faults has been widely
discussed (Gudmundsson, 1998, 2008; Cole et al., 2005; Acocella, 2007; Kusumoto and
Gudmundsson, 2009; Geyer and Marti, 2014; Browning and Gudmundsson, 2015), and the
details will not be repeated here. Here we merely state that there is some field evidence for
both types of ring-faults, that is, inward dipping and outward dipping. The main point is that
ring-fault dips have implications for the collapse mechanisms and the associated eruptions.
We shall now consider these implications, starting with the outward-dipping or revers ring-
faults. Thus, for an outward-dipping ring-fault extending to the surface the main points are as
follows:

1. The volumetric flow rate Q supplied by the ring-dyke feeding a surface eruption
should increase with increasing subsidence of the caldera floor. As the piston-like
caldera block subsides into the magma chamber, the opening or aperture of the
fracture between the host rock and the block gradually increases (Figs. 5 and 6). Since
Q is related to the ring-dyke aperture or opening Au in the third power (Eqg. 1), the
aperture increase with caldera subsidence along an outward-dipping ring-fault should
result in a very great increase in the volumetric flow rate during the subsidence.

2. Given the geometric configuration and, in particular, the gradual opening or aperture
increase of the ring-fault during the caldera subsidence, it is likely that any outward-
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dipping ring-fault will be injected by a ring-dyke (Figs. 5 and 6). More specifically,
an outward-dipping ring-fault would normally supply magma to the surface (through
a ring-dyke). Thus, non-eruptive ring-faults are unlikely to be outward-dipping
reverse faults; they are most likely to be inward-dipping normal faults.

3. Because of the injected magma to form the ring-dyke there will be essentially no
friction along the ring-fault (Figs. 5 and 6), only the viscosity effects of the magma
that forms the ring-dyke. As the ring-dyke opening increases with increasing caldera-
block subsidence on the outward-dipping fault, there is theoretically nothing to stop
the piston-like block from sinking to the bottom of the chamber (Figs. 5 and 6). The
consequence is for an outward-dipping ring-fault, a ring-dyke should form, and close
to the entire magma chamber could erupt. This applies to a totally molten chamber
made of a single compartment, but even for more complex magma chambers
(Gudmundsson, 2012), slip on an outward-dipping ring-fault implies that a very large
fraction of the magma in the chamber becomes erupted through the ring-dyke.
Consequently, little if any magma should be left in the chamber following collapse on
an outward-dipping ring-fault. By analogy with fracture propagation, such a caldera
collapse can be referred to as unstable.

The other basic model of ring-fault attitude is the inward-dipping or normal fault (Figs. 1-3).
Inward-dipping ring-faults tend to form when the crustal segment containing the volcano and
its shallow chamber is subject to extension or doming (Fig. 3). Such a stress field occurs in
all volcanoes related to rift zones, such as at divergent plate boundaries and in continental
grabens, and also where the volcanic field or zone containing the volcano is subject to
doming. Extension sufficient for inward-dipping ring-fault to form can be generated through
cm-scale or tens-of-cm scale doming induced by a deeper reservoir (Fig. 3; Gudmundsson,
2007), rift-related extension, gravity sliding resulting in volcano spreading, and other similar
mechanisms. For the mechanism of inward-dipping ring-faults extending to the surface, there
are several points to consider, namely the following:

1. Unless a ring-dyke forms, there is always friction along the inward-dipping fault (Fig.
7), which is one reason why the slip is more controlled than in the case of an outward-
dipping ring fault. Partly because the shallow magma chamber acts as a cavity that
raises stress, and partly because of the developing or slipping (existing) ring-fault
itself, tensile stresses concentrate in and around the piston-like caldera block. This
tensile stress may then reduce friction along the ring-fault and promote caldera
subsidence.

2. If the inward-dipping ring-fault is close to vertical, is injected by a ring-dyke, or both,
then a total collapse is possible. This implies, as in the case of the outward-dipping
ring-fault, that the magma chamber may be, to a large degree, emptied during the
eruption. For other conditions, the friction on inward-dipping ring-faults limits the
subsidence to a maximum of, in most cases, a few hundred metres and, occasionally,
1-2 km.
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3. On parts of a ring-fault where there is high friction, such as parts where no ring-dyke
forms (Fig. 7), or parts where the dip of the ring-fault is unusually gentle and the
normal stress high, there may be little or no fault slip during the collapse. These are
presumably the main reasons for the formation of trap-door calderas. Thus, for
inward-dipping ring faults, the slips are more controlled than for outward-dipping
faults. By analogy with fracture propagation, we refer to caldera collapse on inward-
dipping faults as stable.

We thus conclude that slip on inward-dipping ring-faults is likely to be generally stable or
controlled, whereas that on outward-dipping ring-faults is unstable. The considerations above
suggest that, as a rule, outward-dipping ring faults should be occupied with a ring-dyke that
acts as a feeder for a part, or the entire, caldera-forming eruption. More specifically, given the
geometric relationships (Fig. 5), an eruption fed by an outward-dipping ring-dyke should
normally increase its volumetric flow rate greatly during the caldera subsidence. That is, the
intensity of the eruption should be positively related to the subsidence or vertical
displacement. Also, for an outward-dipping ring-fault, a large part, or the whole, of the
magma chamber should normally become emptied; that is, the magma chamber may be
expected to be destroyed in the eruption. None of these conclusions apply generally to
inward-dipping ring-fault faults whose displacement is normally stable, whose magma
chambers are normally expected to survive the eruption, and whose ring-dyke fed eruption
intensity is likely to be stable during much of the eruption.

6. Discussion and conclusions

Understanding the processes that give rise to large eruptions is of fundamental importance in
theoretical and applied volcanology. Eruptions that produce hundreds or thousands of cubic
kilometres of eruptive materials are very rare. Yet, they occur at intervals of tens of
thousands of years or less, and most certainly pose a threat to mankind on a scale that very
few other natural hazards do. In order to assess the potential of such eruptions worldwide we
must first understand the physical processes that give rise to such eruptions. One principal
aim of the present paper is to advance our understanding of the likely processes. Once that
understanding is on board, we can move to the next step — which is to mitigate large
eruptions; or, more specially, to prevent them through releasing the energy available for large
eruptions in many small steps. That topic, however, will be treated elsewhere.
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Fig. 7. Schematic illustration of caldera subsidence on an inward-dipping normal ring-fault. As the
caldera block subsides, it becomes subject to higher horizontal compression (compressive stress). So
long as no ring-dyke is injected along the fault, the friction together with the normal stress on the
ring-fault ensure that the fault remains closed and the displacement stable. Thus, collapse on an
inward-dipping normal ring-fault is less likely than an outward-dipping ring-fault to result in
increasing volumetric flow rate (Eq. 1) through a ring-dyke as the subsidence increases. Also, the
magma chamber is here unlikely to be destroyed during the collapse.

Here the focus is on the relation between caldera collapses and large eruptions. In the model
presented here a large eruption is the consequence—not the cause—of the collapse. This
mechanism may thus be referred to as ‘caldera-collapse driven eruptions’ or ‘collapse-driven
eruptions’ for short. The essential idea is that as the caldera block subsides it automatically
reduces the volume of the magma chamber (Figs. 2 and 3). As a consequence the magmatic
excess pressure (Eg. 1) is maintained in the chamber for much longer time than during
ordinary poroelastic (non-collapse) eruptions. It follows that a much larger fraction of the
magma in the chamber can be squeezed out during the eruption, hence a large eruption.
Given that magma chambers are commonly 50-500 km?®, and some much larger, the caldera-
collapse mechanism is able to explain large to very large eruptions from magma chambers
that normally give rise to small to moderate eruptions through the ordinary poroelastic
mechanism.

The potential for caldera-driven large eruptions is further enhanced through the ring-fault
generating pressure changes in the magma. This applies particularly to gas-rich magmas
where the ring-fault is an inward-dipping normal fault (Fig. 4). During each slip, much of the
displacement is a downward movement of the piston-like caldera block (the hanging-wall
part), but there will also be some rise of the flanks, that is, the footwall parts. This rise
temporarily decreases the vertical stress on the magma beneath the footwall and thus
encourages gas exsolution and, thereby, further maintenance of the excess pressure in the
chamber. Thus, the general shrinkage of the chamber volume as well as repeated small-scale
rise of the flanks of the footwall of the ring-fault together maintain the excess pressure in the
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chamber long enough to squeeze out a large fraction of—and occasionally essentially all—
the magma in the chamber.

The dip of the ring-fault should, theoretically, have great effects on the style and volumetric
flow (effusion) rate during a ring-dyke fed eruption. It follows from the geometric
considerations in Fig. 7 that the opening or aperture of the ring-fault should increase with
increasing vertical displacement or caldera subsidence on an outward-dipping fault. When the
fault aperture or opening increases the volumetric flow or effusion rate of caldera eruption
fed by a ring-dyke should greatly increase (Eg. 1). This follows because the volumetric flow
rate increases with the aperture in the third power (the cubic law).

At present, we do not really have good data to test these theoretical conclusions. First, there is
not sufficient data to demonstrate whether the effusion rate increases as the caldera-block
subsides. Second, we do not know whether caldera eruptions are primarily supplied with
magma through ring-dykes or are central-conduit fed. Some caldera-forming eruptions are
partly along a ring-dyke, while others appear to be primarily in the central part of the caldera.
The central part may then either be the main conduit of a stratovolcano that subsequently
collapses or from the central part of an already existing caldera. Also, many collapses,
particularly in basaltic edifices, occur with little or no eruptions.

The outward-dipping ring-fault model implies that many magma chambers are largely or
even totally destroyed during the collapse—that a large fraction or effectively all the magma
is squeezed out of the chamber. Observations suggest that some magma chambers are
destroyed by caldera collapses, with little if any volcanic activity within a given caldera
following a major collapse (e.g., Marti and Gudmundsson, 2000; Marti et al., 2000). Many
calderas, however, appear to be are highly active after collapse (Newhall and Dzurisin, 1988).
For example, there have been eruptions in Fernandina (following the 1968 collapse), in
Pinatubo (following the 1991 collapse), in Miyakejima (following the 2000 collapse), and in
Piton de la Fournaise (following the 2007 collapse). Since these eruptions occur so shortly
after the collapses (before a new chamber would have time to form) they indicate that the
associated magma chambers were not destroyed during the collapse.

In conclusion, the present model provides one explanation for the generation of large—
particularly explosive—eruptions. The model also explains the well-known association of
large explosive eruptions with caldera collapses. Furthermore, the model offers clear
mechanisms whereby the magmatic excess pressure can be maintained for essentially the
entire duration of the eruption, thereby explaining how magma chambers of typical sizes that
generally produce small to moderate eruptions can occasionally produce large to very large
explosive eruptions.

The mechanisms suggested here distinguish between inward-dipping normal ring-faults and
outward-dipping reverse ring-faults. While slips on inward-dipping faults are ‘stable’ and
may yield no or comparatively small eruptions, even from large chambers, slips on outward-
dipping reverse ring-faults are ‘unstable’. That means that there is hardly anything to stop the
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subsidence of the crustal block bounded by an outward-dipping ring fault once the subsidence
has started. Thus,. they tend to squeeze out a very large part of or the entire volume of
magma in the chamber. Furthermore, because the opening or aperture of an outward-dipping
ring-fault increases as the subsidence progresses, the volumetric flow rate from a feeder-ring
dyke should increase greatly during the subsidence. Eruptions associated with outward-
dipping ring-faults would thus normally be very intense and commonly destroy the magma
chamber, while neither of these predictions necessarily apply to eruptions associated with
inward-dipping ring-faults. It remains to be seen whether these predictions are borne out by
observations.
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