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Abstract

Caldera formation has been explained by magma withdrawal from a crustal reservoir, but little is known about the conditions

that lead to the critical reservoir pressure for collapse. During an eruption, the reservoir pressure is constrained to lie within a

finite range: it cannot exceed the threshold value for eruption, and cannot decrease below another threshold value such that

feeder dykes get shut by the confining pressure, which stops the eruption. For caldera collapse to occur, the critical reservoir

pressure for roof failure must therefore be within this operating range. We use an analytical elastic model to evaluate the

changes of reservoir pressure that are required for failure of roof rocks above the reservoir with and without a volcanic edifice at

Earth’s surface. With no edifice at Earth’s surface, faulting in the roof region can only occur in the initial phase of reservoir

inflation and affects a very small part of the focal area. Such conditions do not allow caldera collapse. With a volcanic edifice,

large tensile stresses develop in the roof region, whose magnitude increase as the reservoir deflates during an eruption. The

edifice size must exceed a threshold value for failure of the roof region before the end of eruption. The largest tensile stresses

are reached at Earth’s surface, indicating that faulting starts there. Failure affects an area whose horizontal dimensions depend

on edifice and chamber dimensions. For small and deep reservoirs, failure conditions cannot be achieved even if the edifice is

very large. Quantitative predictions are consistent with observations on a number of volcanoes.
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1. Introduction

Caldera formation is a rare and catastrophic event

usually associated with the end of a volcanic cycle

[1]. At Mount Pinatubo, Philippines, in 1991, and at

Miyakejima Volcano, Japan, in 2000, the underlying

magma reservoirs had been deflating for some time

when calderas started to form [2,3]. This time

sequence seems to be by far the most frequent one

[4–6], and reservoir deflation has provided the

framework for most papers on caldera collapse to

date. Many studies have been aimed at the faulting

pattern at Earth’s surface and at the shape of the

ensuing depression [7–16], but few have dealt with

the full volcanic sequence leading to a caldera [17].

In the most common model, e.g., [12], the medium

encasing the magma reservoir is initially in a state of

lithostatic equilibrium with no edifice at the surface,

and reservoir deflation leads to compressive stresses

in the roof region. Because rocks are very strong in

compression, this physical setup requires withdrawal

to proceed to large reservoir underpressures. The

possibility of sustaining an eruption for long enough

has been questioned [18,19].

Here, we address two related issues: the magni-

tude of pressure changes in a volcanic magma

reservoir and the stress field in roof rocks at

failure. An eruption starts when the reservoir

pressure increases and reaches the threshold for

tensile failure of wall rocks [20]. This allows dyke

formation, eruption and hence magma withdrawal

from the reservoir. As a consequence, the reservoir

pressure decreases. As long as the reservoir walls

are in tension, feeder dykes can remain open. Once

they are in compression, however, the dykes close,

which stops the eruption. The reservoir pressure

therefore cannot decrease below a certain value and

one must assess whether it is sufficient for caldera

collapse.

Few eruptions lead to failure of roof rocks above

the reservoir, indicating that the necessary condi-

tions are only met in special circumstances. The

caldera forming eruption usually being at the end of

a long sequence of bnormalQ eruptions, something

must change in the volcanic system. One clue may

be that most calderas form on preexisting edifice

[21]. A volcanic edifice induces large stresses in the

shallow crust and modifies the behaviour of a
magma reservoir [22]. In this paper, we begin by

examining whether or not failure conditions can be

achieved in the roof region by realistic changes of

reservoir pressure when there is no edifice. We then

account for the presence of an edifice and reeval-

uate how stresses change during an eruption. We

show that failure conditions can be reached once the

edifice has grown to a certain size. Large tensile

stresses are generated near Earth’s surface, suggest-

ing that calderas form due to faulting initiated there.

We discuss the implications of the model and

compare theoretical predictions to a number of

observations. In Appendix A, we review model

limitations and explain how our theoretical results,

which have been obtained for a specific reservoir

shape, may be used to evaluate other situations.
2. The elastic model

2.1. General considerations

The upper crust is characterized by Poisson’s ratio m
and rigidity G. A volcanic edifice of radius Re and

height He rests above a cylindrical magma chamber of

radius Rc and depth Hc. The reference state before

loading is the lithostatic stress field with reservoir

pressures set at lithostatic values. The theoretical model

deals with perturbations from this reference state due to

the edifice and to changes of reservoir pressure. In the

reservoir, pressure is perturbed by an amount DP

(Fig. 1), which is called an boverpressureQ if it is

positive and an bunderpressureQ if it is negative. For

simplicity, the free surface above the reservoir is called

bEarth’s surfaceQ.
A convenient length-scale for this problem is the

chamber depth Hc. Increasing ratio Rc/Hc from 0 to 1,

we investigate the effects of increasingly large or

increasingly shallow reservoirs. The slope of the

edifice flanks,He/Re, is set to 0.1 or 0.6, corresponding

to a shield volcano with gentle slopes and to a

stratovolcano with steep flanks, respectively. The

theoretical model solves for elastic deformation in

two dimensions (x,z), and details of the analytical

calculations can be found in [22]. Here, we focus

on deviatoric stresses at the traction-free boundaries

(Fig. 1), the chamber walls (rhh) and Earth’s surface

(rxx), because they have the largest amplitudes.
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Fig. 2. Horizontal normal stresses at Earth’s surface. (a) An

overpressured chamber induces tension for xbXc and compression
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2.2. Stresses at Earth’s surface

Fig. 2 shows schematic horizontal profiles of normal

horizontal stress rxx at the surface due to three different

effects: reservoir overpressure, reservoir underpressure

and loading by an edifice. The full solution is obtained

by adding solutions for the edifice and reservoir effects.

To achieve a simple understanding of the end result, we

study each effect separately.

2.2.1. Overpressure in a reservoir with no edifice at

Earth’s surface

With no edifice, the solution may be found in the

classical analysis of Jeffery [23]. An overpressured

reservoir induces tension in the roof region near the

axis and compression at large distances. At Earth’s

surface, horizontal stress rxx is given by (Fig. 3):

at z ¼ 0; rxx ¼ 4DPR2
c

x2 � H2
c þ R2

c

� �
x2 þ H2

c � R2
c

� �2 ; ð1Þ

where x is the horizontal distance. This may be greater

than the reservoir overpressure DP, which illustrates
for xNXc. (b) An underpressured chamber induces tension for

xNXc and compression for xbXc. (c) An edifice generates

compression for xbXe and tension at larger distances. The

general solution is obtained by summing the reservoir and edifice

contributions.

θθσ

Hc

He

Re

x

z

xxσ

Rc

Fig. 1. Sketch of the model problem. A cylindrical reservoir of

radius Rc lies at depth Hc, below an edifice of radius Re and height

He. Important stresses are those at the traction-free boundaries: rxx

at Earth’s surface and rhh at the reservoir walls. The theoretical

model solves for stresses and displacements due to the edifice load

and to a change of reservoir pressure. The reference stress field is

such that a neutrally buoyant magma reservoir lies in a lithostatic

stress field.
how stresses may get amplified in a confined medium.

rxx changes sign at x ¼ Xc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2

c � R2
c

p
and reaches a

maximum in compression at x ¼
ffiffiffi
3

p
Xc. Thus, Earth’s

surface is in tension for 0bxbXc and in compression

for xNXc (Fig. 2a). The maximum tensile stress is 8

times larger than the maximum compressive one,

implying that Earth’s surface, if it fails, does so first

in tension.

For given depth Hc, increasing the reservoir size

(increasing Rc) leads to an increasingly thinner roof

and to concentrate tension in a small axial area,

which acts to increase the magnitude of tensile

stresses (Fig. 3). The maximum tension at Earth’s

surface is;

rmax�surf ¼ � 4DP
R2
c

H2
c � R2

c

: ð2Þ
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Fig. 4. Horizontal stress rxx at Earth’s surface due to loading by a

volcanic edifice as a function of distance. There is no reservoir

overpressure. Stress values are scaled by the value at the origin

rxx (x=0). Horizontal distance x is scaled to the chamber depth Hc.

The vertical line stands for distance Xc, where changes of reservoir

pressure generate no stress at Earth’s surface (see Fig. 3). (a) Results

for a small and deep magma chamber with dimensionless radius Rc/

Hc=0.2. The inset shows values of rxx at x=0 as a function of edifice

height He. (b) Results for a large and shallow magma chamber with

dimensionless radius Rc/Hc=0.8. The inset shows values of rxx at

x=0 as a function of edifice height He.
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In comparison, the maximum tensile hoop stress on

the reservoir walls is [22]:

rmax�wall ¼ � DP
H2

c þ R2
c

H2
c � R2

c

: ð3Þ

For Rc

Hc
N1=

ffiffiffi
3

p
, corresponding to shallow reser-

voirs, this is smaller than rmax-surf. In this case,

Earth’s surface may fail before the reservoir walls

and hence before eruption. More detailed consid-

erations involving a failure criterion are developed

later.

2.2.2. Underpressure in a reservoir with no edifice at

Earth’s surface

Results are exactly the previous ones in reverse

(Fig. 2b). The chamber walls are in compression and

tensile stresses are small everywhere. At the surface,

the focal region is in compression and distal regions

are in tension. For Rc

Hc
N1=

ffiffiffi
3

p
, the largest compressive

stress is in fact reached at Earth’s surface rather than at

the chamber walls.

2.2.3. Loading by an edifice

We now consider stresses induced by an edifice at

Earth’s surface. The solution is obtained by requiring

that the chamber pressure remains at its initial value
when loading is applied [22]. The general problem of

a change of reservoir pressure and loading by an

edifice may then be obtained by adding this solution

to the one above (i.e., for a reservoir with no edifice).



V. Pinel, C. Jaupart / Earth and Planetary Science Letters 230 (2005) 273–287 277
At Earth’s surface, the edifice effect is the opposite

of that of an overpressured chamber. At z=0, the

horizontal stress rxx is compressive near the axis and

becomes tensile at some distance (Fig. 2c). As above,

it is useful to introduce the distance at which rxx

changes sign, from compression to tension, which will

be noted Xe. For a deep chamber (Rc/Hc=0.2), as the

edifice radius increases, the solution tends to the limit

case of a homogeneous half space, such that rxx=rzz

[24]. In this case, rxx at the surface decreases linearly

from qmgHe at x=0 to 0 at x=Re (Fig. 4a). For a

shallow chamber (Rc/Hc=0.8), the effect of the edifice
0 2 4 6 8
0

1

2

H
or

iz
on

ta
l d

is
ta

nc
e

(s
ca

le
d 

to
 X

c)

Re / Rc

0.4

0.8

1.2

1.6

2

Re / Rc

0

H
or

iz
on

ta
l d

is
ta

nc
e

(s
ca

le
d 

to
 X

c)

b) Large/shallow chamber

a) Small/deep chamber

Re

Re

10

0 4 6 8 10

Maximum tension

Maximum tension

2

Fig. 5. Distance for maximum tension due to the edifice as a

function of edifice radius. For ease of comparison, this distance is

compared to the edifice radius (dashed line). All distances have

been scaled to characteristic distance Xc, where stresses due to

changes of chamber pressure change sign. Note that maximum

tension can occur below the edifice, at distances smaller than Re, or

away from the edifice, at distances larger than Re. (a) Small/deep

chamber (Rc/Hc=0.2). (b) Large/shallow chamber (Rc/Hc=0.8).
is enhanced and the compressive stress at the axis

(at x=0) may be much larger than the applied load

(Fig. 4b). The roof region behaves like a thin elastic

plate and the zone of compression at Earth’s surface is

smaller than the edifice, i.e., XebRe.

Adding the effect of pressure changes in the

chamber to this solution, which will be done later,

leads to a complex stress field. We note that, at x=Xc,

changes of chamber pressure induce zero stress at

Earth’s surface (Fig. 2), and hence the total stress

reduces to the edifice contribution. At x=Xc, the

edifice generates tension for RecRc and compression

for ReHRc. In Fig. 5, we show the location of

maximum tension induced by an edifice as a function

of edifice radius Re. Tension is largest at some

distance of the edifice if the reservoir is deep and

below the edifice if the reservoir is shallow.

These results emphasize that the presence of a

reservoir may affect strongly the stress field generated

by an edifice. Only when the reservoir is deep and the

edifice is large does the reservoir influence become

negligible. In that case, the maximum tension is

generated at the edge of the edifice, at x=Re (Fig. 5a).
3. Stability of a volcanic system

Introducing a failure criterion, one may calculate

which values of chamber pressure are required for

roof breakdown. Rocks are much stronger in com-

pression than in tension, and hence compressive

failure requires very large deviatoric stresses. We

have found that, in a volcanic system made of a

reservoir and an overlying edifice, tensile stresses are

large and exceed the strength of typical crustal rocks

in many cases. In contrast, compressive stresses can

be large only at the base of very big edifices over

small parts of the focal area, and hence cannot be

invoked for the formation of large calderas. In the

following, we therefore focus on tensile failure.

We have found that, in the vast majority of cases,

failure occurs first at Earth’s surface, a result whose

significance will be discussed later. For tensile failure

at Earth’s surface, we introduce two critical values

depending on the reservoir pressure. In the initial phase

of reservoir inflation, failure may occur when pressure

increases above some critical value noted DP1

(Fig. 6a). In this case, failure affects a small part of
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the focal area over a distance smaller than Xc. In the

following phase of reservoir deflation, failure may

occur when the reservoir pressure decreases below a

second critical value, noted DP2 (Fig. 6a). In that case,

failure affects a much larger area over distances larger

than Xc.

These results are not sufficient because they have

been obtained without regard for two requirements:

reservoir deflation can only occur if an eruption is

underway, and reservoir deflation must proceed until

the second critical pressure thresholdDP2. The onset of

eruption defines the largest reservoir pressure, called

DPmax. Conditions for the cessation of magma with-

drawal define a lower bound for the reservoir pressure

noted DPmin. These two pressures define the operating

range for the reservoir pressure (Fig. 6b), and one must

assess whether or not it encompasses the two critical

pressure thresholds DP1 and DP2. Evaluating the
conditions for roof failure therefore involves calcula-

tion of two sets of characteristic values for the chamber

pressure: one set for tensile failure of the roof region

(due to overpressure or underpressure), and a second

set for the range of pressures that are allowed for a

reservoir which feeds an eruption, i.e., a reservoir

which remains connected to an open dyke or conduit.

3.1. Tensile failure

We assume that the same failure criterion applies to

Earth’s surface and the chamber walls. This criterion

is such that the deviatoric stress exceeds some

threshold value Ts, which is the tensile strength of

country rock, as in [7,25] for example. Other failure

criteria would not change the results significantly. For

all numerical calculations, we take Ts=2*10
7 Pa.

At z=0, the perturbation stress tensor takes the

following form:

rxx 0

0 rzz

� �
ð4Þ

with rzz given by:

rzz ¼
Re � xð Þ
Re

qmgHe if xVRe

rzz ¼ 0 if xNRe: ð5Þ

In general, rxx+rzzp0, and hence the deviatoric stress

tensor is:

rxx � rzz

2
0

0
rzz � rxx

2

0
@

1
A ð6Þ

The tensile failure criterion is thus:

rxx � rzz

2
¼ � Ts: ð7Þ

The same criterion for failure at the chamber walls

follows Pinel and Jaupart [22] and is such that:

rhh � DP

2
b� Ts: ð8Þ

3.2. An operating range for the chamber pressure

The chamber pressure is the sum of lithostatic

pressure and an additional pressure DP which
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increases due to magma replenishment or crystallisa-

tion [20]. The overpressure cannot increase inde-

finitely because it eventually acts to rupture the

reservoirs walls. This triggers upward dyke propaga-

tion, but not necessarily eruption, because the dyke

may stop before breaching Earth’s surface. If the

initial dyke stalls at depth, replenishment continues

and the reservoir overpressure keeps on increasing

until it is large enough to drive the dyke all the way to

the surface. Once this is achieved, eruption ensues.

In summary, the largest chamber overpressure,

noted DPmax, is such that eruption starts. This requires

two conditions: (1) rupture of the reservoir walls and

(2) dykes that are open at all depths. The first

condition has already been specified. For the second

condition, one must calculate the pressure distribution

within a vertical magma column: for the dyke to be

open, its internal magma pressure must be larger than

the normal stress applied at its walls at all depths. In

the present model, the density of magma in the

reservoir is equal to that of encasing crustal rocks. The

internal magma pressure within the dyke is the sum of

the hydrostatic head and the viscous head loss. The

limit case if that of volatile-free magma which stalls

just below Earth’s surface. In such a dyke, the internal

magma overpressure is equal to DP at all depths and

the normal stress applied at the vertical dyke walls is

rxx. Thus, the condition that the dyke remains open all

the way to Earth’s surface is simply that:

DPNrxx 0; 0ð Þ: ð9Þ

This defines DPmax. In practice, eruption would

require a reservoir pressure slightly larger than this

because of the additional effect of viscous head loss

due to flow. For magmas with dissolved volatiles, the

hydrostatic head in the dyke is smaller and hence the

internal magma overpressure within the dyke may be

larger than DP at shallow levels. In this case, an

eruption can be sustained with reservoir pressures less

than DPmax. Therefore, DPmax is the largest pressure

that can be achieved in the reservoir.

Once an eruption has started, one might envision

that magma withdrawal is less efficient than replenish-

ment, such that the reservoir keeps inflating. This is

rarely observed in practice and we assume that

eruption induces reservoir deflation. The reservoir

pressure cannot decrease to any arbitrary value

because large underpressures act to close off fractures
at the chamber walls, and hence to snap shut feeder

dykes for the eruption, which stops magma with-

drawal. We call DPmin the smallest reservoir pressure

which may be achieved. Let us consider a feeder dyke

at its inception point, i.e., at the edge of the reservoir.

There, it may remain open as long as its internal

magma pressure exceeds the normal stress applied at

its walls. By continuity, the magma pressure within the

dyke is equal to the chamber pressure. The normal

stress at the dyke walls is equal to hoop stress rhh.

Therefore, the minimum chamber pressure is such that:

DPmin ¼ rhh: ð10Þ

Note that the eruption may stop before the reservoir

pressure drops to DPmin. For example, if DPb0, and if

magma is volatile free, the reservoir pressure is smaller

than the hydrostatic head between reservoir and Earth’s

surface and a surface eruption is impossible.

DPmax is such that feeder dykes are open all the

way to the surface. DPmin is such that feeder dykes

close at the reservoir walls. DPmax and DPmin are the

upper and lower bounds for pressures in a reservoir

feeding a surface eruption. For failure in the roof

region, the critical values of chamber pressure DP1

and DP2 must be within this operating range. All these

stresses must be calculated as a function of edifice

size and chamber pressure.

3.3. Failure in the roof region

3.3.1. Without a volcanic edifice

This case allows compact analytical results. During

the initial phase of reservoir inflation, the critical

overpressure for failure at Earth’s surface and the

maximum chamber overpressure are:

DP1 ¼
H2

c � R2
c

2R2
c

Ts; ð11Þ

DPmax ¼
H2

c � R2
c

H2
c

Ts: ð12Þ

We note that DP1VDPmax if Rc=Hc � 1=
ffiffiffi
2

p
, corre-

sponding to shallow reservoirs. In this case, failure of

the roof region may occur before eruption. At Earth’s

surface, failure conditions are met at the axis, in

practice over a very small area. The reservoir pressure

is above the lithostatic value and hence can support the



V. Pinel, C. Jaupart / Earth and Planetary Science Letters 230 (2005) 273–287280
weight of the roof region, which rules out caldera

formation. We further discuss the force balance for the

roof region in the discussion section below. With no

caldera collapse, the reservoir may continue to inflate

until its internal pressure reaches the threshold value for

the onset of eruption.
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DP2 ¼ � 4
H2

c � R2
c

R2
c

Ts: ð13Þ

Thus, DP2b0, showing that the reservoir must be

underpressured for failure of the roof region. However,

without an edifice, feeder dykes close off when DP=0.

Thus, in this case, DPmin=0, implying that DP2bDPmin

and hence that eruption stops before caldera collapse.

3.3.2. With a volcanic edifice

An edifice modifies the stress field in the roof

region, with different results depending on reservoir

depth. For a deep magma chamber, the critical pressure

values for tensile failure at Earth’s surface, DP1 and

DP2, are well outside the operating pressure range for

all values of the edifice radius (Fig. 7a). In this case,

the edifice may keep growing without caldera for-

mation and the volcanic system remains stable.

The situation is very different for shallow cham-

bers. For Rc/Hc=0.8, for example, the four character-

istic pressures, DP1, DP2, DPmin and DPmax, take

similar values within a restricted range (Fig. 7b).

Further, values for DP1 and DPmax are very close to

one another. We now describe results for edifices of

increasing sizes. For small edifices, results are similar

to those obtained above with no edifice. The roof

region may fail over a small area during reservoir

inflation, but caldera formation is unlikely for the same

reasons as above: the reservoir pressure is sufficient to

support the roof region and failure affects a very small

part of the focal area. One eruption starts, the reservoir

pressure decreases to DPmin without reaching the

second failure threshold DP2, i.e., the eruption stops

before breakdown of the roof region. This behaviour

obtains up to a critical edifice radius noted R1 (Fig. 7b).

For ReNR1, DP2NDPmin and hence reservoir deflation

can proceed to the critical pressure threshold for roof

breakdown. In this case, tensile failure occurs away

from the axis and affects a large area at Earth’s surface.

Ultimately, when the edifice radius reaches a second

critical value noted R2, the roof cannot sustain the

edifice load regardless of the reservoir pressure. This

defines the largest edifice size for a stable volcanic

system. Values of critical edifice radius R2 are shown

in Fig. 8a and b for two chamber sizes.

To summarize, if RebR1, no caldera formation is

expected for realistic reservoir pressures. If R1bRebR2,
f

caldera formation may occur during reservoir defla-

tion. Finally, if ReNR2, the roof region can be stable

for no realistic values of the reservoir pressure. R2 is

therefore the maximum edifice radius for a working

magma reservoir. In this limiting case, Earth’s

surface fails at distance x=Xc, which defines the

final caldera size. For practical reasons, it is useful to

compare it to the edifice radius which is readily

measured in the field. For a shield volcano, for all

reasonable values of chamber radius, the value of
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ratio Xc/Re is small (Fig. 9c), implying that the

caldera is much smaller than the edifice. For a

stratovolcano, this ratio is larger by a factor of about

2 (Fig. 9a). This suggests that measurements of

caldera size and edifice size yield constraints on

chamber size and depth.
4. Volcanological implications

4.1. Summary

Caldera collapse occurs after the onset of

eruption, and hence involves two different kinds

of failure. One is rupture of the reservoir walls, a

prerequisite for eruption, which is achieved by

reservoir inflation. The other kind of failure is

collapse of the roof region, which is achieved by

reservoir deflation. These two kinds of failure

require two different stress fields in the roof region.

We note that differences due to reservoir inflation

and deflation are marked at shallow depths near

Earth’s surface and largest when there is a volcanic

edifice. Without an edifice, failure of the roof

region is restricted to the initial inflation stage,

which cannot trigger caldera collapse, and reservoir

deflation cannot proceed to the large magmatic

underpressures required for roof breakdown. With

an edifice, tensile failure of the roof region is

possible during reservoir deflation. According to

these calculations, faulting starts at Earth’s surface.

Gudmundsson [7] had already suggested such

conditions, but the driving mechanism was different,

involving flexure due to a large and deep reservoir

below a small and shallow chamber.

As with all physical models of natural phenomena,

these results are best suited to predict general trends

in the observations, and should not be applied to

specific cases without due attention for the various

complications that may arise in practice, which are

reviewed in Appendix A. The model explains why

caldera collapse seldom occurs during reservoir

inflation. It also explains why caldera collapse is a

rare event and suggests that the triggering process is

growth of a volcanic edifice. Another prediction is

that caldera size should in general be smaller than

reservoir size, which will be discussed below. We

shall review the specific case of Mount Mazama and
will discuss cases which seem inconsistent with the

model predictions.

Once faulting occurs, the present model is no

longer valid and we briefly discuss what happens in

the next section.

4.2. The caldera collapse process

Once failure has occurred at Earth’s surface, we

may expect that fracturing extends downwards.

Traction-free boundaries are subjected to large devia-

toric stresses, which explains why fractures propagate

from one such boundary to another, in our case from

Earth’s surface to the reservoir. Experiments by Mastin

and Pollard [26] for the different case of a rising dyke

illustrate what is likely to happen: fractures start at the

surface and connect to the dyke tip. To study the fully

developed faulting regime, the best strategy would

probably be to use scaled laboratory experiments. With

one exception [16], unfortunately, existing laboratory

studies of caldera collapse have dealt with reservoir

deflation starting from a state of lithostatic equili-

brium, with no edifice at the surface.

Roche and Druitt [6] developed a model for

bpistonQ calderas, such that the roof subsides as a

coherent block bounded by ring faults. Using a

vertical force balance on the block, with reservoir

pressure applied at the base, friction on the ring faults

and the weight of the block, they calculated the

critical reservoir pressure below which the roof block

can no longer be supported. For a cylindrical roof of

radius R and height H, the magnitude of the reservoir

underpressure, |DP(�)|, is proportional to the average

friction on the ring faults, s:

jDP �ð Þj ¼ s
2H

R
: ð14Þ

Thus, failure over a small part of the focal area,

which implies a very large value of H/R, may lead to a

caldera only at very large reservoir underpressures.

This shows why, for a shallow reservoir beneath a

small edifice (or with no edifice at all), early faults

generated in the inflation stage cannot be re-activated

in the deflation stage. In the Roche and Druitt

experiments, the block has almost the same size than

the reservoir in horizontal cross-section. In our model,

the size of the faulted area may be quite different and
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this is discussed below. We note that, with an edifice

at Earth’s surface, the subsiding block is larger than

the roof in the vertical dimension because it includes

part of the edifice.

4.3. Caldera size

In our model, the size of the caldera is determined

by faulting at Earth’s surface, and may be quite

different from the size of the underlying magma

reservoir. Caldera formation is most likely for shallow

reservoirs, in which case the caldera is smaller that

the reservoir. This runs against the most common

model of caldera formation, which relies on stoping

of the reservoir roof [27]. In a typical experimental

setup, a reservoir is filled in and then covered with

brittle material (usually sand or flour), and is deflated

to an arbitrary level chosen by the experimenter. By

design, the reservoir is underpressured until the roof

breaks down in compression. In this model, the roof

fails first and a damage zone migrates upwards almost

vertically, leading to a collapsed zone with the shape

of the reservoir in horizontal cross-section. These

predictions are difficult to test in the field because it is

almost impossible to reconstruct the missing reser-

voir. To overcome this difficulty, Hildreth and

Fierstein [28] studied the dimensions of a large

number of calderas and plutons, and noted that,

statistically, plutons are larger than calderas. They

therefore concluded that, in general, calderas are

smaller than their associated magma reservoirs. One

might argue that plutons crystallize from the margins

inwards and that the reservoir which is effectively

liquid at the time of caldera collapse is smaller.

However, observations on fossil intrusions, such as

the Skaergaard complex of Greenland for example,

demonstrate that the marginal zones are thin and

account for a negligible fraction of the total horizontal

cross-section [29]. This is well understood and

explained by the inherently unstable nature of

crystallizing boundary layers [30].

According to our calculations, the caldera accounts

for a smaller fraction of the edifice in shield volcanoes

than in stratovolcanoes (Fig. 9a and c). This is

consistent with the field data. Wood [21] showed

that, on average, the ratio of caldera size to edifice

size is about 0.1 for shield volcanoes and 0.4 for

stratovolcanoes.
4.4. Constraints on the size and depth of magma

reservoirs

The present model predicts collapse within a

specific range of chamber depth and size, which

provides a simple test of its applicability. For example,

Fig. 9c shows the ratio of caldera size (Xc being a

lower limit for the failure distance) to edifice size for

the Medicine Lake and Newberry shield volcanoes

[31]. The predicted chamber sizes and depths lie

within a realistic range of several kilometers.

We may test the model further in the specific

example of Crater Lake caldera, which collapsed

during the climatic eruption of Mount Mazama 6845

yr ago [32,33]. A 5 km diameter block subsided, so

that we take this as an estimate of the structural

caldera diameter (the topographic diameter being

around 9 km [33]). The stratocone reached an

elevation of about 3500 m [34], corresponding to an

edifice height of about 1700 m. From the topographic

map, we estimate that the edifice had a radius of 6 km

and a slope He/Re=0.3. It follows that ratio Xc/Re had

a value of about 0.4. In Fig. 9b, one may see that, for

realistic values of dimensionless chamber size Rc/Hc,

the chamber radius must be within a rather small range

around 2500 m. On the one hand, larger chamber radii

would imply very small values of Rc/Hc, and hence

very deep chambers. A chamber radius of 5 km would

not allow a value of 0.4 for Xc/Re. On the other hand,

smaller chamber radii would imply values of Rc/Hc

close to 1, and hence a very shallow chamber. The

erupted volume of about 50 km3 [32] corresponds to a

radius of 2.3 km, which is consistent with this

argument. We note that, in this particular example,

reservoir and caldera have similar radii. Using a

chamber radius of 2.5 km, we find a chamber depth of

about 4 km. Petrological estimates of magma pressure

prior to eruption are available, but may be quite larger

than the lithostatic pressure at the chamber depth, as

explained by Pinel and Jaupart [22]. The pressure

estimate by Bacon et al. [35] corresponds to lithostatic

conditions at a depth of about 5 km. Taking into

account the fact that this value must be regarded as an

upper bound, our rough estimate of 4 km is quite

reasonable.

Finally, the model may be applied to stable

volcanic systems with no major calderas and puts

limits on chamber size and depth. For a given edifice,
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i.e., given values of Re and He/Re, one may exclude a

whole range of values for Rc and Hc (Fig. 10). Mount

Adams, for example, grew to a very large size without

major caldera collapse. According to our model, this

requires a small reservoir, which is consistent with

petrological constraints: the rapid variation of erupted

magma compositions indicates that there never was a

major storage zone beneath this volcano [36].

4.5. The shape of the magma chamber

The present model cannot account for calderas

over deep and small reservoirs. For example, the

famous eruption of Mount Vesuvius in 79 AD led to

a sizable caldera. The Vesuvius chamber is deeper

than 6 km and the erupted volume was small (less

than 5 km3). Assuming that all the magma present

in the reservoir was erupted, dimensionless number

Rc/Hc is estimated to be less than 1/3 [27]. In this

case, according to the present model, no caldera

formation can occur if the chamber pressure remains

within the bnormal operating rangeQ. One possibility

is that the Vesuvius chamber had a different shape.

Seismic studies have tentatively outlined a sill-

shaped magma reservoir at a depth of 8 km beneath
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For these, by definition, R2 is smaller than 3 km.
the volcano [37]. The top of the chamber thus

appears almost flat and extends over a distance

larger than the edifice. In this case, the roof region

behaves as an elastic plate which bends downwards

as magma pressure is relieved. This behaviour is the

same as that of a shallow cylindrical chamber [22]

(Appendix A): bending stresses at the top of the

reservoir enhance opening of feeder dykes and

increase as the reservoir deflates. This is analogous

to the bspontaneous collapseQ regime of Fig. 7b. One

problem with this explanation is that it does not

account for the apparently stable growth of the edifice

before the major caldera event. We note that Vesuvius

collapsed very late in the eruption sequence, when the

amount of magma erupted was about 80% of the total

[27]. In a way, this may be considered consistent with

the analysis developed here: for Rc/Hcc0.3, the roof

region can sustain large reservoir underpressures,

implying that a large fraction of the chamber can be

emptied without failure. The solution to this problem

may be that Vesuvius involved two magmas with

different densities [38]. Such conditions require a

reevaluation of the criterion for the cessation of

eruption (i.e., the equation for DPmin). A relevant

discussion may be found in [18].

Some of the largest calderas were apparently not

formed on pre-existing massive edifices [21]. It may

be that all trace of the edifice has been destroyed, as

very shallow magma chambers lead to calderas that

are larger than the edifice. However, the sheer size of

such calderas would require unrealistically large

edifices. Mechanical and thermal conditions associ-

ated with the formation of enormous magma reser-

voirs probably play an important role and deserve

study.
5. Conclusion

We have demonstrated that chamber pressures are

constrained to lie within a finite operating range

during an eruption, which limits the magnitude of

stresses that can be generated in host rocks. One

consequence is that stresses due a mature edifice at

Earth’s surface play a dominant role. With an edifice

of sufficient size, caldera collapse can occur during

chamber deflation, as the chamber pressure is no

longer able to support the surface load. According to
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this model, the relationship between caldera size and

chamber size depends on chamber depth and edifice

size. The ratio of caldera size to edifice size allows

important constraints on the size and depth of the

underlying magmatic reservoir. According to this

analysis, the largest tensile stresses are generated at

Earth’s surface, suggesting that collapse propagates

downwards.
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Appendix A. Model assumptions

The mechanical model relies on two main assump-

tions: elastic behaviour of host rocks and a magma

reservoir in the shape of a horizontal cylinder.

There is good field evidence for elastic (reversible)

deformation on the short time-scale of an individual

eruptive cycle. Thus, effects of reservoir pressure

changes can be adequately described by an elastic

model. Over the larger time-scales of edifice growth,

viscous stress relaxation may be more important.

Viscous relaxation time-scales have been estimated

for the lithosphere as a whole, and are consistently

larger than 5 Ma [39,40]. Such estimates are vertical

averages and hence provide lower bounds for the cold

upper crust. On a smaller scale, rocks encasing the

magma reservoir get heated up, but viscous behaviour

is limited to a thin high-temperature halo. One must

note that stratovolcanoes are usually associated with

positive free-air gravity anomalies, showing that their

surface loads are not compensated [41].

The model solves for the behaviour of a cylindrical

reservoir. For other shapes, one may rely on three

basic principles. One is that a concentrated load acting

on a thin roof induces bending, and hence tensile

stresses, at the top of the reservoir. A second principle

is that a large edifice generates compressive stresses

over a large depth range. The third principle is that the

hoop stress due to magmatic overpressure depends on

the local wall curvature [42]. The chamber shape

affects the magnitude of induced stresses. The most

important parameter is the aspect ratio of the roof
region, and one recovers the behaviour of a flat roof

by considering a large reservoir.

Another set of assumptions involve material

properties. For example, both the stress field around

the reservoir and the pressure distribution within a

feeder dyke would be affected if magma and host

rocks have different densities. Such effects deserve an

independent study.
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