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Eruptions at large calderas are normally preceded by variable rates of unrest that continue for decades or 
more. A classic example is the 1994 eruption of Rabaul caldera, in Papua New Guinea, which began after 
23 years of surface uplift and volcano-tectonic (VT) seismicity at rates that changed unevenly with time 
by an order of magnitude. Although the VT event rate and uplift rate peaked in 1983–1985, eruptions 
only began a decade later and followed just 27 hours of anomalous changes in precursory signal. Here 
we argue that the entire 23 years of unrest belongs to a single sequence of damage accumulation in the 
crust and that, in 1991–1992, the crust’s response to applied stress changed from quasi-elastic (elastic 
deformation with minor fault movement) to inelastic (deformation predominantly by fault movement 
alone). The change in behaviour yields limiting trends in the variation of VT event rate with deformation 
and can be quantified with a mean-field model for an elastic crust that contains a dispersed population 
of small faults. The results show that identifying the deformation regime for elastic–brittle crust provides 
new criteria for using precursory time series to evaluate the potential for eruption. They suggest that, 
in the quasi-elastic regime, short-term increases in rates of deformation and VT events are unreliable 
indicators of an imminent eruption, but that, in the inelastic regime, the precursory rates may follow 
hyperbolic increases with time and offer the promise of developing forecasts of eruption as much as 
months beforehand.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Large calderas, with surface areas of 100 km2 or more, are 
among the most populated active volcanoes on Earth. At least 
138 have records of historical unrest (Newhall and Dzurisin, 1988)
and examples that have provoked recent emergencies include 
Rabaul in Papua New Guinea (McKee et al., 1984; Nairn et al., 
1995), Campi Flegrei in Italy (Barberi et al., 1984), Long Valley 
in the USA (Hill et al., 2002), and Santorini in Greece (Parks 
et al., 2012). During such emergencies, elevated unrest contin-
ues for ∼0.1–1 years and is characterised by caldera-wide uplift 
and volcano-tectonic (VT) events within the caldera to depths of 
kilometres. Most episodes do not culminate in eruption and their 
activity has been attributed to a combination of the intrusion of 
magma at depths of about 5 km or less and increased rates of 
fluid circulation in near-surface hydrothermal systems (McKee et 
al., 1984; Battaglia and Vasco, 2006; Geyer and Gottsmann, 2010;
Woo and Kilburn, 2010; Bodnar et al., 2007; Parks et al., 2012;
Acocella et al., 2015).
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Even though short-term emergencies tend to be evaluated in-
dependently as regards the probability of eruption (McKee et al., 
1984; Hill, 2006), it has long been recognised that they may be-
long to longer-term unrest that will trigger an eruption only when 
a cumulative threshold has been exceeded (Newhall and Dzurisin, 
1988; De Natale et al., 2006; Hill, 2006; Acocella et al., 2015). 
However, the connection between long-term unrest and eruption 
potential has been described only qualitatively. Using data from 
Rabaul caldera, we argue (1) that VT and deformation precursors at 
large calderas may belong to a unified sequence that can be quan-
tified over decadal timescales, and (2) that conditions for eruption 
are determined by the transition from a quasi-elastic to inelastic 
response of the crust to applied stress. The results confirm that, 
on their own, short-term changes in rates of unrest are unreliable 
guides to the potential for eruption. They also identify new practi-
cal procedures for evaluating a caldera’s approach to eruption.

2. Long-term unrest at Rabaul caldera

Among large calderas, Rabaul has a unique modern record of 
precursory unrest that lasted for more than two decades, be-
tween 1971 and 1994, and included a non-eruptive emergency 
during 1983–1985 before eruptions began on 19 September 1994. 

http://dx.doi.org/10.1016/j.epsl.2016.01.003
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:c.kilburn@ucl.ac.uk
http://dx.doi.org/10.1016/j.epsl.2016.01.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2016.01.003&domain=pdf


R.M. Robertson, C.R.J. Kilburn / Earth and Planetary Science Letters 438 (2016) 86–94 87
Fig. 1. Map of Rabaul caldera, showing the outlines of the Blanche Bay complex 
of nested calderas (large black dashes) and of the most recent collapse in 1400 BP 
(small, grey dashes). The 1971–1994 unrest ended with simultaneous eruptions from 
Tavurvur and Vulcan (black circles) and provoked evacuation of Rabaul Town. Pre-
vious eruptions (white circles) have occurred within and outside the Blanche Bay 
complex. (Modified from Johnson et al., 2010.)

The caldera lies on the northeastern coast of New Britain Island 
in Papua New Guinea (Fig. 1). At least five episodes of collapse 
have occurred since the Late Pleistocene across an area about 
14 by 9 km across, most of which is now submerged beneath 
Blanche Bay and opens eastward into the Bismarck Sea (Nairn et 
al., 1995). The most recent caldera collapse occurred 1400 years 
ago (Nairn et al., 1995). It formed an elliptical structure, about 10 
by 6.5 km across and aligned approximately North–South, since 
when andesitic-dacitic eruptions have occurred around its mar-
gin at Tavurvur, Vulcan, Rabalanakaia and Sulphur Creek (Fig. 1; 
Nairn et al., 1995; Wood et al., 1995; Johnson et al., 2010). 
The historical record dates back to the 18th Century and con-
sists of at least six events, in 1767, 1791, 1850, 1878, 1937–43 
and 1994–Present (McKee et al., 1985; Blong and McKee, 1995;
Johnson et al., 2010). During the last three eruptions, activity 
started almost simultaneously at Vulcan and Tavurvur, on oppo-
site sides of the caldera (Fig. 1), with the later stages becoming 
restricted to Tavurvur (Blong and McKee, 1995).

Unrest before the 1994 eruptions was recognised in late 1971 
after 54 years of quiescence (McKee et al., 1984; Mori et al., 
1989). Six months after two tectonic earthquakes of local mag-
nitude (ML ) 8.0 had occurred in the Solomon Sea (Everingham, 
1975), volcano-tectonic (VT) earthquakes began to be detected at 
mean rates greater than the previously typical values of 50–100 
events per month (McKee et al., 1985). They were located at 
depths of about 4 km or less and associated with normal and 
subsidiary reverse fault displacements (Mori and McKee, 1987;
Mori et al., 1989; Nairn et al., 1995; Jones and Stewart, 1997;
Johnson et al., 2010). Their epicentres were concentrated within 
the topographic expression of the 1400 BP caldera (Fig. 2), indi-
cating a narrower zone of ring faults at shallow depth (Mori et 
al., 1989). Approaching 2 × 105 VT events were recorded through-
out unrest (Fig. 3). Most had local magnitudes between about 
0.5 and 2.0, although their relative frequency could not be deter-
mined reliably for the full 23 years of unrest (Mori et al., 1989;
Johnson et al., 2010). Among the ∼104 VT events recorded during 
the 1983–85 volcano-seismic crisis, the maximum local magni-
tude was 5.1 and fewer than one percent had local magnitudes 
greater than 3.0 (Mori et al., 1989). For unspecified completeness 
magnitudes, estimates of the seismic b-value during the crisis lie 
between 0.8 and 1.1 (Mori et al., 1989) and so, assuming a value 
of 1, fewer than 10% are expected to have had local magnitudes 
greater than 2.0.
Fig. 2. The distribution of local seismicity recorded during 1971–1992. The VT events occurred at depths of less than 4 km and their epicentres (black dots) appear to mark 
an inner zone of faults associated with the 1400 BP caldera (grey dashes). Compared with events at depths of 2 km or less (left), the distribution becomes extended towards 
the south among events deeper than 2 km (right). Tavurvur and Vulcan (black circles) lie outside the outer margin of the more shallow VT events. See Fig. 1 for names of 
additional locations. (Modified from Jones and Stewart, 1997 and Saunders, 2001.)
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Fig. 3. During the 1971–1994 unrest, the monthly VT event rate (columns) and uplift at Matupit Island (line) both varied irregularly with time (left). The 1983–1985 seismo-
volcanic crisis was characterised by increases in rate by at least one order of magnitude, but decayed without an eruption. The eruptions in 1994 (star) were not preceded 
by anomalous behaviour until 27 hours beforehand and the onset of a seismic swarm that raised the monthly number of VT events to about 3700 and caused uplift near 
Vulcan and Tavurvur by several metres (not shown). The amount of long-term uplift decayed along the measuring line northward from Matupit Island (top right). REF shows 
the reference base station and A and B the end stations used to illustrate the pattern of uplift during 1971–1984 (bottom right). The uplift has been normalised against the 
uplift recorded at Station B on Matupit Island. (Modified from (left) Johnson et al., 2010, (top right) Saunders, 2001 and (bottom right) McKee et al., 1984; note that the times 
in the original Fig. 46 of Johnson et al., 2010 should be moved earlier by six months.)
Between 1971 and 1994, the VT event rate recorded by the 
same seismic network (Itikarai, I., pers. comm.) showed mean val-
ues of 100–200 per month, rising and falling over intervals of years 
around peak values from about 600 per month in 1973 to al-
most 2000 per month in 1993 (Fig. 3; McKee et al., 1985; Itikarai, 
2006; Johnson et al., 2010). This trend was interrupted between 
September 1983 and July 1985 by a surge in monthly numbers 
that peaked at almost 14,000 (Fig. 3).

From 1973, the changes in VT event rate were accompanied 
by uplift along a deformation route that ran northwards from 
Matupit Island (Fig. 3; McKee et al., 1984; Saunders, 2001). The 
uplift decreased with distance from a maximum value measured 
on the south coast of the island. Although uplift was recorded 
over about 6 km, some 80% occurred within 2.5 km of the loca-
tion of peak movement and is consistent with deformation over a 
pressure source at a depth of about 2 km (McKee et al., 1984). At 
Matupit Island itself, the peak rate of uplift varied from about 0.02 
to 0.4 m per year, with the largest rates occurring during the early 
stages of unrest and the 1983–85 peak in VT event rate (Fig. 3; 
McKee et al., 1984; Blong and McKee, 1995; Saunders, 2001;
Johnson et al., 2010).

3. Precursors to eruption

The VT and deformation trends show three remarkable features 
(Fig. 3). First, their annual rates with time varied by at least one or-
der of magnitude. Second, although both precursors showed high 
rates during the 1983-85 crisis, their mean rates did not vary in 
direct proportion for most of the unrest (Fig. 3). Third, although 
some 40% of the total uplift and number of VT events occurred 
during 1983–85, this crisis did not culminate in volcanic activity; 
in contrast, the eventual eruption on 19 September 1994 began 
without significant changes in the rate of either precursor until 
27 hours beforehand, when rates of seismicity increased to peak 
values of about two felt events per minute and the ground was 
uplifted by several metres at least near Vulcan and, also, Matupit 
Island, 2.5 km west of Tavurvur (Global Volcanism Program, 1994a, 
1994b; Blong and McKee, 1995); explosive activity finally com-
menced at 06.05 (local time) at Vulcan and 07.17 at Tavurvur 
(Global Volcanism Program, 1994a). The first feature shows that 
unrest at Rabaul occurred under varying rates of deformation and 
fault movement; the second shows that deformation and VT pre-
Fig. 4. The variation of VT event number (�N) against uplift (h) at Matupit Is-
land shows a change from an exponential to linear trend at an uplift of about 
1.9 m. The best-fit relations (for h in m) are �N = 4120 exp(h/0.53) and �N =
2.79 ×104 + (6.23 ×104)h, with corresponding r2 regression coefficients of 0.98 and 
0.99. The change in trends are consistent with an evolution from the quasi-elastic to 
inelastic regimes of deformation (Fig. 5). The shaded area shows conditions during 
the 1983–1985 seismo-volcanic crisis (Fig. 3).

cursors do not necessarily show the same types of variation with 
time; and the third shows that, on their own, accelerations in pre-
cursory signals with time may not be sufficient for assessing the 
potential for eruption.

Even when deformation and VT seismicity show contrasting be-
haviour with time, they are expected to show preferred variations 
against each other, because both are responses of the crust to 
changes in applied stress (Kilburn, 2012). In the case of Rabaul, 
Fig. 4 shows the variation of VT events with uplift for the en-
tire period of unrest before the 1994 eruption. Following previous 
studies, uplift is represented by measurements from Matupit Is-
land, where the maximum amount of movement was recorded 
(McKee et al., 1984, 1989; Blong and McKee, 1995; Johnson et al., 
2010), although geodetic models suggest that the measured value 
may have been about 85% of the potential absolute maximum to-
wards the centre of the caldera offshore (McKee et al., 1984).

The data show coherent trends between VT event number and 
uplift (Fig. 4). Qualitatively, the number of VT events tends to ac-
celerate with deformation for uplifts less than c. 1.9 m (from 1973 
to the end of 1988), followed by a transition to a linear trend for 
uplifts larger than 2 m (from at least December 1991 to September 
1994). The accelerating phase may belong to a single trend or be 
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Fig. 5. As the applied differential stress increases (left), the deformation of an 
elastic–brittle material (black curve) deviates by an increasing amount (horizontal 
dashed arrows) from ideal elastic behaviour (dashed line). The deviation is caused 
by fracturing and slip along discontinuities. The rate of stress increase is eventually 
balanced by the rate of stress loss by slip (circle), after which deformation contin-
ues only by slip and the mean stress remains constant at its failure value S F . The 
change in regime is recorded in the field (right) by a change from an accelerating to 
a constant rate of change in VT event number with total deformation. The vertical 
bars illustrate conditions for elastic (white), quasi-elastic (grey) and inelastic (black) 
behaviour. The continuous arrows show the direction of evolution with time under 
an increasing stress. The expected field trends are observed during the 1971–1994 
unrest at Rabaul (Fig. 4).

composed of a non-linear increase for uplifts less than c. 1.2 m and 
a quasi-linear increase for uplifts between 1.2 and 1.9 m, at a mean 
rate faster than that for the uplift beyond 1.9 m. On its own, there-
fore, simple curve fitting cannot provide a unique interpretation 
of the VT-deformation trends. However, as described in the next 
section, a preferred interpretation does naturally emerge when ad-
ditional constraints from elastic–brittle deformation are taken into 
account.

4. Regimes of deformation

4.1. Limiting regimes of deformation

The emergence of different trends in Fig. 4 suggests an evolu-
tion in conditions controlling Rabaul’s deformation. The number of 
VT events and uplift are proxies, respectively, for inelastic and total 
deformation of the crust. The field trend can thus be interpreted in 
terms of the variation with deformation in the contribution from 
inelastic behaviour and this, in turn, can be represented on a con-
ventional stress-strain diagram for an elastic–brittle crust (Fig. 5). 
When a differential stress is applied (e.g., from overpressure in a 
magma body), the crust ideally first responds elastically, so that 
the stress is supported by straining unbroken rock. Above a criti-
cal differential stress, a proportion of the stress is lost inelastically 
by the onset of fault slip (Fig. 5). The inelastic proportion increases 
with stress at an accelerating rate until it becomes the sole mode 
of response (Fig. 5). The rates of stress increase and loss eventually 
balance each other, so that the mean differential stress remains 
unchanged (Fig. 5). At this stage, the total rate of deformation is 
determined by the rate of faulting, favouring a linear increase be-
tween measures of deformation and seismicity. The field trends 
at Rabaul (Fig. 4) are qualitatively similar to the evolution in de-
formation regime; the conditions for elastic–brittle behaviour may 
therefore yield also a quantitative description of the caldera’s un-
rest.

Rabaul’s VT events have typical magnitudes of less than 2 
and record the movements of faults ∼0.01–0.1 km across, much 
smaller than the dimensions of ∼km for the deforming crust. The 
crust’s bulk behaviour can thus be approximated to that of an elas-
tic medium containing a dispersed population of relatively small 
faults. The rate of faulting is governed by slow crack growth around 
fault tips. Until a critical rate is achieved, continued cracking re-
quires an increase in applied stress, as observed for quasi-elastic 
deformation (Kilburn, 2012); at faster rates, crack growth becomes 
a self-accelerating process even when the applied stress remains 
constant, as expected in the inelastic regime (Kilburn, 2003). Bulk 
deformation can therefore be described by a mean-field model for 
a crust with a population of small faults that slip at rates deter-
mined by slow crack growth (Kilburn, 2003, 2012).

4.2. Quasi-elastic deformation

For the quasi-elastic regime, the mean-field, slow-crack model 
yields an exponential increase in the mean inelastic deformation, 
εin , with total mean deformation, εt (Kilburn, 2012):

dεin

dεt
=

(
dεin

dεt

)
st

exp

(
εt − εQE,m

εch

)
(1)

where εQE,m is the total mean deformation at the end of quasi-
elastic behaviour, when dεin/dεt = (dεin/dεt)st , and εch is a char-
acteristic deformation. Setting the total number of VT events �N ∝
εin and uplift h ∝ εt , Eq. (1) becomes:

dN

dh
=

(
dN

dh

)
0

exp

(
h

hch

)
(2)

where (dN/dh)0 = (dN/dh)st exp(−h/hch) is the value of dN/dh at 
the onset of significant quasi-elastic behaviour, for which h is set 
at 0. (Note that some uplift is expected to have occurred before the 
onset of the exponential trend, so that h = 0 in Eq. (2) corresponds 
to finite initial uplift in the field.) Integrating Eq. (2) with uplift 
then leads to

�N = (�N)0 exp

(
h

hch

)
(3)

where (�N)0 denotes the number of VT events detected at h = 0.
Eq. (3) is consistent with observations at Rabaul for uplifts less 

than 1.9 m, yielding best-fit values of (�N)0 and hch of 4120 
events and 0.53 m (Fig. 4). The agreement supports the interpre-
tation that a single VT-deformation trend characterised this phase 
and reflects early deformation of the caldera’s crust in the quasi-
elastic regime.

The model further provides an upper limit on the quasi-elastic 
value for h/hch . The total quasi-elastic strain increases approx-
imately in proportion with stress. The assumption that h ∝ εt , 
therefore leads to h/hch ≈ Sd/Sch , the ratio of applied differen-
tial stress to a characteristic stress, defined below. The maximum 
quasi-elastic value for h/hch then represents S F /Sch , where S F is 
the differential failure stress of the crust appropriate to the partic-
ular conditions of loading (e.g., in compression or extension). Sch is 
the stress potentially available to deform bonds as a result of fluc-
tuations in atomic configuration (Kilburn, 2012). Its value depends 
on the mode of deformation. For shear failure in compression, it 
is equivalent to the maximum value S∗ = (3kT φ + Pc − P p)/3, 
where T is absolute temperature (K), Pc and P p are the confin-
ing and pore-fluid pressures, k is the Boltzmann constant (1.381 ×
1023 J molecule−1 K−1) and φ is the number of molecules per unit 
volume, which in turn depends on rock chemistry and density 
(Kilburn, 2012). Failure in tension, however, is limited only by the 
smaller stress necessary to pull bonds apart, equivalent to the ten-
sile strength σT . For extension, therefore, Sch = σT < S∗ and is the 
preferred characteristic stress for a crust stretching during uplift.

Different modes of failure are associated with specific ranges for 
the ratio S F /σT (Shaw, 1980). In an extending crust, S F /σT ≤ 4 for 
failure in tension, but lies between 4 and 5.5 for failure in com-
bined tension and shear; in comparison, S F /σT > 5.5 for failure 
in compression (Shaw, 1980). At Rabaul, a maximum quasi-elastic 
uplift of 1.9 m was recorded at Matupit Island (Fig. 4), with a 
potential maximum of 2.2 m near the presumed centre of uplift 
offshore. Given hch = 0.53 m, therefore, the maximum value for 
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h/hch yields the range 3.6–4.1 for S F /σT , further supporting the 
interpretation of quasi-elastic crustal extension for the exponential 
VT-uplift trend.

4.3. Inelastic deformation

In the inelastic regime, changes in total deformation are de-
termined only by fault movement, so that measures of total and 
inelastic deformation increase in proportion to each other. The 
substitute parameters uplift and VT event number also increase 
together to yield a linear trend:

�N − (�N)i,0 = (dN/dh)i(h − hi,0) (4)

where the gradient (dN/dh)i is the change in VT event number per 
unit uplift and the subscript “i, 0” denotes values at the start of the 
inelastic regime. Such a trend well describes the VT-deformation 
behaviour at Rabaul for uplifts greater than 2 m and yields a best-
fit gradient of 6.23 × 104 events per metre (Fig. 4). The change 
from an exponential to a linear trend is thus consistent with the 
transition from quasi-elastic to inelastic deformation of Rabaul’s 
crust.

Under the constant applied stress of the inelastic regime, the 
mean field model shows that the approach to bulk failure is char-
acterised by mean rates of inelastic and total deformation that 
accelerate hyperbolically with time (Kilburn, 2003), equivalent to 
a linear decrease in the inverse event rate:(

dεin

dt

)−1

=
(

dεt

dt

)−1

=
(

dεt

dt

)−1

1

[
1 −

(
t − t1

τ

)]
(5)

where (dεt/dt)1 (= (dεin/dt)1) denotes the mean deformation 
rate at the start of the hyperbolic trend, when time t = t1. The 
timescale τ defines the duration of the trend, which depends on 
the failure strength of the crust and the rate of stress concentra-
tion around fault tips (Kilburn, 2003).

The corresponding trends for changes in the mean rates of de-
formation and VT number will show the same form as Eq. (5). For 
example, the inverse deformation rate is given by:

(
dh

dt

)−1

=
(

dh

dt

)−1

1

[
1 −

(
t − t1

τ

)]
(6)

which has a linear gradient of −1/(τ (dh/dt)1).
The inelastic trend had become established by the beginning 

of 1992, when uplift at Matupit Island had reached 2 m (Fig. 4). 
Fig. 6 shows the associated inverse mean rate of uplift, derived 
from interpolations of the uplift data in Blong and McKee (1995)
and Johnson et al. (2010) until the last date of published mea-
surements in March 1994. The mean inverse rates rapidly settle to 
a trend that for at least 680 days is well-approximated by a lin-
ear decrease with time following a best-fit gradient of 14.4 days 
m−1. The trend thus supports the interpretation that, by the start 
of 1992, Rabaul’s crust had entered an inelastic regime of defor-
mation controlled by self-accelerating crack growth.

Manipulating Eq. (6), the hyperbolic increase in contemporane-
ous VT event rate is:(

dN

dt

)
=

(
dN

dh

)(
dh

dt

)
=

(
dN

dh

)(
dh

dt

)
1

[
1 −

(
t − t1

τ

)]−1

(7)

where the rate of change of VT event number with uplift, dN/dh, 
is assumed to be constant at 6.23 × 104 events m−1, given by the 
mean gradient of the inelastic trend line in Fig. 4.

Fig. 6 compares the observed and calculated variations in VT 
event number with time. The two trends agree well during the 
start of the inelastic regime, but begin to diverge after about 11 
months. At this time, the rate of increase in event rate with time 
Fig. 6. The inverse mean rate of uplift �t/�h decays linearly with time t (top) dur-
ing the 1992–1994 inelastic deformation at Rabaul (Fig. 4). The best-fit trend is 
described by �t/�h = 12784 − 14.38t (r2 = 0.99; h in m and t in days from 01 
January 1992); the bars show ±10% limits about the mean value. For ideal inelas-
tic behaviour, the deformation trend yields an acceleration in contemporaneous VT 
event number with time (bottom, black curve). Observed VT event numbers follow 
the expected trend until Day 320, after which they instead follow a constant rate 
of increase (dashed line, fit using only the shaded circles). The deviation may be 
caused by the progressive opening of ring faults (Fig. 7). The vertical bars illustrate 
a 3% increase above the VT numbers calculated from the deformation trend.

changes from hyperbolic to approximately constant, yielding values 
as much as 3% greater than expected from the calculated trend 
(Fig. 6). Although the difference in values is small enough to give 
an approximate proportionality between �N and h in Fig. 4, the 
difference suggests a systematic deviation from the expected trend.

Relaxing the assumption that dN/dh is constant, Eq. (7) shows 
that a linear increase in VT number could be produced if dN/dh
decreased with time to counterbalance the acceleration in dh/dt . 
A decrease in dN/dh is equivalent to an increase in the amount 
of uplift per fault movement. Two mechanisms favouring such a 
condition are the coalescence of faults and the opening of dis-
continuities much larger than the faults triggering VT events. In 
the first case, the coalescence of faults would yield an increase in 
the average magnitude of VT events, so reducing the number of 
events associated with a given amount of uplift (Meredith et al., 
1990). In the second case, upward bending of the crust around a 
magma body (Pollard and Johnson, 1973) would favour the pro-
gressive opening of pre-existing, sub-vertical discontinuities in the 
ring-fault system, as well as an upward migration in the depth at 
which opening can occur (Fig. 7). Slip in the crust around zones 
of opening would not necessarily require any coalescence of faults 
and so not lead to a significant change in the average magnitude 
of VT events. At the same time, opening of the discontinuities 
themselves need not generate significant seismicity, because ten-
sile stresses normal to the plane of a discontinuity do not favour 
slip along its length (Troise et al., 1997).

A decrease in dN/dh would produce total numbers of events 
smaller than those expected from the calculated trend and, by it-
self, cannot account for the observed increase above the expected 
values. Larger numbers of VT events could be obtained by an in-
crease in the total number of faults being activated around the 
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Fig. 7. Bending of crust (light grey) around a pressurising magma body (dark grey) 
favours the inward opening of weak zones (white) within a caldera’s system of ring 
faults (dashed lines). As bending proceeds (top to bottom), the zone of opening ex-
tends towards the surface and, when the walls of the magma body are breached, 
favours the ascent of magma and its eruption at the surface. The opening migrated 
slowly upwards during the 1992–1994 interval of inelastic deformation, but was 
only utilised by ascending magma about 1–2 days before eruption.

caldera rim. Coalescence would favour a decrease in fault number 
(Smith and Kilburn, 2010), whereas growth of a large discontinuity 
would favour an increase in the number of smaller faults activated 
in its vicinity. Qualitatively, therefore, the deviation of VT event 
numbers from the idealised inelastic trend may reflect the onset of 
significant stretching and upward opening of the ring-fault system 
around the rim of the caldera. An opening fault would in addition 
provide an initial pathway from which magma escaping from the 
shallow reservoir could force its way to the surface (Fig. 7). Indeed, 
the propagation of magmatic fractures could account for the in-
creases in local seismicity and uplift observed during the 27 hours 
before the start of the 1994 eruptions (Global Volcanism Program, 
1994b; Blong and McKee, 1995).

Saunders (2001) has also proposed that Rabaul’s deformation 
was controlled by the ascent of magma through caldera ring faults. 
Magma was considered to have been forcefully injected into faults 
throughout unrest, generating an overpressure in the resulting 
dykes that induced lateral compression and associated uplift of the 
caldera floor. Such a mechanism is distinct from the current inter-
pretation, in which overpressure in a magma reservoir favours sur-
face uplift and inward bending of the crust near the reservoir until 
the ring faults open sufficiently to favour magma ascent (Fig. 7).
5. Discussion

5.1. The shallow magmatic system at Rabaul caldera

The 1994 eruptions at Rabaul were preceded by a progres-
sive extension of the caldera’s crust from at least 1971. During 
1991–1992, the style of deformation evolved from quasi-elastic to 
inelastic, as shown by the following: (1) the VT event number in-
creased at first exponentially and then linearly with uplift (Fig. 4), 
(2) the transition between trends occurred when the inferred ra-
tio of applied stress to tensile strength was approximately 4, and 
(3) the final inelastic behaviour was characterised by a linear de-
crease with time in the inverse mean rate of uplift, equivalent to a 
hyperbolic increase in the mean rate of deformation (Fig. 6).

The onset of bulk failure is expected to have occurred at or 
near the margin of a magma body, either through the equivalent 
of hydraulic failure of the body itself, or by the opening of a major 
discontinuity at the caldera’s boundary. In either case, the recorded 
VT events reflect slip along small faults in the crust surrounding 
the magma body or major discontinuity.

In the case of hydraulic failure, the maximum compressive 
stress (σ1) at the margin of the magma body is the sum Pe,0 +
�Pm of the effective confining pressure (the confining pressure – 
pore-fluid pressure) at the start of deformation and the overpres-
sure imposed by the magma body (Gudmundsson, 2011a). Opening 
of a ring fault may instead occur as the crust of the uplifting 
caldera is pulled inwards and away from its periphery (Fig. 7), in 
which case σ1 ≈ Pe,0. For crustal failure in extension, therefore, 
it is expected that σ1 ≥ Pe,0 which, assuming initially lithostatic 
conditions, is given by ρcr gz and ρcr(1 − (ρ f /ρcr))gz for dry and 
fluid-saturated crust, where ρcr and ρ f are the mean density of 
the crust and pore fluid, g is gravity and z is the depth at which 
failure begins. The corresponding differential stress, Sd ≈ σ1 + σT , 
which gives Sd/σT = (σ1/σT ) + 1. Since inelastic deformation oc-
curs under the differential stress established at the end of the 
quasi-elastic regime, the maximum value of Sd/σT is 3.6–4.1, so 
that σ1 lies between 2.6σT and 3.1σT or, for a notional tensile 
strength of 10 MPa, in the range 26–31 MPa. For a crust with an 
assumed mean density of 2200 kg m−3 and an aqueous pore-fluid 
with a density of 1000 kg m−3, pressures of 26–31 MPa corre-
spond to maximum depths of c. 1.2 km and 2.6 km for dry and 
water-saturated conditions. Given that most of the caldera lies un-
der water (Fig. 1), the preferred solution is for a fluid-saturated 
crust with a pressure source at depths of less than 2.6 km, consis-
tent with the geodetic modelling of McKee et al. (1984) and Geyer 
and Gottsmann (2010).

Remarkably, the types of deformation regime are revealed by 
the numbers of VT events and uplift as simple measures of seis-
micity and deformation. No filtering has been applied, for exam-
ple, to select VT events within a prescribed range of completeness 
magnitudes. Throughout unrest, therefore, the proxy measures ap-
pear to have remained in the same relative proportion to the 
amounts of inelastic and elastic deformation and imply that, at 
Rabaul: (1) the bulk mechanical behaviour of the crust can be ap-
proximated to that of a medium containing a dispersed population 
of relatively small discontinuities; (2) the magnitude-frequency 
distribution of VT events remained approximately constant; and 
(3) the essential geometry of deformation also remained approx-
imately constant.

5.2. Applications to large calderas in general

The evolution from quasi-elastic to inelastic deformation is ex-
pected to be common during long-term unrest at large calderas. 
Conditions for recognising the evolution were particularly favour-
able at Rabaul because uplift continued throughout unrest to 
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Fig. 8. (Left) Changes in the pore-fluid pressure of hydrothermal systems may pro-
duce transient variations in ground movement (dot–dashed line) in addition to the 
sustained deformation caused by the pressurisation or intrusion of an underlying 
magma body (dashed line). The transient movements must be removed from the to-
tal observed deformation (black line) before the elastic–brittle model can be applied. 
The example shows uplift accompanied by seismicity, followed by aseismic subsi-
dence as the thermal pulse decays and the pore–fluid pressure in the hydrothermal 
system decreases to its pre-intrusion level. (Centre and right) The later-stage decrease 
in pore–fluid pressure is revealed on stress-strain (Sd − εt ) and total seismicity-
strain (�N − εt ) diagrams by a decrease in strain under constant differential stress 
and without significant seismicity (Positions 3 to 4), here illustrated for deformation 
in the quasi-elastic regime. Removing the transient movement reveals the elastic–
brittle trends associated with changes in differential stress alone (dashed curves from 
Positions 1 to 2 to 4).

provide a simple measure of increasing deformation. Other large 
calderas may instead show alternating episodes of uplift and sub-
sidence over years to decades, such as at Campi Flegrei in south-
ern Italy (Piochi et al., 2013) and Yellowstone in Wyoming, U.S.A. 
(Dzurisin, 2007). Such short-term oscillations must be removed 
from the total amount of ground movement before the elastic–
brittle model can be applied to the sustained, long-term changes 
in crustal deformation.

Short-term oscillations have been attributed to changes in pore-
fluid pressure in shallow hydrothermal systems heated by under-
lying magma or magmatic gases (Fournier, 1989; Troiano et al., 
2011). Changes in pore-fluid pressure alter the isotropic confining 
pressure on rock (Secor, 1965) and, hence, the total volume of the 
crust on which a differential stress is being applied. They allow 
ground movement to occur without altering the magnitude of ei-
ther the applied differential stress or the difference between total 
and elastic deformation. Ideally, therefore, increases and decreases 
in pore-fluid pressure can induce ground uplift and subsidence 
without changing the applied differential stress or triggering sig-
nificant additional seismicity (notice that the ideal conditions do 
not refer to fluids becoming pressurised within existing fractures, 
which will instead promote fracture growth and attendant seismic-
ity).

Increased pore pressure, however, also reduces the differential 
stress at which bulk failure occurs (Secor, 1965) and this reduc-
tion may trigger additional fracturing. Hence the idealised case of 
aseismic ground movement following a change in pore pressure 
implicitly assumes that induced changes in failure stress can be 
neglected. Such pre-failure behaviour can be recognised on a VT-
deformation diagram by abrupt changes in deformation without 
a change in the total number of VT events (Fig. 8). Once recog-
nised, the movement due to changes in pore-fluid pressure can be 
removed before applying the elastic–brittle model to the remain-
ing, sustained deformation caused by changes in differential stress 
(Fig. 8).

Deviations from model conditions will also occur if the crust 
develops a rheology outside elastic–brittle conditions. For exam-
ple, Di Luccio et al. (2015) have suggested that long-term exposure 
to high temperatures may allow the emergence of plastic defor-
mation, which would favour surface movement under a constant 
differential stress with fewer VT events than expected from the 
elastic–brittle model. The significance of such processes will vary 
among calderas and so needs to be evaluated on a case-by-case ba-
sis. By virtue of its simplicity, the elastic–brittle sequence provides 
a reference model with which to compare observed patterns of un-
rest and, when significant deviations from the model are observed, 
to provide a starting point for identifying the physical causes of 
the deviations.

5.3. Forecasting intra-caldera eruptions after long repose intervals

The elastic–brittle trends show how the regime of crustal de-
formation evolves during the approach to bulk failure, indepen-
dent of the time required for stress and strain to be accumulated. 
Although eruptions after extended repose are normally preceded 
by bulk failure, this does not mean that all episodes of bulk 
failure are followed by eruptions (Bell and Kilburn, 2011). Fail-
ure may produce a major discontinuity in the crust that does 
not intersect a magma body; even when magma does enters a 
new discontinuity, structures in the crust may favour the em-
placement of a sill, rather than a dyke (Gudmundsson, 2011b;
Woo and Kilburn, 2010), and, in the second case, magmatic pres-
sure gradients may be too small to allow the fracture to reach 
the surface (Gudmundsson, 2002). Precursory sequences may thus 
culminate in a seismic swarm or intrusion, instead of an erup-
tion. However, given that an eruption might occur, the analysis 
of Rabaul’s precursory sequence has identified new procedures for 
evaluating the possibility of such an outcome.

First, the potential for eruption depends on the proportion of 
inelastic behaviour during deformation. In addition to monitoring 
changes in seismic and geodetic precursors with time, therefore, it 
is important to follow changes in VT event number with a measure 
of deformation to determine the regime of crustal deformation.

Second, an eruption is most likely to occur after the transition 
to inelastic behaviour. The transition can be recognised by a change 
from an exponential to a linear trend in the variation of VT event 
number with deformation; additional support for a physical change 
can be obtained from the maximum value of the deformation ratio 
(in this case h/hch) at the end of quasi-elastic behaviour, which for 
deformation in tension is not expected to exceed 4.

Third, when inelastic behaviour has been identified, an acceler-
ating approach to bulk failure can be tested by checking for linear 
decreases in the inverse mean rates of deformation or VT event 
number with time, following the classic method of Voight (1988). 
The preferred time for eruption occurs when the inverse mean 
event rate becomes zero, because this is equivalent to an approach 
to infinite rates and is interpreted to mark a catastrophic change in 
the crust, such as bulk failure. At Rabaul, however, simple extrap-
olation of the inverse-rate of deformation between January 1992 
and March 1994 (Fig. 6) would have indicated a preferred time for 
eruption at the beginning of June 1994, three months before it ac-
tually occurred. Thus, although the linear trend indicates deforma-
tion in the inelastic regime, additional analyses may be necessary 
before it can be utilised to make a specific forecast of an eruption 
(Bell et al., 2013; Boué et al., 2015). Nevertheless, a sustained lin-
ear decrease in the inverse mean rate of deformation may justify a 
progressive raising of alert levels in the vicinity of a caldera.

Finally, the long-term evolution of the precursory sequence 
confirms that short-term accelerations in individual precursors are 
not reliable indicators of an imminent eruption. Instead, they re-
flect short-duration increases in the rate at which the crust is 
evolving along the much longer term trend required before an 
eruption can occur. Thus the 1983–85 crisis at Rabaul represents 
a two-year acceleration along a trend destined to last for 23 years 
(Fig. 4). The acceleration is associated with a rapid pressure in-
crease in the magmatic system (McKee et al., 1984), perhaps 
caused by the injection of magma into a shallow reservoir follow-
ing a regional earthquake of Magnitude 7.6 in March 1983, 200 km 
east of the caldera (Acocella et al., 2015).
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The long precursory sequence contrasts with observations at 
stratovolcanoes, for which precursory trends tend to evolve over 
a year or less (Voight, 1988; De La Cruz-Reyna and Reyes-Davila, 
2001; Kilburn, 2003; Bell and Kilburn, 2011). Short-term accel-
erations of precursory signal with time thus have different im-
plications for eruption potential at stratovolcanoes and at large 
calderas, so that experience from one cannot be translated to the 
other without first establishing whether a volcano is deforming in 
the quasi-elastic or inelastic regime. Time-dependent protocols for 
emergency responses at large calderas are therefore expected to be 
significantly different from those at stratovolcanoes.

6. Conclusions

The 1994 eruptions at Rabaul were preceded by a single se-
quence of unrest that continued for 23 years, during which crustal 
deformation evolved from the quasi-elastic to inelastic regimes. 
Upward bending of the crust favoured the opening of ring faults 
that provided weakened zones for magma to reach the surface. 
The change in regime was shown by a change from an exponen-
tial to a linear increase in the VT event number against uplift, 
which indirectly measured changes in inelastic against total defor-
mation. Shorter-term accelerations with time in precursory signals 
provided unreliable indications of the potential for eruption: rapid 
changes in 1983–85 were not followed by eruption, whereas un-
remarkable changes in 1994 culminated in simultaneous eruptions 
at Tavurvur and Vulcan, on different sides of the caldera. Addi-
tional measurements that identify the regime of deformation will 
improve assessments of eruption potential and may reduce the 
possibilities of false alarms or failed forecasts.

Rabaul’s 1971–1994 sequence provided a particularly clear ex-
ample of the change from quasi-elastic to inelastic behaviour, 
because unrest was characterised by persistent uplift. At other 
calderas, uplift may be interrupted by episodes of subsidence, ow-
ing to the effects of local processes such as changes in pore-fluid 
pressures in geothermal systems. In such cases, the effects of local 
processes must be filtered out before patterns of surface move-
ment and seismicity can be used to identify the regime of defor-
mation.
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