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Abstract To investigate the physical controls on volcano-
tectonic (VT) precursors to eruptions and intrusions at
basaltic volcanoes, we have analyzed the spatial and
temporal patterns of VT earthquakes associated with 34
eruptions and 23 dyke intrusions that occurred between
1960 and 1983 at Kilauea, in Hawaii. Eighteen of the 57
magmatic events were preceded by an acceleration of the
mean rate of VT earthquakes located close to the main
shallow magma reservoir. Using a maximum-likelihood
technique and the Bayesian Information Criterion for model
preference, we demonstrate that an exponential acceleration
is preferred over a power-law acceleration for all sequences.
These sequences evolve over time-scales of weeks to
months and are consistent with theoretical models for the
approach to volcanic eruptions based on the growth of a
population of fractures in response to an excess magma
pressure. Among the remaining 40 magmatic events, we
found a significant correlation between swarms of VT
earthquakes located in the mobile south-flank of Kilauea
and eruptions and intrusions. The behaviour of these swarms
suggests that at least some of the magmatic events are
triggered by transient episodes of elevated rates of aseismic
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flank movement, which could explain why many eruptions
and intrusions are not preceded by longer-term precursory
signals. In none of the 57 cases could a precursory sequence
be used to distinguish between the approach to an eruption or
an intrusion, so that, even when a precursory sequence is
recognized, there remains an empirical chance of about 40%
(24 intrusions from 57 magmatic events) of issuing a false
alarm for an imminent eruption.

Keywords Volcano-tectonic earthquakes - Eruption
forecasting - Basaltic volcanism - Dyke intrusion - Volcano
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Introduction

Volcanic eruptions are commonly preceded by changes in
the rate, location or statistics of local volcano-tectonic (VT)
earthquakes (Tokarev 1971; Voight 1988; McNutt 1996;
Kilburn and Voight 1998; De la Cruz-Reyna and Reyes-
Davila 2001; Reyes-Davila and De la Cruz-Reyna 2002;
Kilburn 2003; Moran 2003; Sparks 2003; e.g., Zobin 2003;
Roman and Cashman 2006; Smith et al. 2007; Lengliné et
al. 2008; Bell et al. 2011). Of special interest have been
accelerations in the mean and peak rates of VT earth-
quakes with time because they have the potential for
enabling short-term forecasts of when an eruption will
occur (Voight 1988; McGuire and Kilburn 1997; Kilburn
and Voight 1998; Main 2000; Chastin and Main, 2003;
Collombet et al. 2003; Kilburn 2003). As encapsulated in
the model of Voight (1988), these accelerations in VT
earthquake rate are often anticipated to follow exponential
or power-law trends. Distinguishing the form of the trend
is in turn important for constraining the predictability of an
eruption (Voight 1988) and for identifying the physical

@ Springer



326

Bull Volcanol (2012) 74:325-339

processes underlying deformation (McGuire and Kilburn
1997; Kilburn and Voight 1998).

At subduction-zone volcanoes, VT earthquakes can
establish the final trend in their accelerating rate ~10 days
before eruption (Kilburn 2003). However, such prolonged
accelerations are not ubiquitous and, in particular, basaltic
eruptions at volcanoes in extensional stress fields can begin
after hours or less of elevated seismicity (Klein 1984;
Soosalu et al. 2005).

In this paper, we analyze the patterns of VT seismicity
associated with volcanic activity at Kilauea volcano,
Hawaii, where a well-established seismic monitoring
network has recorded tens of eruptions and intrusions.
Although studies have previously investigated the pre-
eruptive rates of VT earthquakes at Kilauea, these have
concentrated either on the aggregate trends obtained
after averaging over numerous pre-eruptive sequences
(Chastin and Main 2003) or on very long-term trends
evolving over many years and spanning several eruptive
episodes (Lengliné et al. 2008). Here, we focus on the
temporal evolution of seismicity in different parts of the
volcanic edifice before individual eruptions and intrusions.

We recognise three types of precursory VT earth-
quake sequence and suggest that they form part of a
spectrum of behaviour that includes interaction be-
tween Kilauea’s summit caldera and mobile south
flank. Our analysis also shows that, when prolonged
accelerations occur in precursory VT earthquake rate,
the increase in mean rate is best modelled with an
exponential function and, in agreement with the study of
Klein et al. (1987a, b), displays no discernable differences
between the approach to eruptions or intrusions. Altogether,
the results provide a basis for establishing limits on the
reliability of short-term forecasts of eruptions on Kilauea
and for identifying new strategies for improving fore-
casting methods.

VT earthquakes at Kilauea
Selection of data

Although Kilauea has been in virtually continuous eruption
since the start of the Pu’u O’o eruption in 1983, its prior
activity was characterized by frequent, episodic eruptions and
dyke intrusions without eruptions (Klein et al. 1987a, b). The
archetypal model for such eruptions and intrusions involves
the rapid release of magma from a shallow reservoir, located
at depths of 3—5 km below the summit caldera, into one or
both of two rift-zones located on the east and south-west
flanks (Fig. 1; Klein et al. 1987a, b; Tilling and Dvorak
1993). The rift-zones are regions of localized extension that
separate the stable interior of the island from the mobile
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south flank, which is moving seaward at rates of as much as
40 cm year ' (Delaney et al. 1998).

Our study focuses on the distribution with time and
location of VT earthquakes at Kilauea between 1 January
1960 and the Pu’u O’o eruption in 1983, during which time
34 eruptions and 23 intrusions were recorded (Klein 1984;
Klein et al. 1987a, b). The VT seismicity was detected by
the monitoring network of the Hawaiian Volcano Observa-
tory (Nakata, 2006). The sensitivity of the network was
enhanced several times between 1960 and 1983 and
accounts for the increasing numbers of small-magnitude
earthquakes appearing in the catalogue in more recent times
(Fig. 2). As a result, the magnitude completeness of the
catalogue has also changed with time (as well as with
location, because enhancements occurred progressively
across the network) and, if not taken into account, can lead
to spurious changes being identified in the patterns of
earthquake occurrence. In this study, we have identified the
cutoff magnitude as the low-magnitude point of deviation
from a straight line on a log frequency—magnitude diagram
(Fig. 3), equivalent to a departure from the Gutenberg—
Richter distribution (Gutenberg and Richter 1954). This
definition of cutoff magnitude was chosen to balance the
twin aims of retaining sufficient data to observe a signal
whilst avoiding spurious results due to changes in catalogue
completeness. In all cases, we repeated the analysis using a
higher cutoff magnitude to test that the observed changes in
VT pattern were indeed consistent. Using the low-
magnitude point of deviation, therefore, the selected cutoff
magnitudes are 2.5 and 2.1 for data recorded during 1960—
1969 and 1969-1983, respectively. The true completeness
magnitude is likely to be higher at times of high earthquake
rate, owing to saturation of the seismic network (e.g., after a
large-magnitude earthquake or during the initial stages of
dyke injection (Kagan 2004)), but this effect is unlikely to
influence our conclusions for the aspects of seismicity we
study here.

The distribution of VT earthquakes

More than 90% of the VT earthquakes recorded between
1960 and 1983 occurred at depths less than or equal to
13 km, and the distribution of their hypocentres allows
Kilauea’s edifice to be divided into three distinct volumes
(also described as primary seismic volumes), each of which
is associated with specific volcanic processes (Klein et al.
1987a, b): (1) at depths less than or equal to 5 km beneath
the summit caldera, which lies above an enduring shallow
magma reservoir, the top of which is located at a depth of
3—4 km (Tilling and Dvorak 1993); (2) at depths less than
or equal to 5 km within the rift-zones; and (3) at depths
between 7 and 10 km beneath the mobile south flank.
Earthquakes at depths greater than 13 km are associated
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Fig. 1 Seismicity and HVO seismic regions of Kilauea volcano. Coloured squares indicate locations of VT earthquakes of magnitude 2.5 and greater
that occurred between 1969 and 1983, with the hypocentre depth being indicated by the colour scale

with the supply of magma from depth (Ryan 1988). The
uncertainty on the hypocentral locations is about 1-2 km,
which is sufficiently small for the vast majority of earth-
quakes to have been allocated to the appropriate volume.

The three primary volumes have since been subdivided
by the HVO into smaller seismic regions (Nakata 2006).
Following the HVO subdivisions, our data can be grouped
spatially as follows: (1) for the caldera, earthquakes at
depths of less than 5 km in the shallow east, shallow west
and shallow north caldera volumes; (2) for the rift-zones,
carthquakes at depths of less than 5 km within the shallow
east, shallow middle-east and shallow lower east rift-zones
and south-west rift-zone volumes; and (3) for the south
flank, earthquakes at depths between 5 and 13 km within
the five south-flank volumes (SF1-SF5).

Characteristic sequences of VT earthquakes
during magmatic unrest

The three primary seismic volumes display preferred
patterns of VT earthquake rate with time (Fig. 4). The
caldera and rift-zones are characterized by episodes with
elevated earthquake rate separated by intervals with almost
no earthquakes, whereas the south flank is characterized by
a nearly steady rate of earthquake occurrence, occasionally
punctuated by transient increases in earthquake rate.

An alternative set of characteristic patterns can be
identified when the behaviour of VT earthquake rate is

considered in relation to the onset of eruptions or intrusions.
In this case, the patterns are not constrained from the outset to
lie within a particular primary seismic volume (although they
may show a preferred geographical location). On this basis,
three further characteristic sequences can be identified,
as follows.

Sequences of earthquakes for which the mean rate
accelerates over time-scales of weeks to months. They
occur below the caldera and frequently culminate in an
eruption or intrusion, suggesting that they are the result of
edifice deformation under elevated magma pressure.

The sudden onset of elevated rates of earthquakes, which
then return to background values after a few hours or days.
The rapid onset commonly coincides with the start of an
eruption or intrusion. These sequences have been observed
in the caldera and rift-zones and are associated with a
migration of the hypocentres away from known magma
reservoirs (Klein et al. 1987a, b; Rubin et al. 1998). The
combined spatial and temporal patterns suggest that the
sequences are associated with the shallow emplacement
of dykes.

The sudden onset of eclevated rates of earthquakes,
followed by a gradual decay to background values after a
few hours or days. These sequences can be distinguished
from those observed in the caldera and rift-zones by the
following features: The rapid onset may occur as much as
1 day before or after the eruption or intrusion; the
hypocentres are located in the south flank, up to 10 km
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Fig. 2 Local magnitudes of VT earthquakes of magnitude 1.5 and
greater recorded in the Hawaii Volcano Observatory catalogue for the
caldera, rift-zones and south flank of Kilauea between 1960 and 1983

from the caldera and rift-zones; and the hypocentres show
no systematic migration with time. The three distinguishing
features suggest that these sequences may be related to a
widespread instability of the flank, possibly through
aseismic slip (Segall et al. 2006), rather than a localised
response to magmatic processes.

These three sequences are investigated below, in order to
identify connections between behaviour in the caldera
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region, rift-zones and south flank and, from these, to
evaluate the potential for developing reliable short-term
forecasts of eruptions.

Precursory sequences of VT earthquakes in the caldera
Final and intermediate eruptions

VT seismicity in the caldera is dominated by consecutive
sequences of accelerating rates of earthquakes. Almost all
of these sequences culminate in a reported magmatic event,
whether an eruption or a dyke intrusion (Fig. 4). Of the 57
magmatic events between 1960 and 1983, a precursory
increase in earthquake rate of more than a few hours in
duration was identified in the caldera region before nine
eruptions and nine intrusions. These precursory sequences
were observed only from 1969 onwards. It is difficult to deter-
mine whether their absence before this date is due to a real
change in behaviour or to the lower sensitivity of the network.

Two distinct relations can be identified among the 18
sequences for which a magmatic event was preceded by an
accelerating rate of occurrence of VT earthquakes (Fig. 5).
Thus, in 11 of the sequences, the eruption or intrusion was
immediately followed by a drop in VT earthquake rate,
which then remained at very low values for weeks to
months. The eruptions or intrusions therefore occurred at
the culmination of an accelerating sequence and so are
defined as final magmatic events. In the remaining seven
sequences, the eruption or intrusion occurred before the end
of the increase in earthquake rate; in other words, the VT
earthquake rate appears to continue increasing undisturbed
by a magmatic event. Because the eruptions or intrusions
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Fig. 3 Frequency—magnitude distribution for earthquakes recorded at
the caldera, rift-zones and south flank regions of Kilauea between
1969 and 1983. Solid lines are the cumulative number of earthquakes
of a given magnitude or larger; points are the discrete number of
earthquakes of a given magnitude
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do not halt the increase in earthquake rate, they are defined
as intermediate magmatic events. An intermediate magmat-
ic event can then be followed by another intermediate or a
final magmatic event.

Precursory sequences and ground deformation

Final and intermediate magmatic events are associated with
different patterns of ground deformation at the caldera.
Figures 5b and 6 compare trends in VT earthquake
occurrence with changes in radial tilt at the summit, as
recorded along an orientation of N60°W by daily measure-
ments at a tiltmeter located at Uwekahuna on the northwest
edge of the caldera (Lengliné et al. 2008). The data show
that final magmatic events tend to be followed by
significant subsidence at the caldera, whereas intermediate
magmatic events are associated with little or no subsidence.
Apparently, final events drain magma from the summit
reservoir more quickly than it can be replaced by new
magma from below, leading to subsidence at the summit.
During intermediate events, however, magma continues to

Jan-65
Jan-70
Jan-75
Jan-80

be supplied to the reservoir as quickly as magma escapes
(in eruption or as a dyke intrusion outward from the
reservoir), so that associated changes in ground deforma-
tion are small.

In all but one of the sequences in Fig. 6, the amount of
summit tilt continued to increase until a final eruption. The
exception is the decrease in summit tilt that occurred
between the final eruption on 8 February 1977 and the
preceding intermediate event on 14 July 1976 (Fig. 6d).
After the first 20% of the interval had been completed, the
summit tilt subsided by about 40 microradians between 25
August and 30 September 1976, before resuming its
inflation until the final eruption. The deflation is inferred
to reflect a migration of magma into a fracture that failed to
propagate as a typical rift-zone dyke. Notably, it was
accompanied by an interruption of VT seismic activity until
re-inflation had recovered about 60% of its value before
subsidence began (Fig. 6d). Almost immediately, the VT
earthquake rate resumed the value it had attained before
caldera subsidence, rather than accelerating gradually from
long-term background rates. Such a pattern suggests that
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Fig. 5 (Top) Daily and cumulative total numbers of VT earthquakes of
magnitude 2.1 and greater and (botfom) radial tilt for Kilauea caldera
between 1981 and 1983

fracturing could resume only after the edifice had
approached the strain it had achieved before caldera
subsidence. Similar behaviour, known as the Kaiser effect,
has been observed during rock deformation experiments in
the laboratory (Main and Meredith 1991), and so it may be
a common feature of deformation and fracturing at
volcanoes that are subjected to alternating episodes of
increasing and decreasing loading.

Quantifying accelerations in rates of VT seismicity

Accelerations in VT earthquake rate are anticipated to follow
an exponential or power-law trend with time (Voight, 1988).
To distinguish between trends, we have used the maximum-
likelihood techniques of Ogata (2006) to fit exponential
and power-law trends with a Poisson distribution of
earthquake rate uncertainties (Marsan and Nalbant 2005)
and a Bayesian Information Criterion (BIC) for model
preference (Bell et al. 2011). We fit a power-law
acceleration of the form (tf —t)ip and an exponential
acceleration of the form exp[—A(f; — )], where ¢ is the
time of the eruption or intrusion and p and A are the
power-law and exponential parameters, respectively. We
then validate the resultant fits by considering the rates,
which should be randomly scattered within some confi-
dence interval. When both exponential and power-law
models are valid, we evaluate the BIC to decide whether it
is possible to identify a preferred model. The BIC is given
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by BIC = —21log(L) + Plog(n) where L is the likelihood
of the observations for the given model, P is the number of
free parameters and » is the number of observations.
Figure 7 shows the best-fit power-law and exponential
models of the earthquake rates for the seven precursory
sequences in Fig. 6, along with an additional modified
sequence preceding the 8 February 1977 event, where the
74 days of quiescence associated with summit subsidence
are cut from the original sequence (Fig. 7, d-ii). Although
the sequences show significant fluctuations in the earth-
quake rate about the mean trend, these typically fall within
the 95% Poisson confidence limits. The sequence and
model parameters, including BIC values are given in
Table 1. For all eight sequences, the exponential model is
preferred; frequently, the distribution of residuals invalid-
ates the power-law model (i.e., they are systematically
above or below the model trend), and in all instances, the
BIC is lower for the exponential model. The edited
8 February 1977 sequence is much better modeled by an
exponential function, confirming that the earthquake rates
are identical before and after the deflation—inflation
episode. The characteristic time-scales for the exponential
acceleration 7 = 1/ range from 17 to 330 days (Table 1).

Eruptions, intrusions and seismicity in the south flank

Exponential and power-law increases in the rate of VT
earthquakes with time are consistent with the approach to
eruption or intrusion being controlled by the rate of
development of fracture networks in the crust or volcanic
edifice (Kilburn and Voight 1998; Kilburn 2003). As
described above, only 17 out of 57 eruptions and intrusions
recorded at Kilauea between 1960 and 1983 were preceded
by such accelerating rates of VT earthquakes. A question
therefore remains as to what mechanism governed the onset
of the remaining magmatic events.

Evidence from recent eruptions at Mt Etna suggests that
dyke intrusions and eruptions can be directly triggered by
slip of a volcano’s flank, even in the absence of an increase
in magma pressure (Burton et al. 2005). In addition,
continuous GPS measurements at Kilauea since the mid-
1990s have identified transient episodes of aseismic slip
within the south flank, many of which are accompanied by
short-lived increases in the rate of small south-flank VT
earthquakes (Brooks et al. 2006; Segall et al. 2006). We
here analyze the rates of VT earthquakes occurring in the
south flank of Kilauea between 1960 and 1983 in order to
investigate the potential for transient slip to trigger eruptions
and intrusions.

Figure 8a shows the daily rate of VT earthquakes located
within the south flank of Kilauea between 1960 and 1983,
along with the occurrence of eruptions and intrusions. We
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use magnitude 2.5 and greater earthquakes, with hypo-
centres located at depths between 5 and 13 km in HVO
regions SF1-5 (Section “VT earthquakes at Kilauea™). Very
similar results are obtained using different magnitude cut-
offs and when a 3-km exclusion buffer is applied
surrounding the caldera and rift-zones to exclude any
earthquakes that may have been wrongly located in the
south flank. Initial inspection of Fig. 8a highlights how
elevated rates of flank earthquakes coincide closely with the
onset of magmatic events. Between January 1960 and
November 1975, all days with four or more magnitude 2.5
or greater flank earthquakes coincide with the onset of an
eruption or intrusion. However, following the magnitude
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parts correspond to those in Fig. 7 and Table 1, and the dates of final
magmatic events are: a 14 Aug 1971; b 04 Feb 1972; ¢ 31 Dec 1974; d
08 Feb 1977; e 10 Mar 1980; f 10 Aug 1981; g 22 Jun 1982

7.2 Kalapana earthquake in November 1975 the mean rate
of south-flank earthquakes increases, and the interpretation
of the daily number of earthquakes becomes more
complicated.

The effect of changing mean rate of earthquakes can
be accommodated by adopting a normalized measure of
the departure from background conditions. A simple and
well-established measure is the so-called Z-score, defined
as Z = PER24) (Abdi and Salkind 2007), where DER is the
measured daily earthquake rate, p is the mean value of
DER for a specified time interval, and o is the standard
deviation of the daily earthquake rate from the mean. The
Z-score thus measures the number of standard deviations
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Fig. 6 (continued)

that the daily earthquake rate is from the mean, so that larger
values indicate greater departures from the mean rate. Because
1 and o vary with time, they are estimated from a moving
time window. Only minor differences occur for time
windows with lengths between 20 and 500 days, and so a
50-day window has been chosen to illustrate the results.
Figure 8b shows the Z-scores for the daily rate of south-
flank VT earthquakes with magnitudes of 2.5 or more. The
values vary from —1 to about 70; negative Z-scores
correspond to days with fewer events than the mean daily
rate. Inspection of the distribution of Z-scores reveals a
clear separation between high and low values (Fig. 8b). In
addition, both before and after the Kalapana earthquake, the
occurrence of Z-scores higher than 10 corresponds almost
uniquely to the occurrence of magmatic events. We
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designate as a south-flank earthquake swarm any day with
four or more south-flank earthquakes with magnitude 2.5 or
greater and a daily Z-score of 8.0 or greater. Ten events
meet such criteria and are reported in Table 2. Only the
swarm on 22 September 1979 does not also coincide with a
reported eruption or intrusion.

The coincidence of eruptions and intrusions with the
highest daily rates of VT earthquakes with magnitudes of at
least 2.5 and with the highest Z-scores indicates a strong
coupling between volcanic activity and flank seismicity.
However, the causality in this relation remains unclear;
does volcanic activity trigger flank slip, or does flank slip
trigger volcanic activity? We attempt to constrain the
causality by looking in detail at the temporal evolution of
caldera, rift-zone and south-flank seismicity associated with
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sequences of earthquakes shown in Fig. 6. Figure parts correspond to those
in Fig. 6 and in Table 1; parts d-i and d-ii correspond to the entire sequence
preceding the 08 Feb 1977 eruption, and the edited sequence (omitting the

the south-flank earthquake swarms. For example, if flank
slip was responsible for triggering reservoir failure, with or
without dyke injection, we might expect to see elevated
rates of flank seismicity beginning before corresponding
increases in the caldera and rift-zones.

For each of the ten south-flank swarms, the total number of
earthquakes as a function of time for the caldera, rift-zones
and south-flank regions are shown in Fig. 9. For the 24/08/
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episode of quiescence), respectively. Black dots are data points, red solid
and dashed lines show the best-fit power-law model and 95% confidence
limits, respectively, and green solid and dashed lines show the best-fit
exponential model and 95% confidence limits, respectively

1965, 29/05/1979 and 01/10/1983 events (Fig. 9¢, h and j),
there are too few earthquakes in the caldera and rift-
zones to be sure of a relation. For the 31/12/1974 event
(Fig. 9e), the onset of elevated rates of earthquakes in the
caldera and rift-zone is at least 24 h before that in the
south flank. For the 09/05/1963, 24/05/1969 and 12/09/
1977 events (Fig. 9a, d and g), the onset of high rates of
south-flank earthquakes approximately coincides with that
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Table 1 Eruptions and intrusions at Kilauea between 1960 and 1983 that were preceded by episodes of accelerating rates of VT earthquakes

located in the caldera

Event date Figs. 6 and 7 Event type Duration (days) A (1/days) 7 (days) BIC.yp,  p Value BIC,,; ABIC.xppi
14 Aug 1971 (a) Eruption 61 0.060 17 34 0.52 42 -8

04 Feb 1972 (b) Eruption 109 0.050 20 64 0.55 79 -15

31 Dec 1974 (c) Eruption 161 0.020 50 115 0.51 127 -12

08 Feb 1977 (d-1) Intrusion 464 0.003 330 435 0.29 436 -1

08 Feb 1977 (d-ii) Intrusion 390 0.005 200 351 0.31 371 -20

10 Mar 1980 (e) Eruption 413 0.010 100 329 0.30 385 =56

10 Aug 1981 H Intrusion 128 0.010 100 81 0.34 88 =7

22 Jun 1982 (g) Intrusion 248 0.010 100 197 0.24 221 —24

A is the maximum-likelihood exponential constant, 7=1/A is the characteristic exponential timescale, p is the maximum-likelihood power-law
constant, and BIC.p,, BIC,;, and ABIC.y,.,1 are the values of the Bayesian Information Criterion for the exponential and power-law models, and

their difference, respectively

in either the caldera or rift-zones. For the 05/10/1963 and
29/11/1975 (Kalapana earthquake) events (Fig. 9b and f)
the onset of elevated flank seismicity is slightly before the
onset of elevated caldera or rift-zone seismicity. The 22
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intrusions by the green squares
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September 1979 south-flank swarm (Fig. 9i) was not
associated with a magmatic event but was initiated by a
large (magnitude 5.7) earthquake in the south flank. In
summary, there is no simple relation between the timing of
the onset of high rates of earthquakes in the caldera, rift-
zone and south-flank regions during these events.

Discussion
Precursory sequences of caldera VT earthquakes

The sequences of caldera earthquakes with an accelerating
mean rate preceding eruptions and intrusions are best
attributed to fracturing in rock before the propagation of a
dyke from a pressurized magma reservoir beneath the

Table 2 South flank earthquake swarms at Kilauea between 1960 and
1983

Swarm date Fig. 9 Eventtype Ngr Acceleration My
09 May 1963  (a) Intrusion 20 No 3.7
05 Oct 1963 (b) Eruption 14 No 3.8
24 Aug 1965 (c) Intrusion 9 No 3.9
24 May 1969  (d) Eruption 10 No 35
31 Dec 1974  (e) Eruption 14 Yes 4.5
29 Nov 1975 () Eruption 96 No 7.2
12 Sept 1977  (g) Eruption 63 No 4.2
29 May 1979  (h) Intrusion 14 No 32
22 Sept 1979 (i) None 19 No 5.7
01 Jan 1983 ()] Eruption 10 No 39

Nsg is the total number of magnitude 2.5 or greater south flank VT
earthquakes occurring within 4 days of the start of the swarm;
“Acceleration” indicates whether or not the swarm was preceded by an
acceleration of the rate of caldera earthquakes (see Table 1), and M.«
is the magnitude of the largest south flank earthquake during the
swarm
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summit (Tilling and Dvorak 1993). The fracturing conditions
identify only the approach to the injection of a dyke and do

not constrain whether or not a dyke will reach the surface.
The approximately constant rate of surface deformation
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during the sequences suggests that the bulk strain rate is
constant, even when the VT earthquake rate accelerates with
time. A non-linear relation is thus indicated between strain
rate and the rate of brittle fracturing.

Our maximum-likelihood fitting demonstrates that an
exponential model for the accelerating mean rate of VT
earthquakes is preferred to a power-law model. An
exponential trend contains no internal constraint on the
maximum VT event rate (or total number of VT events)
before bulk fracturing is expected; the event rate will be
expected to increase without limit (Voight 1988). To
forecast the time of bulk failure, therefore, an external
constraint must be applied on the maximum rate of VT
precursors.

In practice, exponential trends are considered to reach
uncontrolled conditions when the parameter they are describ-
ing exceeds about 100 times its initial value (Jaeger 1969).
Applied to VT earthquakes, uncontrolled conditions are
expected when the mean rate increases to about 100 times
the starting rate in previously unstressed rock. Such
uncontrolled conditions, in turn, are associated with the
formation of a fracture across the volume of the volcano
being deformed (Kilburn 2003). However, from inspection
of Fig. 7, eruption or intrusion occurs after only a five- to
tenfold increase in the rate of VT earthquakes. Hence, either
the precursory sequences develop in pre-stressed crust
(so that the observed start rate does not correspond to
unstressed conditions), or dykes can propagate before
fracturing produces a through-going discontinuity.

For a dyke to propagate, the hydro-fracture criterion,
pe > 03 + Ty, must be locally satisfied, where p. is the
excess magma pressure (total magma pressure—lithostatic
pressure), o3 is the minimum principal compressive stress
and T, is the tensile strength of the rock (Gudmundsson
2006; Gudmundsson and Philipp 2006). Dyke injection can
therefore be enabled by (1) an increase in magma
pressure, (2) a decrease in the local minimum compres-
sive stress (e.g., due to gravitational spreading of a
volcano’s flanks or stress redistribution near the reservoir), or
(3) areduction in the tensile strength of the rock (e.g., through
chemical corrosion). All three mechanisms may operate in the
caldera region of Kilauea, and, as a result, it may prove
difficult to extract reliable eruption forecasts from VT
earthquake data alone. A more promising route, to be
investigated in future work, may be a combined analysis of
seismic and strain data.

Volcanic activity in the absence of precursory accelerations
in the rate of caldera earthquakes

Between 1960 and 1983, the eruptions and intrusive events

analyzed here all appear to have involved the opening of a
magma pathway through some part of the volcanic edifice.

@ Springer

Creation of a new pathway requires fracturing and, hence,
the onset of VT seismicity. It is thus remarkable that only
18 of the 57 magmatic events were preceded by
prolonged accelerations in the rate of VT earthquakes.
Of the remaining 40 events, nine occurred in association
with earthquake swarms in the south flank (Table 2),
whereas 31 appear to have occurred without either
prolonged VT earthquake sequences in the caldera or
swarms in the south flank.

Eruptions associated with south-flank earthquake swarms

The almost unique coincidence of south-flank earthquake
swarms with dyke-fed eruptions and intrusions (Table 2)
provides strong evidence of an interaction between the
flank and the magmatic system. The rapid onset and
transient nature of the swarms further suggests that the
interaction involves a rapid stress change in the south
flank. Such a stress change may be induced either by a
change in magma pressure in the dyke itself, or by a
transient increase in the rate of flank slip, which then
favours contemporaneous dyke injection and an earth-
quake swarm in the south flank.

Several studies have proposed that flank slip is
normally induced by dyke injection (Dvorak et al.
1986; Cayol et al. 2000; Klein et al. 2006). However, the
alternative view is supported by the eruption associated
with the magnitude 7.2 Kalapana earthquake in November
1975, when the estimated 7.1 m of flank slip promoted
dyke injection into both rift-zones, which widened by 3—
5 m (Owen and Burgmann 2006). In this case, it was
possible to determine the relative timing of flank slip and
eruption owing to the large magnitude of the Kalapana
earthquake. It is possible, therefore, that smaller move-
ments (which promote small-magnitude earthquakes, some
of which may be too small to be detected) associated with
slow-slip earthquakes could also promote south-flank
swarms and dyke injection. Indeed, eight of the ten
south-flank swarms recorded between 1960 and 1983
were associated with an eruption, and, of these, only once
(on 31 December 1974) was the eruption also preceeded
by an increase in the rate of VT earthquakes beneath the
main shallow magma reservoir (Table 2). Finally, one
south-flank swarm occurred without detected magmatic
activity (22 September 1979).

The observation that south-flank swarms can occur
without magmatic activity indicates that south-flank move-
ments cannot automatically be attributed to dyke intrusion.
In addition, the association of most south-flank swarms
with eruptions without prolonged VT precursors suggests
that the eruptions occurred through crust that was already
close to bulk failure. As a result, a reduction in confining
stress (o3) due to south-flank movements may have been
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sufficient to favour the rapid onset of dyke propagation
(without prolonged increases in VT earthquake rate) from
the main shallow magma reservoir. Such an interpretation is
consistent with recent observations using continuous GPS
stations on the south flank of Kilauea (Brooks et al. 2006;
Brooks et al. 2008). These observations confirm that slow-
slip earthquakes can occur with or without magmatic
events, so that magmatic activity may be a response to,
rather than a trigger of, slow-slip earthquakes.

Eruptions not associated with south-flank earthquake
swarms

More than half of the eruptions and intrusions at Kilauea
between 1960 and 1983 occurred without either prolonged
increases in VT earthquake rate or earthquake swarms in the
south flank (following Sequence 3 in Section “VT earthquakes
at Kilauea”). At the same time, these magmatic events
appear to have required the formation of a newly
connected fracture system to act as a pathway for magma
transport. The absence of prolonged sequences of
precursory VT earthquakes thus suggests that the crust was
already close to conditions for completing a new through-
going fracture (e.g., from the caldera into the rift-zones), such
that VT earthquakes occurred as a local swarm in the rift-zones
during the final formation of the pathway immediately
before or during magma transport. Such an interpretation
is consistent with the crust around the caldera and rift-
zones remaining under stress after a previous eruption.
As a result, only a modest increase in magma pressure or
modest decrease in confining pressure would be required
to trigger an eruption or intrusion. Neither condition
would have involved prolonged precursors. Hence, an
eruption could rapidly be triggered either by the arrival of
magma into the shallow reservoir or by a reduction in crustal
stress due to an amount of flank movement insufficient to
generate a south-flank swarm of earthquakes.

Implications for eruption forecasting

Three types of precursory sequence have been recognized
before eruptions and intrusions at Kilauea between 1960 and
1983—30% of eruptions and intrusions were preceded by
prolonged increases in VT earthquake rate in the caldera; 15%
were preceded only by earthquake swarms in the south flank,
and 55% were preceded only by local earthquake swarms
related to magma being transported through the rift-zones.
Hence, 70% of eruptions and intrusions are associated only
with swarms during or immediately before the event. In other
words, more than two volcanic events in three cannot be
forecast using prolonged increases in VT seismicity alone.
The range of precursory sequences can be related to the
amount of strain already accumulated in the caldera region

before the onset of bulk fracturing and magma transport.
When the accumulated strain is low, prolonged precursors
are observed while the applied stress and strain increase
(e.g., due to an increase in magma pressure) to the point
of bulk failure. When the accumulated strain is already
close to that for bulk failure, only a small change in
strain is required to trigger a magmatic event. The small
change may be produced by a reduction in confining
stress due to slow-slip of the south flank, or by an
increase in magma pressure, due to the arrival of new
material from depth or to the onset of vesiculation. In all
cases, the precursory sequences cannot be used to
distinguish between the approach to an eruption or an
intrusion.

When prolonged sequences of VT earthquake precursors
occur in the caldera, they are characterised by exponential
increases in mean earthquake rate with time. Such increases
can be used to forecast an eruption only if another criterion
can also be applied to relate conditions for an eruption to a
critical VT earthquake rate or total number of recorded
earthquakes. Until such a criterion becomes available, the
data indicate an empirical constraint that an eruption is
most likely when the mean event rate reaches five to ten
times its value at the start of the precursory sequence.

Conclusions

Fifty-seven eruptions and intrusions occurred at Kilauea
between 1960 and 1983, after which the volcano has been
in a state of virtually continuous eruption. About one third
of eruptions and intrusions were preceded by prolonged
increases in VT earthquake rate in the caldera, about one
sixth were preceded only by earthquake swarms in the
south flank, and just over one half were preceded only by
local earthquake swarms related to magma being trans-
ported through the rift-zones.

In combination, the results indicate that, at Kilauea: (1)
VT seismicity on its own is not sufficient either to guarantee
a reliable short-term forecast of a magmatic event, or to
distinguish between the approach to an eruption or
intrusion; (2) forecasts could be improved by combining
changes in VT earthquake rate with changing conditions of
strain in the crust; and (3) slow-slip of the south flank is a
potential trigger of eruptions, rather than a response to
magmatic events.

They also suggest that flank instability may be an
important control on the timing of magmatic events and,
through its influence on strain distribution within the
volcano, also on the style of precursory sequences. Similar
conditions may also apply at large, frequently erupting
basaltic volcanoes with unstable flanks, such as Mt. Etna, in
Sicily and Piton de la Fournaise on Reunion Island.
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Improved knowledge of the absolute states of the excess
magma pressure, confining stress and the tensile strength of
the crust, together with models of how they evolve with
time (through processes such as magma recharge and time-
dependent deformation) will be required before uncertain-
ties in forecasts can be reduced.
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