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Volcanic hybrid earthquakes that are brittle-failure events
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[1] Volcanoes generate a variety of pre-eruptive low-
frequency seismic signals. Hybrid earthquakes comprise a
class of these signals having high-frequency onsets followed
by low-frequency ringing. They are used empirically to
predict eruptions, but their ambiguous physical origin limits
their diagnostic use. The short-duration, near-field hybrid
seismograms associated with the 2004 Mount St. Helens
eruption indicate that much of the prolonged signal is due to
path rather than resonating fluids. We show using seismic
source spectra that the hybrids have a corner frequency/
seismic moment relationship that scales consistently with
brittle-failure. The unusually low frequency of these
earthquakes can result from low rupture velocities
combined with strong path effects due to their shallow
sources. This new application of near-field instrumentation
provides the first seismological evidence for brittle-failure as
a major process in dome building, and suggests that hybrids
should not be used as direct indicators of fluids.
Citation: Harrington, R. M., and E. E. Brodsky (2007),

Volcanic hybrid earthquakes that are brittle-failure events,
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1. Introduction

[2] Volcanic earthquakes are commonly categorized by
frequency content to distinguish possible physical sources
[Lahr et al., 1994; Chouet, 1996; Neuberg et al., 2000;
McNutt, 2005]. Much work focuses on low-frequency
earthquakes, as they are the most poorly understood and
most distinctive of volcanic systems. Prolonged ringing of
ground motions at frequencies �1 Hz distinguishes them
from typical high-frequency volcano tectonic earthquakes,
and is often thought to result from either moving fluids or a
resonating, fluid-filled conduit [Julian, 1994; Lahr et al.,
1994; Chouet, 1996; Neuberg et al., 2000]. Hybrids are a
subset of low-frequency earthquakes characterized by high-
frequency onsets, which may represent a separate trigger
that initiates conduit resonance [Neuberg et al., 2006]. At
some sites, hybrids form a continuum with pure low-
frequency events and therefore may be due to the same
mechanism [Neuberg et al., 2000].
[3] Either fluids or path effects account for the low-

frequency portion of hybrid waveforms. Their protracted
durations could result from trapped waves in the soft,
loosely consolidated upper layers of the volcanic edifice
rather than a resonating fluid source [Kedar et al., 1996].
Our goal is to distinguish path from source, and by

extension, the origin of the unusual seismograms. To do
this, we first investigate the scaling of duration with
distance in a velocity record section. This simple observa-
tion itself will favor a path origin for much of the signal. We
then use the Empirical Green’s Function approach to
remove path effects from the source time function in the
seismic records at Mount St. Helens [Nakanishi, 1991]. We
will find that the source duration scales with moment in a
way that is typical for brittle-failure events. Finally, we will
discuss the physical mechanisms that account for the
unusual seismograms.

2. Data and Methods

[4] The current eruption at Mount St. Helens commenced
in late September 2004 with a series of steam and ash
explosions, followed by extrusion of multiple brittle rock
spines with visible gouge that now form a new dome inside
the crater [Pallister et al., 2006]. The seismicity associated
with the spine extrusions is characterized by shallow,
periodic earthquakes, commencing with high frequency
onsets and transitioning to codas with spectral peaks at
1–2 Hz and durations longer than is typical for earthquakes
of the same magnitude in a standard tectonic setting. With
the exception of the first week of activity, there is a lack of
purely high-frequency volcano tectonic events, and the
hybrid codas do not show the monochromatic peaked
spectra found for some occurrences of volcanic tremor.
The high-frequency onsets, and long-period, long-duration
codas are features shared by hybrid earthquakes seen at
other volcanoes such as Montserrat, Redoubt, and Decep-
tion Island [Lahr et al., 1994;Miller et al., 1998; Neuberg et
al., 2000; Ibanez et al., 2003] (Figure 1). The data for
volcanoes other than Mount St. Helens is limited, but the
waveform similarity indicates that hybrid events are similar.
[5] The coda duration of the Mount St. Helens hybrids

decreases sharply with distance, suggesting that some, if not
all of the protracted duration is due to path effects rather
than an extended source. A mantle of abraded gouge
surrounds the base of the spines and shows many features
seen in shallow fault zones [Pallister et al., 2006]. Although
we cannot definitively co-locate the seismic sources with
gouge formation, contemporaneous seismic and acoustic
data suggest that most of the earthquakes occur at or very
near the surface [Moran et al., 2005]. The decreasing coda
durations with distance from the source and the presence of
gouge at the base of the spines suggest that the seismicity
associated with the spine extrusions could result from brittle
failure between the spine and the surrounding rock.
[6] The seismograms in Figure 1 depict hybrids recorded

at distances �1 km from their hypocenters; however,
increased instrumentation at Mount St. Helens in early
2005 provides records as close as �100 meters from the
active spine. The particularly hindering path effects in a
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volcano make close stations crucial to analyzing earthquake
source processes. For example, a record section of a ML 1.1
event on February 26th, 2005 shows roughly an order of
magnitude increase in recorded event duration with increas-
ing station distance. Thus, the majority of the seismic signal
at the �1–2 km distances typical of other deployments is
generated along the path, probably through scattering
(Figures 2 and S11). The shaking duration of 3 seconds at
the closest station,MIDE, provides an upper bound on source
duration. Although substantially less than the 20-second

duration seen at distant sites, it is still two orders of
magnitude longer than typical source durations for ordinary
earthquakes of this magnitude. The large scattering occurring
farther out suggests that this prolonged source duration at
MIDE is the result of attenuation, however, an extended
source could also extend the signal. We evaluate this possi-
bility using Figure 2.
[7] The increased duration of the waveform with in-

creased distance implies the scattering attenuation is large.
In fact, an amplitude decay by a factor �103 between
stations MIDE and JUN, at distances of 0.110, and 6.2 km
from the crater, respectively, implies that scattering Q is
approximately 10. As is common in scattering attenuation

Figure 1. Seismograms for typical hybrid earthquakes at Mount St. Helens, Montserrat, Redoubt and Deception Island
[Chouet et al., 1994; Ibanez et al., 2003; Neuberg et al., 2000; White et al., 1998]. No obvious differences are apparent
between hybrid earthquakes at different volcanoes, suggesting that the physical processes causing these events are similar.
(All stations recordings are �1 km from the earthquakes).

1Auxiliary materials are available in the HTML. doi:10.1029/
2006GL028714.
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studies, we assume that the duration of the coda increases
linearly with distance, and extrapolate the trend to the
source duration inferred from the moment estimation of
the source-time function obtained from the Empirical
Green’s function deconvolution discussed below [Aki and
Richards, 2002]. Using an e�1 decay time as a measurement
of duration yields a duration of 0.9 s at a distance of 60 m.
While this procedure does not determine the source duration
directly, it is a tool to evaluate the extent to which path
attenuation outside the conduit makes the source appear
extended at the closest stations. Since a resonating conduit
should extend the duration of the waveform as recorded
near the source, the resonating waves can only account for
at most an extension of 0.8 s in the signal. A resonating pipe
is not producing the key features of this signal as observed
at more typical stations distances of a few kilometers and
therefore the extended durations in Figure 2 cannot be taken
as evidence of a fluid-filled conduit. If all of the extended
duration is a result of path, this would suggest that hybrids
sources are no different than tectonic earthquake sources. To
determine if hybrid sources scale like tectonic earthquakes,
we isolate source spectra using an Empirical Green’s
Function approach.
[8] Because the Mount St. Helens hybrids have extremely

similar waveforms and are likely located in nearly the
same place along the extruding spine, they are well suited
for using an Empirical Green’s Function analysis. We
deconvolve the smallest observable event with spectral
amplitude visible above noise on station MIDE from the
larger events on that station to obtain the source time
functions of the larger events (example in Figure S2).
Because we use events from the same station, we leave in
the instrument response to avoid introducing noise through

an extra, unnecessary deconvolution.We use the entire length
of the larger event for the deconvolution in order to ascertain
that the source-time function has effectively zero amplitude
in the coda. Stations MIDE and NED in the Cascades Chain
network are closest to the extruding spine, and therefore
record the widest dynamic range of events. Using both high-
and low-gain channels also increases the dynamic range of
events used. We use the source-time functions obtained by
the Empirical Green’s Function deconvolution to fit the
seismic moment and corner frequency of the source-time
spectra using a least-squares curve fit to a f 2 spectrum
[Boatwright, 1978; Abercrombie, 1995; Ide et al., 2003],

W fð Þ ¼ W0

1þ f =fcð Þ4
h i1=2 ð1Þ

where fc is corner frequency, and W0 is long period
amplitude (Figure 3). We omitted the attenuation coefficient
commonly seen in equation (1) because the Empirical
Green’s Function deconvolution removes these effects
[Nakanishi, 1991].
[9] Another approach to constraining the source of these

events would be moment tensor inversion. Previous re-
search on low-frequency earthquakes suggested a source
model involving fluid motion and therefore including some
volumetric component [Julian, 1994; Chouet, 1996;
Neuberg et al., 2000]. A non-double couple source could
in principle be identified through a full waveform inversion
[Chouet et al., 2003]. However, the site’s limited near-field
station coverage, unconstrained velocity structure, and sig-
nificant scattering (Figure 2) would make obtaining stable
focal mechanism solutions difficult [Hardebeck and Shearer,
2002]. An Empirical Green’s function analysis, which can
be performed with one station, and requires no assumption

Figure 2. Seismic record section plot of a ML 1.1 hybrid
earthquake on February 26, 2005 in the crater at Mount St.
Helens with instrument response removed. The velocity
records are normalized by the peak of the trace. The plot
shows duration lengtheningwith increasing distance from the
crater. P-, S- and Rayleigh wave arrivals are annotated on the
signal for STD (the only 3-component station shown), where
Rayleigh waves were identified using particle motion plots
with a band-pass filter of 0.5–2 Hz. The square at each
station denotes the time duration required for the amplitude to
decay to e�1 times the value of the peak amplitude (see text).
The circle indicates the intersection of the trend with the
source length as determined by the corner frequency.

Figure 3. Logarithmic plot of M0 vs. corner frequency, fc,
modeled from the source-time functions of the Mount St.
Helens hybrids in 2005. Both high- and low-gain channels
for stations MIDE and NED of the Cascades chain are used
in the Empirical Green’s Function deconvolution. A least-
squares fit gives a slope of 3.3 ± 0.3, which is consistent
with the standard model of a 2-D fault. Most of the
earthquakes have stress drops of about 0.5 MPa, falling well
within the typical range of values for earthquakes (0.1 to
100 MPa) [Abercrombie, 1995]. There are 108 events on
this plot.
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of velocity structure, is a more viable approach even though
it does not recover the moment tensor.
[10] Earthquakes generated by a shear dislocation on a

2-D surface are mathematically equivalent to a distribution
of double-couples with total moment proportional to the
average slip multiplied by the fault area [Burridge and
Knopoff, 1964]. The seismic moment for a planar fault is
proportional to the product of the stress drop and the rupture
length cubed. For a circular fault

M0 ¼
16

7
a3Ds ð2Þ

where a is the radius of the rupture. The source radius can
be measured from seismograms using the corner frequency
fc and the relationship

a ¼ 0:315b=fc ð3Þ

which relates corner frequency to fault geometry, where b
is the shear velocity [Madariaga, 1976]. Combining
equations (2) and (3), implies that

M0 / f �3
c ð4Þ

if stress drop is size-independent. Although the constants in
equations (2) and (3) are fault-geometry dependent, equation
(4) is a robust relationship for double-couple events and is
commonly observed for tectonic earthquakes [Kanamori and
Anderson, 1975; Abercrombie, 1995]. Some of the hybrids,
though not all (Figure S3) show the same polarity at all
stations, which could suggest failure on a ring-shaped fault.
However, because fault-geometry affects only the constants,
stick-slip failure on this type of fault should still be governed
by equation (4).
[11] Figure 3 shows that the correlation between the M0

and fc of the Mount St. Helens hybrids is consistent with the
model of a standard 2-D fault. The corner frequency, fc, is
proportional to M0 on a logarithmic plot with a slope of
�3.3 + �0.3 (errors are 1 standard deviation of 10,000
bootstrap trials). Examples of the spectra on which the M0,
and fc, values of Figure 3 are based are shown in Figure 4.
Therefore, a source model of shear failure on a crack with
constant stress drop is consistent with the data.
[12] Many models for hybrids focus on a resonating

fluid-filled conduit as the source of the prolonged low-
frequency waves. In the simplest model of a linear organ
pipe, the frequency content of the signal is determined
entirely by geometry and there is no reason that the
amplitude (or moment) should scale with frequency in
any particular relationship. Julian [1994] proposes a more
complex model where the frequency of oscillation is de-
pendent on the strength of the resonating wave due to a
coupling between the fluid and elastic systems. However,
even in this nonlinear oscillator, there is no reason that the
amplitude (and moment) should scale according to the
relationship in equation (4).

[13] Although the M0 / fc relationship of the Mount St.
Helens hybrids scales in the same way as typical earth-
quakes, the corner frequencies are lower than expected for a
given moment. For example, the local moment magnitudes
of the earthquakes in Figure 4 range from 0.2 to 1.5 and

corner frequencies range from 5 to 14 Hz, whereas corner
frequencies for tectonic earthquakes in this magnitude range
are more on the order of tens of Hz [Abercrombie, 1995; Ide
et al., 2003]. These low corner frequencies can be explained
by low rupture velocities.
[14] Earthquake locations and time-lapse photographs of

concurrent motion suggest that the earthquakes occur on the
rock spine in the crater [Moran et al., 2005]. This unusual
situation constrains the absolute hypocenter of the earth-
quakes and therefore provides a method to measure the
seismic wave velocities. Using S-P arrival time and the
relation between P and S velocity in a Poisson solid, we
calculate the P- and S-velocity in the path to that station.
Repeating this for all of the stations within 5 km produces
an average value of 700 m/s for the S-velocity, b. Rayleigh
wave velocity, which has a half-space value of 0.9b,
generally limits rupture velocity. This calculation implies
a rupture velocity of 650 m/s or less, much lower than
typical values of 2–3 km/s at ordinary tectonic sites. The
low rupture velocity is the origin of the apparently low
corner-frequency of the hybrids, and this combines with
strong scattering in the heterogeneous volcanic crust to
yield the unusual hybrid seismograms.
[15] Our analysis clearly indicates a source with a spec-

tral scaling consistent with brittle failure. However, if some
part of the waveform for each event results from a simple,
entirely repeatable resonating cavity, it would be removed
as part of the Green’s function. Thus, it is possible that the

Figure 4. (a) Example of a small event used as the
denominator in spectral division (Empirical Green’s func-
tion analysis) for the February 2005 events at station MIDE.
The absolute moment of this event gives the moment of
each event using the relative value of W0. (b–f) Examples of
source time function spectra; solid lines are data, and dashed
lines are the fit of equation (1). Figure 4b is the event shown
in Figure 2. The table indicates the values obtained from the
fit of equation (1).
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source spectra of Figure 4 are only part of the source.
However, we already showed that the prolonged seismogram
results primarily from scattering consistent with Q 	 10.
Thus any contribution of a resonating cavity must be 
0.8
seconds, rather than the 25 seconds seen at 6 km.
[16] Figure 3 implies the self-similarity of earthquakes

down to Mw 0.2 (the smallest magnitude shown). By
combining equations (2) and (3), we see that fitting a
straight line to the data in Figure 3 requires that the quantity
dsb3 must be constant. There is no compelling reason to
assume that either b or rupture velocity varies dramatically
with size, and hence no reason to assume that stress drop
does either. This self-similarity for small earthquakes is
consistent with results shown by Abercrombie [1995],
however we are able to extend these results down to a
smaller magnitude.

3. Conclusions

[17] In summary, the Mount St. Helens earthquakes
produce unusual seismograms typical of volcanic hybrids,
yet our analysis shows that their M0/fc relationship is
consistent with standard tectonic earthquakes and might
be explained simply by brittle- failure in combination with
a very complicated path and low rupture velocities. This
seismic evidence for the prevalence of brittle failure events
favors new eruptive models that use stick-slip failure as the
primary mechanism of dome growth [Iverson et al., 2006].
Furthermore, the data imply that earthquakes are scale
invariant down to Mw 0.2 with typical stress drops of
�0.5 MPa. We note that extending this result to deeper
hybrid events would require the analysis of a different data
set, as all of the hybrid earthquakes at Mount St. Helens
occurred at or near the surface.
[18] Hybrid earthquakes occur at many volcanoes, and

are often precursors to explosive eruption. The continuum
of frequency spectra between hybrids and other low-
frequency events implies that all of these types of earth-
quakes may share the same type of mechanism [Neuberg et
al., 2000]. Our study shows that in some cases hybrids are
consistent with brittle failure, suggesting that fluids are no
more necessary to explain the generation of these seismic
waves than to explain ordinary earthquakes. Therefore,
hybrid earthquakes on volcanoes do not directly and defin-
itively indicate the movement of a free fluid. In some cases
hybrids reflect fault failure in the volcanic edifice resulting
from magma movement and/or pressurization and thus are
indirect indicators of magma, and hence impending erup-
tions. However, other stresses, such as gravity, could
potentially cause shallow earthquakes with protracted wave-
forms, so the mere presence of hybrids unfortunately does
not mean that magma is on the move.
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