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Abstract

Deception Island - South Shetlands, Antarctica is site of active volcanism. Since 1988 field surveys have been
carried out with the aim of seismic monitoring, and in 1994 a seismic array was set up near the site of the Spanish
summer base in order to better constrain the source location and spectral properties of the seismic events related
to the volcanic activity. The array was maintained during the Antarctic summer of 1995 and the last field survey
was carried out in 1996. Data show the existence of three different groups (or families) of seismic events: 1) long
period events, with a quasi-monochromatic spectral content (1-3 Hz peak frequency) and a duration of more than
50 s, often occurring in small swarms lasting from several minutes to some day; 2) volcanic tremor, with a
spectral shape similar to the long period events but with a duration of several minutes (2-10); 3) hybrid events,
with a waveform characterised by the presence of a high frequency initial phase, followed by a low frequency
phase with characteristics similar to those of the long period events. The high frequency phase of the hybrid
events was analysed using polarisation techniques, showing the presence of P waves. This phase is presumably
located at short epicentral distances and shallow source depth. All the analysed seismic events show back-azimuths
between 120 and 330 degrees from north (corresponding to zones of volcanic activity) showing no seismic
activity in the middle of the caldera. Particle motion, Fourier spectral and spectrogram analysis show that the low
frequency part of the three groups of the seismic signals have similar patterns. Moreover careful observations
show that the high frequency phase which characterises the hybrid events is present in the long period and in the
tremor events, even with lower signal to noise ratios. This evidence suggests that long period events are events in
which the high frequency part is simply difficult to observe, due to a very shallow source and/or hypocentral
distance higher than that of hybrids, while the tremor is composed of rapidly occurring hybrid events. We propose
a possible interpretation for the three groups of seismic events. These may be generated by multiple pressure-
steps due to the rapid phase change from liquid to vapour in a shallow aquifer which comes in contact with hot
materials. The pressure change can put a crack in resonance or excite the generation of multiple surface waves
modes in the shallow layered structure.

Key words volcanic earthquakes — tremor — 1. Introduction
Antarctica
Deception Island (62°59’S, 60°41’W), is the
main active volcano of the Bransfield Strait
Mailing address: Prof. Edoardo Del Pezzo, Osservato- marginal basin, located bet“{een thF: South Shet-
rio Vesuviano, Via A. Manzoni 249, 80123 Napoli, Ttaly: land Islands and the Antarctic Peninsula (figs. 1
e-mail: delpezzo@osve.unina.it and 2). Its recent eruptions took place in 1848,
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Fig. 1. Tectonic sketch map of the zone between the South Shetland Islands and the Antarctic Peninsula. Deception
Island is located in the Bransfield Strait. Black circles represent the epicentral location of the most important
earthquakes recorded in the last 40 years (circle size is proportional to the magnitude). On the bottom of the
figure a possible tectonic interpretation is reported (from Ibafiez ef al.,1997).
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1967, 1969, 1970 and, with more uncertainty,
around 1912 and 1917.

The Bransfield Strait is also the site of other
volcanoes with evidence of recent activity (Pen-
guin and Bridgeman volcanoes, not reported in
the map of fig. 1). A detailed description of the
geology, tectonic and dynamics of the Brans-
field Strait is reported in Vila ef al. (1992, 1995),
which contain many of the references on this
subject. Here we will summarise briefly the
main tectonic and geodynamic features of the
above mentioned zone. Geophysical data show
that the South Shetland Islands lie on a conti-
nental plate, bordering to the west with a trench
zone which represents the last surviving seg-
ment of an old subduction zone which original-
ly extended along the whole margin of the Ant-
arctic Peninsula. The strait zone has been inter-
preted as a back arc marginal basin, related to
the possible subduction of the continental litho-
sphere toward the southeast, confirmed by the
presence of intermediate depth seismicity
(Ibafiez et al., 1997). A sketch of this situation
is reported in fig. 1, taken from Ibafiez et al.
(1997).

Deception Island (fig. 2) was considered a
collapse caldera formed by subsidence along an
arcuate fault system (Smellie, 1989). More re-
cently Marti et al. (1995) pointed out the exist-
ence of a tensional stress field with random
direction at the surface, compatible with the
main direction of the regional stress field. The
presence of shallow and confined water-saturat-
ed layers (Martini and Giannini, 1988) explain
the presence and the chemical composition of
low temperature fumaroles throughout the is-
land. An unusual negative anomaly (> 3000 nT)
in the zone of the bay (Port Foster, see fig. 2) is
in agreement with the interpretation of the gravi-
metric model in terms of a low-density body
beneath the island (Vila et al., 1995). The erup-
tions which took place in the island of Decep-
tion are located along the inner margin of the
bay, and all are of the phreato-magmatic type.

Seismicity was observed during several field
surveys carried out in the Antarctic summers. It
consists of several low-magnitude shocks which
have been interpreted by Vila ez al. (1995) who
report all the other references on this subject, as
local seismicity possibly connected with the frac-
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ture system. Local attenuation studies are in
agreement with a shallow magmatic body
producing the magnetic anomaly (Vila et al,
1995).

In the last three field surveys carried out at
Deception Island by the Spanish group an array
of short period seismometers was set up in order
to investigate the wave composition, spectral
properties and source characteristics of the seis-
mic events which occur at Deception Island.
Tectonic seismicity (Ibafiez er al., 1997) as well
as volcanic events related to local volcanism
were recorded. In the present paper we describe
these volcanic events, classifying them into three
different categories, and interpret the features of
the waveforms in terms of source. Such a source
may be the same for the three categories, and
reasonably may be related to the pressure steps
occurring in a shallow aquifer, possibly generat-
ed by sudden phase conversions between water
and steam. These pressure steps may excite a
crack or directly generate the multi-mode sur-
face waves which compose the low-frequency
part of the volcanic quake seismograms.

2. Instrumentation and data acquisition

A small aperture seismic array was deployed
near the «Gabriel de Castilla» Spanish base on
Deception Island during the two Antarctic sum-
mers of 1994-1995 and 1995-1996. Configura-
tion was the same for the two surveys (fig. 2).
Sensors were 15 vertical MARK L15B with
extended response to 1 Hz and 3 three compo-
nent MARK LA4C seismometers. A three com-
ponent Guralp CMG-3 was set up during the
1994-1995 survey in the same place of one of
the three component MARK L4C. The signal of
each sensor was amplified, filtered with an an-
tialias analog filter. Groups of 8 channels were
cable connected with a PC based, 16 bit, A/D
converter. Each channel was sampled at 200 sps
rate. We used 3 portable PC to monitor 24 chan-
nels. Time synchronisation for each PC was
obtained using a GPS signal. Relative coordi-
nates of the array sensors were obtained with
GPS positioning. A LTA/STA algorithm was
used to record all the events exceeding a thresh-
old triggering the array, while close to the
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Fig. 2. From the left: location of Deception Island in the Drake Passage. The main feature of Deception Island,
and on the bottom, the zone in which the seismic array was set up. Triangles show the position of the array
vertical sensors, and crosses the position of the three component sensors.

«Gabriel de Castilla» Spanish base an analog
station was set up with paper recording on a
«helicorder type» drum, which was used as a
continuous monitor. We recorded about 600 seis-
mic events during the first survey and more than
1000 in the second. Many triggered events cor-
respond to volcanic tremor, as we could check
looking at the monitor drum.

Data records contain a wide variety of seis-
mic signals, which can be grouped into tectonic
regional earthquakes and local events. Tectonic
earthquakes are discussed in a separate paper
(Ibafiez et al., 1997). Local events linked to the
volcanism are described and discussed in the
present paper.
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3. Event classification

Seismicrecords which triggered the array atall
the stations were visually inspected and classified
on the basis of the waveform. Tectonic events
show clear S phases, and were easily grouped us-
ing some experience. They are described in Ibafiez
etal. (1997), as already indicated. The rest of the
seismic events are more closely related to the vol-
canic activity. They were grouped into categories,
on the basis of waveform. The most populated
categories were three: 1) long period event;
2) hybrid events, and 3) tremors. An example
of the most characteristic events is reported in
figs. 3a-c, together with their Fourier spectra.
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Fig. 3a. Two examples of typical long period events with their spectra. Note the high frequency phase, with low
amplitude, marked with an arrow on the event reported on the third panel from the top and on its spectrum in the

bottom panel.
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Fig. 3b. An example of a hybrid event (top). The unfiltered seismogram, the seismogram filtered in the 4-8 Hz
band and the seismogram filtered in the 1-3.5 Hz band. In the spectrum (bottom) arrows indicate the predominant
peaks at low and high frequency.
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Fig. 3c. Anexample of volcanic tremor. From the top: the unfiltered trace, filtered in the 4-8 Hz band, filtered in
the 1-3.5 Hz band and the frequency spectrum (bottom). In the spectrum arrows indicate the predominant peaks
at low and high frequency.

423




Gerardo Alguacil et al.

Long period events show a seismogram con-
sisting of a wave packet with an almost constant
predominant frequency. These events show a
lack of distinct phases, except for the most en-
ergetic ones, which show a small amplitude
initial phase composed of a frequency higher
than the rest of the seismogram, lasting for one
or two seconds. In this last case the Fourier
spectrum shows two distinct peaks, one at about
2 Hz, with higher energy, and the second at
4-5 Hz with smaller amplitudes, corresponding
to the initial phase. For most of the long period
events the high frequency initial phase is indis-
tinguishable from the noise. They have wave-
forms similar to those of the long period events
discussed by Power et al. (1994), recorded at
Redoubt volcano, Alaska.

Hybrids show the peculiar characteristic of a
distinct high frequency phase, beginning with the
first onset of the earthquake and lasting some
seconds, followed by alow frequency wave-train.
The spectral characteristics of this kind of events
are similar to those of the long period events, with
an additional peak around 8 Hz corresponding to
the first phase at high frequency.

Tremors are continuous wave-trains, lasting
several minutes (up to hours or days). Due to the
limited duration of the signals triggered by the
LTA/STA algorithm we can investigate the trem-
or signals which triggered the array, with a du-
ration not greater than 180 s. The tremor wave-
forms, as visually inspected on the continuous
paper monitor, do not change apparently through-
out the tremor episode. Their spectra show that
most energy is in the range between 1 and 5 Hz,
generally showing two distinct bands, the first
between 1 and 3 Hz, and the second at more
than 4 Hz. It is noteworthy that in several cases
a hybrid event (fig. 5) was recorded by the array
in the time between two episodes of volcanic
tremor.

4. Method for determination of
back-azimuth and apparent velocity

We used the zero-lag cross-correlation tech-
nique to measure the back-azimuth and slow-
ness for any distinct phase of the volcanic events
classified as tremor, long period or hybrids.
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In the hypothesis of a plane wave which
crosses the array of seismic stations with a slow-
ness vector p, let L, the travel time difference be-
tween the station i and j of the array. It will result

t; = p. Ax;+p, Ay, +p, Az,

where p,, p, and p, represent the coordinates of
the slowness vector. If the seismic traces are
translated by the quantity 7, measured respect to
a given reference station, it will result that the so
called «zero-lag cross-correlation» coefficient
(Frankel et al., 1991), given by

2 Al - Al
C.

JZ(A )2 (AD)?

where A stands for seismogram amplitudes, k is
the time sample and M is the number of time
samples, is maximum for each couple of sta-
tions i, j. It is clear that c¢; = c;, and if we have N
seismograms it will result N(N-1)/2 different
values of c Also, the average of all the coeffi-
cients Cp <€y >, will be maximum.

In the present paper we use a grid search to
find, for each seismogram recorded at the array
of stations, the slowness vector which maximis-
es < ¢, >. The procedure is described in detail in
Del Pezzo et al. (1997), and here briefly in the
next six steps.

1) We fix the value of the slowness on a
grid.

2) We calculate the corresponding set of ¢,
and then we shift the seismograms.

3) We calculate the zero-lag cross-correla-
tion for each couple and then the average.

4) We repeat the cycle starting again from
step 1. In this way we obtain the average zero-
lag cross-correlation for all the values of the
slowness fixed on the grid: C(p,, p,).

5) We select the maximum of C(p,, p,) which
will correspond to the «true» slowness vector.

6) The back-azimuth is obtained by the for-
mula ¢ = arctan (p,/p,), and the apparent veloc-
ity by v, = 1/(p}+p;))*.

A similar procedure was used by Frankel
et al. (1991) and by Mori et al. (1994).

@.1)
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It is noteworthy that if the grid is obtained
using constant Ap increments, the resolution
decreases for increasing apparent velocities. To
avoid this effect we built the grid increasing step
by step ¢ = arctan ( p./p,), by a constant quantlty
Ap;p=(p+ p, )™ was increased by Ap in such
way that Ap/p remains constant step by step. In
this way we obtain a good compromise between
resolution and computer speed.

We examined two main sources of errors: the
errors due to the sampling rate of the time series,
the array geometry and the grid search; and the
errors generated by the seismic noise and by the
lack of coherence of the signal through the array.

a) Space and time sampling and grid search —
The seismograms were digitised at a sampling
period T, = 0.005 s. For this reason, when the
seismograms are shifted to calculate the zero-
lag cross-correlation, this time shift has to be an
integer multiple of 7: 7, = n,T, where n, is an
integer. The percent error generated by this ap-
proximation decreases with increasing 7, or with
decreasing apparent velocity. This effect fixes
the lower limit of the Ap step in the grid, say
Ap,.- Ap,,, can be for this reason reasonably
considered as an estimate of the error due to the
above described effect.

b) Seismic noise — In order to evaluate the
effect of the noise on the estimate of the zero-lag
cross-correlation we selected a time window of
the seismogram, before the arrival of the P phase,
containing only noise. Then we estimated the
cross-correlation for the signal and for the noise
window (non normalised by the denominator of
relationship (4.1). If we denote with < C_ > the
cross-correlation of the noise window averaged
over the whole p -p, grid, and C, the maximum
of C(p,, py) for the signal, then an estimate of the
percent error on the maximum value of the cross-
correlation can be given by

AC/C=<C >/C.

The uncertainty on apparent velocity and back-
azimuth can be obtained selecting the values p,
and p, on the grid for which results

C(p,p)>C —-AC.

This points define an «uncertainty zone» which
can be used to evaluate the uncertainty on back-
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azimuth and apparent velocity. We noted that
the zero-lag cross-correlation between couples
of seismograms never approaches to the value
of unity, which means perfect similarity be-
tween the waveforms. This effect is due to the
lack of coherence through the array, probably
generated by local site effects. We weighted
empirically this effect defining an additional
error AC = (1 - C,_ )/n where n = N(N - 1)/2 is
the number of couples of stations on which we
calculate the zero-lag cross-correlation. In this
way AC is close to O when the similarity be-
tween the signals is maximum. Finally, we cal-
culate the mean squared of the errors due to the
lack of coherence and due to the noise.

We tested the ZLC method using a synthetic
wavelet (Del Pezzo et al., 1997) which was
propagated through the array AB. We added to
the signal a random noise in order to test the
stability with different signal to noise ratios. An
example is reported in fig. 4, obtained with a
signal to noise ratio of 10, close to that meas-
ured on the real signals analysed at the end of
the coda. Errors on the estimate are less than 5
percent, and the test data are well reproduced by
the method. A further test was made by apply-
ing the high resolution and beamforming spec-
tral methods, described by Capon (1969), and
widely used in literature, to the same synthetic
signal (fig. 4). In order to make this further
check significant we utilised a time window of
64 points (a power of two), of the same order of
duration as those utilised for real data using the
Z1.C. Results show that using these two spectral
methods, the azimuth is always very well repro-
duced, while apparent velocity is always over-
estimated. The estimate obtained using the two
spectral methods suffers for the limited number
of data points, indicating that for high frequen-
cy seismograms and short duration seismic
phases they are practically impossible to apply.

5. Data analysis and results

We selected 12 hybrids, 56 long-period events
and 14 volcanic tremors on the basis of the best
signal to noise ratio. On the basis of the results
from spectral analysis we do not observe a very
unique spectral shape. For example, some long-
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Table I. Frequency band used for filtering.

Event type Low- High- Event type Low- High-
and name frequency frequency and name frequency frequency
band (Hz) band (Hz) band (Hz) band (Hz)
HY-0020536 1.0-2.5 3.0-6.0 LP-0380102 1.0-3.5 -
HY-0021039 1.0-2.0 3.0-6.0 LP-0380252 1.0-2.5 —
HY-0040435 1.0-2.0 4.0.8.0 LP-0380637 1.0-2.5 N
HY-0071026 1.0-2.0 6.0-10.0 LP-0381048 1.0-2.5 -
HY-0210112 1.0-2.0 6.0-10.0 LP-0381241 1.0-2.0 -
HY-0261016 1.0-3.5 4.0-8.0 LP-0381331 1.0-2.0 -
HY-0351943 1.0-2.5 4.0-8.0 LP-0381434 1.0-2.0 -
HY-0391622 1.0-3.5 4.0-8.0 LP-0390446 1.0-2.5 -
HY-0521246 1.0-2.0 4.0-8.0 LP-0390604 1.0-2.5 -
HY-3631158 1.0-2.5 3.0-6.0 LP-0390741 1.0-2.5 -
HY-3631256 1.0-2.0 3.0-6.0 LP-0391459 1.0-3.5 -
HY-3641716 1.0-3.5 4.0-8.0 LP-0391559 1.0-2.5 -
LP-0021444 1.0-2.0 - LP-0391945 1.0-3.5 -
LP-0040646 1.0-2.0 - LP-0400336 1.0-3.5 -
LP-0070040 1.0-2.0 - LP-0400343 2.0-3.5 -
LP-0120003 1.0-3.5 - LP-0400502 1.0-3.5 -
LP-0361704 1.0-2.5 - LP-0400836 2.0-35 -
LP-0361957 1.0-2.0 - LP-0401206 2.0-35 -
LP-0362053 1.0-3.5 - LP-0401710 2.0-3.5 -
LP-0362055 1.0-3.5 - LP-0411705 1.0-2.0 -
LP-0362133 1.0-3.5 - LP-0450312 1.0-2.0 -
LP-0362236 1.0-3.5 - LP-3602051 1.0-2.0 -
LP-0362322 1.0-2.5 - LP-3631121 1.0-2.0 -
LP-0370107 1.0-2.0 - LP-3631949 1.0-2.0 -
LP-0370211 1.0-2.0 - LP-3632051 1.0-2.5 -
LP-0370355 1.0-2.0 - LP-3640919 1.0-2.0 -
LP-0370401 1.0-3.5 - LP.3641049 1.0-2.5 -
LP-0370716 1.0-2.0 - TR-0191257 1.0-2.5 4.0-8.0
LP-0370858 1.0-2.5 - TR-0191326 1.0-2.5 4.0-8.0
LP-0371019 1.0-2.5 - TR-0191348 1.0-3.5 4.0-8.0
LP-0371120 1.0-3.5 - TR-0191354 1.0-2.5 4.0-8.0
LP-0371557 1.0-3.5 - TR-0191456 1.0-2.5 4.0-8.0
LP-0371755 1.0-2.5 - TR-0191525 1.0-3.5 6.0-10.0
LP-0372245 1.0-3.5 - TR-0191702 1.0-3.5 4.0-8.0
LP-0372334 1.0-3.5 - TR-0201544 1.0-3.5 4.0-8.0
LP-0372349 1.0-3.5 - TR-0201743 1.0-3.5 4.0-8.0
LP-0380000 1.0-3.5 - TR-0201818 1.0-3.5 4.0-8.0
LP-0380017 1.0-3.5 - TR-0201917 1.0-3.5 4.0-8.0
LP-0380044 1.0-3.5 ~ TR-0452227 2.0-4.0 -
LP-0380048 1.0-3.5 - TR-3581928 1.0-2.0 4.0-8.0
LP-0380059 1.0-3.5 - TR-3631253 1.0-2.5 3.0-6.0
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periods presented a unique peak centred around
2.5 Hz, while others had this peak located around
1.5 Hz and others show both peaks. At high fre-
quency a multiplicity of spectral peaks was main-

Table II. Moving window length corresponding to
each frequency band reported in table I.

Frequency band Window length

(Hz) (points)
ly observed in the 4-8 Hz frequency band. Due 1.0-2.0 300
to this fact, we used for filtering a frequency band
that depends on the visual appearance of the Fou- 1.0-2.5;1.0-3.5 200
rier spectrum. In table I we report the frequency 2.0-3.5 160
bands used for all the analysed events. 3.0-6.0 100
After filtering we applied the zero-lag cross- 4.0-8.0; 6.0-10.0 )

correlation method to the filtered seismograms
in order to determine the apparent slowness across
the array and the back-azimuth to the associated
source. We used a moving window with a length
in time domain which depends on the value of
the lowest observed peak frequency in the filter
band (see table II for details), in order to use al-
ways about 2 periods in each window.

We started at the pre-event noise and stopped
into the late coda. For each step we evaluated
back-azimuth and apparent slowness. Errors in
azimuth result smaller than 10 degrees in azi-

muth and of the order of 10 percent in slowness
for correlation higher than 0.7, evaluated using
the above described method. An example of this
analysis for each of the three event types is
reported in figs. 4, 5 and 6.

For the low-frequency band of the volcanic
tremor we observe that the windows with the
highest value of zero-lag cross-correlation show
constant back-azimuth and apparent velocity. The

Event 0362236 Low Frequency (1 - 3.5 Hz band filtered)

Fig. 4.
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Event 0210112: Hybrid (6-10 Hz band filtered)
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Event 0362236: Tremor (4-8 Hz band filtered)
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Fig. 6. The ZLC analysis applied to a tremor sample, filtered between 4-8 Hz (the upper four windows) and
1-2.5 (the lower four).
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same volcanic tremor samples, filtered at high
frequency, generally show a back-azimuth value
different from that observed in the seismogram
filtered at low frequency; when correlation is
high, we observe the same back-azimuth. More-
over the apparent velocity for the seismogram
filtered in the high frequency band is higher (up
to 6 km/s) than that observed in the low-frequen-
cy band. This was also observed by Goldstein
and Chouet (1994) at Kilauea volcano.

The hybrid events show a high correlation
for the first phase in the high frequency band,
corresponding to apparent velocities up to about
4 km/s, and high correlation in the windows
corresponding to the low frequency wave-pack-
et which follows the first phase. This last wave
packet arrives at the array with low apparent
velocity and with back-azimuth which are often
different from that of the first phase.

The long period events show a quasi-mono-
chromatic spectral content (1-3 Hz peak fre-
quency) and a duration up to about 30 s. They
often occur in small swarms lasting from sever-
al minutes to some days. The back-azimuth and
slowness for the time windows with high zero
lag cross-correlation, remain constant along the
seismogram.

The slowness vector pattern for a selection
of the whole data set, based on the signal to
noise ratio, is represented in figs. 7, 8 and 9. We
plot the slowness vector for the three types of
events, as follows:

a) Hybrids — We select the time window
corresponding to the first phase and the time
window corresponding to the low frequency
phase of hybrids with the maximum correlation.

b) Long period events — We select the win-
dow with the highest correlation for the long
period events.

¢) Tremor — We select the windows corre-
sponding to the phases with the highest correla-
tion (> 0.7) in the tremor, in the low and in the
high frequency band.

We clearly observe that the high frequency
phases have higher apparent velocity than the
low frequency ones, and that most signals come
from the south-west sector. For hybrids the
high frequency phase comes from a direction
different from that the low frequency phase,
which as already described, appears some sec-

Hybrid Events
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Fig. 7. Distribution of the slowness components for
the first phase of the hybrid events (black triangles,
high frequency) and for the window with the highest
correlation inside the low-frequency phase (empty
triangles, low frequency).
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Fig. 8. Distribution of the slowness components
(for the time window with the highest correlation) for
the long period events.
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Volcanic Tremor
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Fig. 9. Distribution of the slowness components for
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greater than 0.5 obtained in the low frequency band
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and in the high frequency band (filter central frequency
above 4 Hz, black triangles)

onds later on the seismogram. We are confident
that this result is not produced by possible bias
in the methodology. A test carried out on a selec-
tion of the data set with a different technique
(MUSIC algorithm; Goldstein and Chouet,
1994) yielded the same results. In fig. 10 we
show the distribution of the back-azimuths in
the low and high frequency separately for all
the analysed events. Two main directions (145°
and 330° from north) were observed for the
high frequency phase of hybrids. The 145°
direction is coincident with the directions ob-
tained for tremors at high frequency. An almost
unique direction (about 200°) was observed for
all the low-frequency phases.

6. Particle motion pattern

We studied the particle motion pattern at the
three component stations of the array for the
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best recorded events for each of the three class-
es. The three components of the ground motion
were rotated in the direction of the projection of
the wave vector to the surface, obtained by the
array analysis. For each seismic event, we fixed
the wave vector solution with maximum coher-
ence. In this way we obtained the radial and the
transversal component. The main evidence is
that the particle motion pattern for the first phase
(high frequency) of hybrids is strongly rectilin-
ear in the vertical direction. As this phase comes
to the array with a high apparent velocity (see
fig. 7), indicating an incidence close to the nor-
mal to the horizontal plane, this phase can be
interpreted as a P-wave (see fig. 11a). As shown
in the same figure, the transverse-radial particle
motion plot shows no clear phases with particle

Distribution of back-azimuths

Hybrid events

high frequency
low frequency

Long-period
events

Tremor

high frequency [
low frequency

Fig. 10. Distribution of back-azimuths for the three
analysed types of events for high and low frequency.
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motion normal to the wave vector in the time
window corresponding to the arrival of the high
frequency wave train for hybrids. This indicates
the absence of shear waves. The particle motion
pattern for the secondary long period phase
which characterises the hybrid events (fig. 11b)
shows that this phase contains no clear parti-
cle motion in the transversal direction. This ex-
cludes a predominant S-wave (or Love) compo-
sition for this phase. Due to the mixed character
of the particle motion pattern and to the low
value of the apparent velocity measured at the
array for those phases, in agreement with the
typical values of the surface wave velocity, we
make the hypothesis that this low-frequency
phase is mainly composed of Rayleigh-waves.

The tremor samples, filtered at low frequen-
cy (fig. 11c), are characterised by a complex
particle motion pattern, similar to that found for
the low-frequency phase of the hybrids. At high
frequency (fig. 11d), the tremor shows some

correlated arrivals, as already shown. The parti-
cle motion patterns for the correlated arrivals
are composed of wave packets characterised by
a highly linear particle motion, lasting from 0.5
to 2.5 s, possibly P-waves. Particle motions with
a clear transversal direction (shear wave phases)
were never observed inside these wave packets.
It is noteworthy that the hybrid high-frequency
initial phases and the high-frequency phases of
the tremor samples share a similar particle mo-
tion pattern. Moreover the low-frequency events
show the same particle motion characteristics as
the low-frequency phase in the hybrids and trem-
or. Due to the low number of 3D stations (3)
available, it was impossible to apply array polar-
isation techniques to the present data. A check of
the results obtained using the simple particle
motion pattern analysis was performed on some
selected data, calculating the rectilinearity param-
eter from the covariance matrix (Montalbetti and
Kanasevich, 1970), obtaining comparable results.
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7. Discussion

The main evidence from the array analysis
carried out on the volcanic events at Deception
Island can be summarised as follows:

1) Three main classes of events with appar-
ently different waveforms were recorded: hy-
brids, long-period and tremor.

2) Coherent P-wave pulses with peak fre-
quency around 4-8 Hz in the first phase of the
hybrid events and inside the tremor wave train
were observed.

3) No clear S-wave pulses in any of the three
classes of events were observed.

4) The back-azimuths measured for the well
correlated low-frequency phases of hybrids, low-
frequency events, and tremors are all in the
same S-E quadrant. Moreover their particle
motion pattern is in agreement with a surface
wave composition.

5) A group of hybrid events show the first
phase which shares the same back-azimuth and
slowness pattern as the high frequency phases
for a group of tremor events.

6) The high frequency phases for the tremor
and for the hybrid events show different back
azimuth and slowness than the low-frequency
phases inside the same seismogram.

7) Sometimes a high frequency phase, sim-
ilar to that of hybrids but with smaller ampli-
tude, is recorded at the beginning of the long
period events.

The above evidence can be interpreted, in a
speculative way, in terms of a source related to
the presence of the shallow aquifer which pre-
sumably is in contact with high temperature
rocks. In such a situation water and steam may
stay in a ordinary situation of stable thermody-
namical equilibrium. When the weather chang-
es from the Antarctic winter to the spring, giv-
ing rise to an increase in the water volume into
the aquifer, due to the thaw, the equilibrium can
be locally altered. The thaw occurs quite rapidly
in Deception Island, and in a time interval not
longer than some weeks, the sea water of the
bay thawed completely, as observed by many
people surveying the zone in that time period.

The shallow cracks filled by water may be
the cause of the volcanic shocks recorded at
Deception. The mechanism could be the crack
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resonance (Chouet, 1992) excited inside the
crack by the exploding or imploding bubbles of
steam (Lu ez al., 1990). Reaching new equilib-
rium states could be accompanied by sudden
phase changes from liquid water to vapour, giv-
ing rise to the crack resonance phenomena, which
could occur clustered in time (tremor) or isolat-
ed (hybrids).

This kind of crack resonance has been mod-
elled by Chouet (1986, 1992) and Morrissey
and Chouet (1997). The model is based on ex-
perimental observations of long-period events
and tremor. The long-period events are consid-
ered a sort of impulse response of the complex
tremor generating system. The crack waves are
dispersive and their spectral shape depends on
many parameters such as crack geometry, the
bulk modules of the fluid which permeates the
crack, the solid rigidity and the crack thickness.
Itis a difficult task to invert from the spectra the
dynamical crack parameters without a good
knowledge of the spatial position and orienta-
tion of the crack with respect to the recording
array, as in Deception. The crack model is in
good agreement with the experimental observa-
tions: the high frequency phase, observed at the
beginning of the hybrids and sometimes of the
long-period events, can be related to the trigger-
ing phenomena (the phase change) which excite
the crack resonance.

It is noteworthy that the model is not unique.
A buried explosion (in the aquifer) would pro-
duce in fact strong compressional waves at the
source together with Rayleigh waves at the dis-
continuities, mainly at the surface. This hypoth-
esis is also in agreement with the observations
carried out for hybrids and tremor events at
Deception Island. In fact both show distinct
compressional phases followed by long period
Rayleigh type wave-trains. The tremor could be
viewed as a superposition of hybrid events, each
produced by an explosion in the aquifer. The
long period events, as already described, are
proceeded by an high frequency phase, charac-
terised by low amplitudes, of the order of those
of the pre-event noise. This last could be inter-
preted, in this alternative model, in the same way
for tremor and for hybrids, by a sudden explo-
sion (or implosion) in the shallowest layers. The
higher attenuation present in the surface could
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be responsible for the observed lower ampli-
tude, which, in some cases, could be equal to or
lower than that of the background noise. In this
case we would observe the low-frequency events.

This two alternative interpretations are at
moment only qualitative, and a more quantita-
tive approach to synthesise the waveforms of
the recorded signals is in progress.

Difficult to explain is the different back-azi-
muth measured for the high and low frequency
phase of the hybrid events and tremor. One
possibility is to make the hypothesis of a very
heterogeneous medium with highly dispersive
and attenuative shallow materials and strong
lateral heterogeneity. In such a medium the phase
at high frequency could be laterally refracted,
travelling along a path of lower attenuation, and
arriving at the array site with back-azimuth and
slowness different from that of the low-frequen-
cy phase. We are planning an experiment to
better constrain the source position in order to
better interpret this experimental evidence.
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