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Seismovolcanic signals at Deception Island volcano, Antarctica:

Wave field analysis and source modeling

Jestuis M. Ibafiez, 1.2 Edoardo Del Pezzo,3 Javier Almendros,!-4 Mario La Rocca,35

Gerardo Alguacil,1-2 Ramoén Ortiz,6 and Alicia Garcia®

Abstract. The seismovolcanic signals associated with the volcanic activity of Deception Island
(Antarctica), recorded during three Antarctic summers (1994-1995, 1995-1996 and 1996-1997),
are analyzed using a dense small-aperture (500 m) seismic array. The visual and spectral
classification of the seismic events shows the existence of long-period and hybrid isolated seismic
events, and of low-frequency, quasi-monochromatic and spasmodic continuous tremors. All
spectra have the highest amplitudes in the frequency band between 1 and 4 Hz, while hybrids and
spasmodic tremors have also significant amplitudes in the high-frequency band (4-10 Hz). The
array analysis indicates that almost all the well-correlated low-frequency signals share similar
array parameters (slowness and back azimuth) and have the same source area, close to the array
site. The polarization analysis shows that phases at high-frequency are mostly composed of P
waves, and those phases dominated by low frequencies can be interpreted as surface waves. No
clear shear waves are evidenced. From the energy evaluation, we have found that the reduced
displacement values for surface and body waves are confined in a narrow interval. Volcano-
tectonic seismicity is located close to the array, at a depth shallower than 1 km. The wave-field
properties of the seismovolcanic signals allow us to assume a unique source model, a shallow
resonating fluid-filled crack system at a depth of some hundreds of meters. All of the seismic
activity is interpreted as the response of a reasonably stable stationary geothermal process. The
differences observed in the back azimuth between low and high frequencies are a near-field effect.
A few episodes of the degassification process in an open conduit were observed and modeled with

a simple organ pipe.

1. Introduction

Deception Island is a volcanic island located at 62°59°S and
60°41°W, northeast of the Antarctic Peninsula (Figure 1). It is
considered to be the main active volcano of the back arc basin of
the Bransfield Strait [Baker et al., 1975; Baker, 1990]. Its last
eruption took place in 1970. Several works focused on the study
of the seismic activity of Deception Island have been carried out
in the last 10 years. First studies were done analyzing data
recorded by a seismic network composed of five vertical-
component sensors with a 12 bit data acquisition system [e.g.,
Vila et al., 1992, 1995] during three Antarctic summer surveys
(1989-1991). They provide an epicentral map of the seismic
activity and interpret some typical volcanic tremors as associated
with a mechanism of degassification of an aquifer in contact with
hot materials. Correig et al. [1997] statistically analyzed the
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same set of data with a nonlinear approach, suggesting a
qualitative source model for the seismic activity, based on the
interaction of water and hot materials. Ortiz et al. [1997]
presented a brief description of the seismic surveys carried out in
Deception Island from 1986 to 1994. These authors reported the
occurrence of volcano-tectonic (VT), long-period (LP), and
volcanic tremor events. Moreover, they described the main
characteristics of an intense seismic swarm that took place in the
period January-February 1992, with the occurrence of felt VT
and tremor events and hundreds of LP events per day. These
authors related the signal amplitude variation with the time of the
seismic signals to an anomalous gravity change that occurred
during the swarm. They proposed three possible qualitative
models to explain this observation: (1) density variation in an
aquifer, (2) an increase of the heat transfer from the magmatic
body to the aquifer, (3) a deep magmatic intrusion. The existence
of deep seismic events in the area and a volcano-magnetic effect
support the idea of a deep magmatic injection.

The field experience, provided by all the above cited surveys,
shows that on average the energy of the seismovolcanic signals
recorded since 1988 at Deception volcano is low, with the
existence of low-magnitude tectonic and volcanic events. A
small-aperture seismic antenna was set up close to the summer
Spanish Base “Gabriel de Castilla” (Figure 2) during the
Antarctic summer field surveys of 1994-1995, 1995-1996, and
1996-1997, with the main aim of tracking the seismovolcanic
source. The use of seismic antennas allows us to obtain a
complete analysis of the seismic wave field, giving useful
information on the nature of the volcanic tremor and of the long-
period events that usually characterize the volcano seismicity.
Preliminary reports about these array-recorded data [dlguacil et
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Figure 1. Map of the Deception Island region, showing regional tectonics, geographical position in the South

Shetland Islands, main topographic features, historical eruptions, and thermal and fumarolic fields.
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Figure 2. Location and configuration of the seismic antennas used in the three field experiments. Triangles mark
the location of vertical seismometers (Mark L25B), squares mark the position of 3-D Mark L-4C stations, and
dots show the broadband station site, used in the first survey. At the bottom of the figure, the beam-pattern

resolution of both configurations is shown at 2 Hz.

al., 1999] confirmed the existence of VT, LP, and sustained
tremor events with a location close to the array area. First
analyses [Almendros et al., 1997] show that some volcanic
tremor episodes are generated by the multiple occurrences of
low-energy LP events and report the presence of intermediate
depth (30-120 km) and shallow earthquakes (0-30 km) in the area
[Ibdriez et al., 1997a). Almendros et al. [1999] introduced a
modification of the zero lag cross-correlation technique taking
into account the circular geometry of the incoming wave fronts.
Using this technique, they determined the epicentral coordinates
of a subset of seismovolcanic long-period events, which occurred
close to the array.

Array data analyses in slowness space, combined with the
evaluation of the polarization properties of the wave field,
increase the level of information that is usually obtained from
conventional seismic networks. The use of dense and small

aperture seismic antennas allows one, in fact, to track (spatially
and temporally) the source of the sustained tremor and long-
period events, even in the case of very emergent first onset. Many
studies have been carried out with this aim at different volcanoes,
such as Stromboli [Chouet et al., 1997; Saccorotti et al., 1998],
Kilauea [Ferrazzini et al., 1991; Goldstein and Chouet, 1994],
Teide [Del Pezzo et al., 1997; Almendros et al., 2000] Masaya
[Metaxian et al, 1997], or Deception Island {/bdAez et al.,
1997b; Almendros et al., 1997].

The aim of the present study is to improve our understanding of
the seismovolcanic processes occurring at the Deception Island
volcano, using the complete set of data recorded during the
Antarctic field surveys in which the small-aperture array has been
in operation (1994-1997). We first classify the seismic events on
the basis of their spectral properties, without taking into account
the source processes involved. Then we investigate the properties
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of the wave field generated by the different types of seismic
events using array and polarization techniques, in order to
estimate their energy, back azimuth, apparent slowness, and wave
composition. The results are interpreted in terms of a fluid-filled
resonant crack excited by a pressure step.

2. Geology and Eruptive History

Deception, Bridgeman, and Penguin Islands are the three main
active volcanic islands in the South Shetland Islands and
Antarctic Peninsula. Their geodynamics is typical of a rift
framework (the Bransfield Rift; see Figure 1 for details).
Deception Island is located astride a Quaternary marginal basin-
spreading center in the Bransfield strait [Smellie, 1988], which
separates the South Shetland Islands from the Antarctic
Peninsula. Deception is a horseshoe-shaped volcano with a
submerged basal diameter of 25 km and a 15 km diameter of the
emerged structure. The known eruptions took place in 1842,
1967, 1969, and 1970; two eruptions (1912 and 1917) have been
dated with great uncertainty [Gonzdlez-Ferrdn, 1995; De Rosa et
al., 1995]. During the 1969 eruption, two permanent bases of the
island were destroyed (Chilean by pyroclastic flows and British
by a surge). Roobol [1979] provides a partial reconstruction of
the eruptive history of Deception from 1829, including other
possible eruptions. An important eruption that occurred in the
17th century was deduced by the ice record in James Ross Island,
200 km from Deception [Aristarain and Delmas, 1998]. They
deduced that probably this eruption had been the largest one on
the island in the last 350 years. Casertano [1967] provides an
interesting report of the geological and geophysical features
before the 1969 eruption. During eruptions, at least in the last
100 years, a limited amount of magma and volatile materials is
produced, with a duration from a few hours to several days. The
primary style of eruption is Strombolian, which ends with
viscous lava flows, as in 1969. Another style is phreatomagmatic,
which occurred, for instance, in the 1970 eruption. A map of the
site of the main eruptions and the most important geological
features is reported in Figure 1.

Petrologic and volcanological studies [Smellie, 1988, 1989;
Smellie et al., 1988] suggest the presence of a caldera structure,
which resulted from the collapse of several preexisting volcanic
structures [Hawkes, 1961] or from a central stratovolcano
[Gonzalez-Ferrdn and Katsui, 1970; Baker et al., 1975]. An
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important feature of Deception is the presence of many shallow
aquifers, deduced by the observed hydrothermal alteration
[Marti and Baraldo, 1990] and by the study of the chemical
composition of fumaroles and thermal springs [Martini and
Giannini, 1988]. These authors infer from thermodynamic
considerations that temperatures of 600°C can be reached at a
depth of a few kilometers.

Fumarolic emissions and thermal springs are located on the
principal fracture crossing the island in a NE-SW direction
(Fumarole Bay to Pendulum Cove). The maximum temperature
(110°C) of the emission is registered in Fumarole Bay. Other
minor emissions are in Telefon and Whalers Bays. The highest
ground surface temperature is 130°C in Cerro Caliente (Figure 1).

3. Field Surveys and Instruments

During the austral summers of 1994-1997, three field surveys
were carried out deploying a dense short-period seismic antenna.
The seismic antenna was set up near the Spanish Base (Figure 2).
In the first survey the array was composed of 10 vertical and
three three-dimensional (3-D) secismometers. In the other two
experiments, 15 vertical and three 3-D seismometers were
deployed. The vertical seismometers were Mark L25, with a
natural frequency at 4.5 Hz. Their response was electronically
extended to 1 Hz. The 3-D seismometers were Mark L-4C with a
natural frequency of 1 Hz and electronically extended to 0.1 Hz.
In the 1994-1995 experiment, one of the 3-D stations was a
Guralp CMG-3 broadband with a flat response between 0.033
and 50 Hz. In Figure 3 we show the overall response curve of the
equalized sensors which were pre-amplified at the same level.
The preamplifier output is balanced so that the signal is sent
undisturbed via twisted pair cables to the data acquisition system,
one for each module. Three of such modules composed the whole
seismic antenna. Each data acquisition module is composed of an
eight channel anti-alias Butterworth multipole filter at 48 Hz; a
multiplexer that samples each of the eight channels every 5 ms
and a 16 bit A/D converter.

The internal clock is synchronized by GPS time every second,
and the sampling rate used is 200 samples per second. The
control of each module and the storage of the data are done by a
portable PC. The triggering algorithm is based on the STA/LTA
ratio. Station Cartesian coordinates were measured with
differential GPS positioning. The reference system has the y axis
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Figure 3. Overall response curve of the equalized sensors used in this work.



IBANEZ ET AL.: SEISMOVOLCANIC SIGNALS AT DECEPTION ISLAND

oriented toward the north and the x axis toward the east (Figure
2). The array resolution (at 2 Hz) for both configurations used in
the present work is reported also in Figure 2. During the 1994-
1995 survey a seismic station with continuous recording on paper
drum, placed near the Spanish Base, was used for monitoring. In
the 1995-1996 and 1996-1997 surveys this station was replaced
by a digital, continuously recording PC system.

4, Data Description and Spectral Analysis

In the three field surveys, carried out at Deception Island, the
seismic antennas recorded thousands of seismic events. From the
whole data set we selected the seismic events that triggered at
least two array modules. The daily number of these seismic
events during the three periods of observation (the seasons
between December and February 1994-1995, 1995-1996 and
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1996-1997), is reported in Figure 4. As can be observed, the
temporal occurrence is not homogeneous either within the
different years or within the same surveys. The seismicity
appears clustered in time, with a cluster duration not greater than
5 days. The maximum number of triggers per day took place
during the seismic swarm of February 5-9, 1996. We have to
point out that during the three surveys analyzed in the present
work no visible eruptions occurred in the island.

Seismic records were visually inspected on a computer screen
and classified, based on their seismogram shape and on their S-P
delay, in regional or local earthquakes, long-period events, or
tremor. Inside the long-period event group we could distinguish
between purc long-period and hybrid events, following the
scheme given by Lahr et. al. [1994]. A clear high-frequency and
short-duration phase, preceding the arrival of a monochromatic
low-frequency  signal, characterizes the hybrid event
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Figure 4. Daily number of triggered events during the three periods of observation. Dashed lines represent the
lower limit used to consider the occurrence of a seismic swarm (30 events/day). The dominant type of volcanic

events at every seismic swarm is indicated.
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seismograms. After this preliminary visual classification, which
is not based on considerations about the source process, we once
again reviewed the whole data set with the aid of the spectrogram
technique. We divided the digital seismograms into a series of
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2.56-s windows (512 samples). The start time of each window
was shifted by 256 samples. The spectrum of the ground velocity
was evaluated for each window and contoured for the frequency
range 0-25 Hz and for the whole duration of the seismogram.

4.1. Regional and Local Earthquakes

The earthquakes with S-P time shorter than 3 s were initially
called local earthquakes, because they are located inside the
volcanic island. They are characterized by impulsive direct P and
S arrivals and by a very broad spectral content, extended up to 30
Hz (Figure 5). A rapid attenuation of the high-frequency peak
amplitude with lapse time is clearly observable on the
spectrogram. Impulsive P and S direct arrivals characterize the
regional earthquakes. Their S-P time is greater than 3 s and their
spectral content is broad, ranging between 1 to more than 20 Hz
for the direct arrivals.

4.2. Long-Period Events

4.2.1. Pure long-period events. The seismogram envelope for
this set of events is fuse-shaped, with a duration between 10 and
60 s. They show a very emergent arrival and an almost pure
monochromatic content (Figure 6). Some of these events are
preceded by a low-energy and high-frequency phase with a very
low signal-to-noise ratio, similar to those described by Ferrazzini
and Aki [1992]. Three subsets of events can be distinguished
according to their predominant spectral peak, LP1, LP2, and LP3,
respectively, at 1-2 Hz, 2-3 Hz, and 3-5 Hz. The LP1 events
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Figure 6. Examples of velocity seismograms and array-averaged spectrograms for (a) LP3 event, (b) LP2 event,

and (c) LP1 event.
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Figure 7. Examples of velocity seismograms and array-averaged spectrograms for (a) impulsive hybrid and (b)

emergent hybrid.

show duration longer than 30 s; LP2 events have the smallest
duration (around 10 s). LP1 and LP2 occur in seismic swarms
while LP3 events are isolated in time. It can be observed that LP1
and LP2 seismic swarms presented a high number of events per
hour in the continuous recording monitor (in some cases more
than 100 per hour). Sometimes, this high occurrence rate makes
difficult to distinguish between long-period events and volcanic
tremor.

4.2.2. Hybrid events. These signals are characterized by an
initial high-frequency phase, with a short duration (less than 5 s)
followed by a monochromatic signal identical to that of the long-
period events (Figure 7). The spectral content of the first phase is
broad, from 1 to 12 Hz. The first phase is sometimes
characterized by an impulsive, rich of high-frequency and short-
duration first onset (impulsive hybrids), and sometimes by a
more emergent first onset and longer duration, so-called
emergent hybrids (Figure 7). The impulsive hybrids normally
take place isolated in time, while the emergent hybrids occur
clustered in time. The spectra for both types of hybrid show two
predominant frequency bands, 1-3 and 4-8 Hz. The total duration
of these events ranges between 30 and 60 s.

4.3. Volcanic Tremor

The presence of volcanic tremor in Deception Island can be
clearly recognized on the monitor of the continuous recording
station. Because of the limitation of the trigger system of the
array, we could only record a maximum of 150 s of signal.
During intense tremor episodes, several records 150 s long,
which triggered the array recording system, permitted us to
sample the evolution of the activity. We observed three kinds of
volcanic tremors according to their spectral features (Figure 8).

The first kind of tremor (the low-frequency tremor) is a low-
frequency signal with a spectral peak between 1 and 2 Hz. The
second kind of tremor (the spasmodic tremor) shows a very
rough envelope, and a broader spectral content, with at least two
predominant frequency bands, one between 2 and 3 Hz and the
other between 4 and 8 Hz, the same bands observed for hybrids.
The last kind of volcanic tremor (the quasi-monochromatic
tremor) is characterized by a quasi-monochromatic high-energy
signal peaked around 3 Hz, with the sporadic presence of
secondary peaks (Figure 8). The occurrence of this type of tremor
was not so frequent in the three surveys, as that for LP3 events.

4.4. Ice Quakes

Because of the presence of glaciers in Deception Island we
recorded seismic events, produced by glacier ruptures, classified
as ice quake events. We have recognized the ice-quakes in the
data set by comparing them with the signals recorded in
Livingston Island (Figure 1), where a seismic array with the same
characteristics as that used in the present work was deployed
[Ibdriez et al., 1997b]. The ice quakes are characterized by a short
duration, less than 10 s, and high-frequency content (up to 20
Hz). Visually, we observed a very high attenuation of the signal
across the array and a slow apparent velocity. We believe that a
few events of this kind could be included in our data set due to an
error in classification, but this contamination should be small,
affecting the data set in an insignificant way.

5. Properties of Event Clusters

The main part of the seismovolcanic activity recorded at
Deception Island occurred as seismic swarms. In this section we
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Figure 8. Examples of velocity seismograms and array-averaged spectrograms for (a) quasi-monochromatic
tremor, (b) spasmodic tremor, and (c) low-frequency tremor.

describe the properties of three typical clusters, one of them
composed basically of LP1 events and low-frequency tremor, the
second one of hybrids and spasmodic tremors, and the last one of
single pure long-period events. We have considered as seismic
swarms those clusters of seismicity in which the daily number of
events was greater than 30. The most important characteristic of
the seismic activity of each cluster is the homogeneity of event
type and spectral shape. The seismic activity recorded during the
1996-1997 survey was so weak that we cannot identify any clear
cluster of events.

5.1. LP1 Events and Low-Frequency Tremor

The first type of seismic swarm is composed of LP1 events
occurring so frequently that they form an episode of low-
frequency tremor (Figure 9a). During experiment 5, swarms of
this type were recorded (see Figure 4). The spectrograms
calculated along the tremor episode show a stable spectral shape
picked at a 1-3 Hz frequency band (Figure 9b). In the same figure
we show three examples of array-averaged spectra calculated at
three different time intervals during the same episode (Figure 9¢).
The only difference between them is the amplitude, while the
main peaks remain stable in frequency and in bandwidth.

5.2. Emergent Hybrids and Spasmodic Tremor

The spasmodic tremor has a broader frequency content in
comparison to the low-frequency tremor (Figure 10a). Often, this
tremor appears as a sequence of isolated emergent hybrid events.
We recorded three episodes of this type during the experiments
(see Figure 4). This tremor is characterized by at least two
predominant frequency bands, one at low-frequency (1-3 Hz) and
the other at frequencies between 4 and 8 Hz. The array-averaged
spectra, evaluated at three different time periods (separated by
one day), once again show stability of the predominant frequency
band (Figure 10).

5.3. Long-Period Seismic Swarm

This type of swarm is characterized by the clustering of both
LP1 and LP2 events. This kind of clustering has the highest
number of events per day, reaching up to 150 triggered events
per day, and more than 100 events per hour for the February 5-9,
1996, swarm. Five episodes of this kind were recorded during the
surveys. The spectral peak for LP1 and LP2 events is almost
constant during the whole swarm.
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Figure 9. Example of an LP1 and low-frequency tremor episode. (a) Three hours of continuous recording. (b)
Example of a 150-s-long velocity seismogram and array-averaged spectrogram of a low-frequency tremor. (©)

Three array-averaged spectra of tremor samples showing the stability of the spectral peaks.
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Figure 10. Example of a hybrid and spasmodic tremor episode. (a) Three hours of continuous recording. (b)
Example of a 150-s-long velocity seismogram and array-averaged spectrogram of spasmodic tremor. (¢) Three
array-averaged spectra of tremor samples showing the stability of the spectral peaks. The time interval between
samples is around 1 day.

6. Array Analysis: Source Location and Extent to measure the slowness and back azimuth of the whole recorded
signals from the preevent seismic noise until the end of the wave
6.1. Array Method packet for successive time windows. A detailed discussion of

methodology and error estimation for this technique is described
In this work we used the so-called zero lag cross-correlation by Del Pezzo et al. {1997}. Almendros et al. [1999] introduced
(hereinafter referred to as ZLCC) technique [Frankel et al., 1991]  the circular wave-front approximation to this technique in order
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to estimate the epicentral distance for seismic sources close to the
array. The method used works in the time domain and has the
following advantages, over the array techniques based on the
Fourier analysis: it permits us to track the evolution of the source
when the signal duration is short and the results are less sensitive
to the window duration. [A/mendros et al., 1999]. However, this
method needs more computer time than other methods and is not
selective to multiple sources.
The cross-correlation function is defined by

R (1) = <A1 A (t+7)>> 4)]

where 4;(t) is the seismogram at the station j, and angle brackets
indicate the time average. If 7 {k is the time delay between stations

J and k, then R;jx will reach a maximum when the traces are
shifted by 7. If we calculate the normalized average of Ry, R,
over all the poss1ble pairs of stations

1 X jlz (Tjk ) (2)

k= 2 * R, O)R, (0)

then this function R will take the maximum value when all the
trace couples are shifted by 7jk. Values of zj; can be expressed as
a function of the apparent slowness vector components (Sy, Sy)
in Cartesian coordinates. In the case of a planar wave front
incoming to the array,

Tk =|S|[(xj _xk)smd)+(yj_yk)cosq)]’ 3)

where

Is|=/s7+57, @

and @ is the back-azimuth epicenter-seismic array, given by

S
tg® = =%, ()
Vs

Y
In the case of a circular wave-front incoming to the array

Ty ='S| [ \/(xk - Dsin <I>)2+ (yk —Dcosdl)2

- J(xj - Dsin d>)2+(yj —Dcos<I:')2 ] , (©6)

where D is the epicentral distance. The problem of finding the $
vector, which best fits the experimental data, is solved using a
grid search in the parameter space. The slowness components
(Sx, Sy) are allowed to range over an interval where we are sure
that the solutions lie, using a grid step (ASX, ASy) For each step,
a set of 7y is evaluated, and the quantity R is calculated. In the
case of circular wave fronts the grid is threedimensional
(Sx,Sy,D). The maximum averaged cross correlation (MACC)
leads to the best estimate of the solution vector.

We used the following procedure to analyze the data: First, we
selected the most energetic frequency band after a visual
inspection of the spectra. For each frequency band we filtered the
seismograms using a zero phase shift, four poles, and a
Butterworth bandpass filter. LP events, monochromatic tremors,
and volcano-tectonic earthquakes were filtered in a unique band,
centered at the main spectral peak, while spasmodic tremors and
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Table 1. Parameters Used in the ZLCC Procedure

Frequency Band Length Duration Sinax AS
(Hz) (samples) (s) (s/km) (s/km)
1.0-2.0 300 1.5 4 0.08
1.0-2.5;1.0-3.5 200 1 4 0.08
2.0-35 160 0.8 4 0.08
3.0-6.0 100 0.5 1 0.02
4.0-8.0; 6.0-10.0 80 04 1 0.02

Smax 18 the grid size; AS is the gnid search step.

hybrids were filtered in two bands centered around the two main
frequency peaks. We used a moving time window with a duration
that depended on the frequency band used in the filtering process.
This window was selected in order to contain approximately two
periods of the signal in each window. The time window is shifted
each step with an overlap of 50%, and the ZLCC technique was
applied each time step, initially in the planar wave front
approximation. For VT earthquakes the analysis was restricted to
only the first P-wave impulse, while for the other volcanic
signals, the method was applied to the whole seismogram in
order to put in evidence possible persistent sources, as already
observed in other volcanic areas. We did not analyze ice quakes
with this technique because of their lack of coherence across the
array, due to their high dominant frequency and low propagation
velocity. As the ZLCC technique is based on a grid search on all
the possible values of the apparent slowness vector, we restricted
the grid search to a range of values depending on the frequency
band. By using information derived from a preliminary analysis
of the apparent slowness, we selected the grid maximum and grid
spacing of 4 and 0.08 s/km, respectively, for the frequency bands
below 3.5 Hz and 1 and 0.02 s/’km for higher frequency bands. In
Table 1 we report the parameters used in the array analysis.

6.2. Local Earthquake Source Location

Twenty earthquakes with S-P time ranging from 1.3 to 3.0 s
were analyzed to estimate the hypocentral location. First, the
array parameters (apparent slowness and back azimuth) were
estimated applying the ZLCC array analysis to the first P-wave
pulse. We analyzed these earthquakes in the 4-8 Hz frequency
band, corresponding to the maximum spectral power, in order to
avoid any possible influence from background volcanic signal or
other noise source. After that, we back traced the ray through the
velocity models reported in Table 2 and used the S-P time to fix
depth and epicentral distance. In Table 3 we report array
parameter, distance, and focal depth for each earthquake. The
epicentral map, in which the focal depth is marked, is plotted in
Figure 11. These 20 earthquakes have been located inside the
Deception volcano area at a depth shallower than 1 km. We
consider them to be the brittle response of the medium to the
volcanic processes of the island, and for this reason, we classified

Table 2. Velocity Structure for Deception Island

Z (km) Vp (kmv/s) Vp/Vs
0.02 0.5 1.43
0.57 1.5 1.60
1.41 1.8 1.65
6.0 4.5 1.73
12.0 6.0 1.73

© 8.0 1.73

Z, depth of every soil shell. Vp, P-wave velocity.
Vs, S-wave velocity.
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Table 3. Location of the Volcano-Tectonic Earthquakes

Number Survey Name Back-azimuth Apparent slowness S-P time (s) Distance Depth  MACC
CN) (s/km) (km) (km)
1 95-96 0430423 28 0.39 1.6 2 1.0 0.65
2 95-96 0461637 284 0.38 2.1 25 1.0 0.64
3 95-96 0470147 351 0.24 1.3 1 10 0.71
4 96-97 3450641 188 0.29 1.5 1.3 1 0.57
5 96-97 3521638 187 035 1.5 1.7 1 0.54
6 96-97 3522106 184 0.31 3.0 29 1 0.59
7 96-97 3530010 184 0.28 2.6 23 1 0.54
8 96-97 3582037 188 0.35 1.8 2.0 1 0.75
9 96-97 0010423 178 033 1.3 1.4 1 0.87
10 96-97 0010429 178 0.35 24 2.6 1 0.83
11 96-97 0010714 169 023 1.7 1.2 1 0.70
12 96-97 0092112 309 0.13 1.7 4.6 7 0.67
13 96-97 0092120 297 0.16 1.7 5.4 6 0.79
14 96-97 0111920 172 028 1.7 1.5 1 0.72
15 96-97 0260142 192 0.30 2.2 2.1 1 0.77
16 96-97 0281222 178 0.29 1.7 1.6 1 0.61
17 96-97 0341603 47 0.18 1.6 4.1 4 0.96
18 96-97 0350549a 183 0.34 1.8 20 1.0 0.73
19 96-97 0350549b 180 028 1.4 1.2 1.0 0.79
20 96-97 0461421 7 0.16 2.7 11 8.0 0.89

them as volcano tectonic (VT) earthquakes. It is noteworthy to
observe (Figure 11) the evident spatial clustering of VT
carthquakes, aligned in the north-south direction, suggesting the
presence of an active shallow fracture system near the array site.

6.3. LP, Hybrid, and Tremor Source Location

The ZLCC analysis applied to LP events shows (1) an almost
constant MACC value (Figure 12) along the signals, between 0.5

Figure 11. Epicentral map for the volcano-tectonic earthquakes
reported in Table 3, plotted with different symbols according to
the focal depth. Diamonds represent earthquakes with focal depth
shallower than 5 km. Circles are earthquakes with focal depth
between 5 and 15 km.

and 0.7 (the maximum possible value is 1). (2) In many cases the
preevent noise is correlated, with the same apparent slowness and
back azimuth as the seismic events but with smaller MACC
value. (3) For LP1 events a regular variation of the apparent
slowness along the signal is observed. The apparent slowness
value has an initial slow increase, from 1 to 2 s/km, and then it
returns to 1 s/lkm (Figure 12). (4)) The average apparent slowness
for LP1 and LP2 types is 1.5 s/km and of 0.3 s/km for LP3 events
(Figure 13). (5) A stable back azimuth, independent of the
spectral content for LP1, LP2, and LP3, centered around 200°N
(Figure 13).

For hybrid events the ZLCC analysis was applied after
bandpass filtering of 1-2 and 4-8 Hz (Table 1). The results
(Figures 14 and 15) show (1) in the low-frequency band the
pattern of MACC value, back azimuth, and apparent slowness is
the same as that described for LP1 and LP2 events. (2) At high-
frequency the highest MACC values are close to 1; the time
duration of the well-correlated phases is short (mostly less than 2
s) although well-correlated signals for intervals as long as 5 s
were also observed, as shown in Figure 14. (3) The apparent
slowness of the high-frequency signals is lower than 0.5 s/’km
and in some cases lower than 0.2 s/lkm. The corresponding low-
frequency phase, which follows the high-frequency arrivals,
shows apparent slowness higher than 1 s/km. (4) In the majority
of the solutions, there is a discrepancy between the back-azimuth
solution for the high-frequency and the low-frequency phases, as
reported in Figure 15.

The same analysis was applied to the quasi-monochromatic
volcanic tremor showing the following features (Figure 16a) (1)
the tremor starts with a phase with a low apparent slowness
(around 0.2 s/km) similar to that observed for hybrids. (2) During
the monochromatic sustained phase of the tremor the MACC
values are low (between 0.4 and 0.5), indicating a low correlation
of the waveforms among the array stations, with an apparent
slowness of around 2 s/km but in some cases close to 4 s/km. (3)
The average observed back-azimuth direction is around 180°,
similar to that observed for LP events (Figure 17).

The low-frequency tremor (Figure 16b) shows the same results
observed in the analysis of the LP1 and LP2 events, with very
high MACC values, close to 0.9. Observing the Figure, we point
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Figure 12. Examples of the solutions obtained using the zero lag
cross correlation (ZLCC) method in the planar wave-front
approximation for long-period events. (a) LP1 events, (b) LP2
events, and (¢) LP3 events. Arrow directions represent the back
azimuth and arrow size the maximum average cross correlation
(MACC) value. An arrow marking the north, with MACC value
equal to 1, is plotted in every example.

out the striking regularity of the well-correlated solutions along
the signal, indicating the presence of a sustained volcanic tremor
source.

The analysis of the spasmodic tremor has been performed again
in both frequency bands, high and low. The main characteristic of
the solutions, in both frequency bands, is the strong similarity
with those obtained for the hybrids (Figure 16¢). A similar result
was obtained by Almendros et al. [1997], who analyzed a subset
of the present data. It is noteworthy that solutions for the high-
and low-frequency bands are different. At low-frequency, MACC
values remain high and constant along the signal, similar to the
patterns observed for the low-frequency-analyzed signals. At
high-frequency, the high MACC values appear suddenly several
times along the signal, coincident with the arrival of high-
frequency wave packets and therefore with high-frequency burst

13,917

in the spectrogram of the tremor. This observation indicates that
the high-frequency signal source is discrete in time, while the
source of the low-frequency signals seems to be sustained in
time.

To obtain an estimation of the epicentral distance, we applied
the circular wavefront approximation (relationship 6) to a subset
of data. A portion of all the different event groups that contain
low-frequency phases composes this subset; it was selected from
the best signal-to-noise ratio. Array solutions of these events
show a high apparent slowness, compatible with the hypothesis
of surface waves incoming to the array. Results show that the
main part of the selected events is located close to the array site,
between 500 and 2000 m. Figure 18a plots the epicentral
distribution for LP1 and LP2 events, showing that LP2 events
have a seismic source closer to the array than LP1. In Figure 18b
we plot the solutions for LP events, hybrids, and tremors. It is
clearly observable that there are two spatial clusters of solutions,
the first coincident with the LP2 source area and the second
located at a larger distance. It is noteworthy that volcano-tectonic
earthquakes and long-period events share a similar epicentral
region, located toward the south and close to the array site.
Volcano-tectonic earthquakes are located toward the southemn
border of the LP source area. Taking into account that the
azimuth error derived from the ZLCC method is around 10°, VT
and LP source locations are very similar.

7. Polarization Analysis

To perform this analysis, we used data recorded by the
broadband sensor (Figure 2). We used this instrument because it
has a flat response between 0.033 and 50 Hz and therefore we
can apply our analysis over a broad frequency range.

7.1. Particle Motion

The E-W and N-S components were rotated in the horizontal
plane into radial and transverse components, using the source-
array direction obtained from the array analysis. Then, rotated
seismograms were filtered at the same frequency bands used in
the array analysis: LP and monochromatic tremor at low-
frequency, hybrids and spasmodic tremor at both high and low
frequencies (see Table 1). An example of the results obtained
from this analysis is shown in Figures 19 and 20 for long-period,
hybrid, and spasmodic tremor events. The particle motion pattern
was studied in the same window length used for the ZLCC
analysis, sliding in time along the highest-energy portion of the
seismogram. Long-period events (LP1 and LP2) and the low-
frequency tremor show a complex particle motion, without
depicting any particular pattern that could be associated with the
presence of body wave packets. The high-frequency phases of the
hybrid events show a clear P-wave composition with no evidence
of shear waves; the successive low-frequency phases show the
same complex pattern observed for long-period events. The high-
frequency wave packets composing the spasmodic tremor show
an almost vertical particle motion pattern, compatible with
compressional waves. The low-frequency phases of this kind of
tremor show the same complex pattern observed for the low-
frequency part of all the other events. The array analyses show
that these waves (for LP events and tremor), due to their low
apparent velocity at a low-frequency band, are compatible to
surface waves. Contrary to other volcanic areas such as Etna
[Seid! and Hellweg, 1991; Bianco et al., 1996] or Stromboli [De!
Pezzo et al., 1992; Chouet et al., 1997], where particle motion
analysis indicated clearly the type of surface waves recorded, the
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results obtained for the low-frequency signals at Deception Island
are very complex, and such a pattern is not observable. Therefore
we cannot identify the type of surface waves we recorded.

7.2. Covariance Matrix

We applied a polarization analysis in the time domain, using
the covariance matrix technique [Kanasewich, 1981], to a subset
of data recorded by the broadband station, in order to quantify
better and to check the particle motion analysis. In the Appendix
we report a resume of this technique.

First of all, we tested the method on a well-recorded local
earthquake (S-P=4.2 s) with clearly visible P and S waves.
Results of this test are shown in Figure 21a, where the duration
of pure P and S direct waves turn out to be not longer than 0.5 s.
The application of the covariance matrix method to the low-
frequency signals, for whatever type of event, confirms the
observation done with the particle motion analysis: a complex
surface wave pattern, with no clear wave polarization. On the
contrary, the analysis of the high-frequency wave packets
composing hybrids and tremor shows the presence of clear P-
wave arrivals (Figure 21) and the absence of clear S waves. In
several analyzed events the duration of the pure P waves are
longer than a few seconds, with a maximum duration of 5 s
(Figure 2Ic). In some cases a clear multiple arrival of pure P
waves is visible along the signal (Figure 21b).

8. Energy Evaluation

In recent years it is common [e.g. Gil Cruz and Chouet, 1997]
to report volcanic signal amplitudes in terms of a normalized
displacement amplitude known as reduced displacement (D).
This parameter is defined as the amplitude of the volcanic signal,
corrected for the geometrical spreading and instrument response.
In the case of surface waves the reduced displacement can be
expressed as [Aki et al., 1977; Aki and Koyanagi, 1981; Fehler,
1983]

D=U, i, )

where A is the wavelength,  is the source-receiver distance, and

U,ps is the rms of the ground displacement. For shallow sources

the seismic moment rate for the volcanic tremor is given by
[Fehler, 1983]

M, =6x10"D, 8)

There is a similar expression proposed by Aki and Koyanagi
[1981] for body wave arrivals

D=U,, R, ©)

where R is the hypocentral distance. This relationship is useful in
the study of deep sources for which body wave contribution is
dominant.

We apply these formulas to the seismic events recorded in the
1995-96 survey to obtain an estimation of the energy involved in
the source processes. This survey contains the greatest number of
events and clusters of the three experiments. The polarization
analysis has indicated that for the most part a mixing of different
types of surface waves compose all the observed low-frequency
wave trains. Therefore the relationships (7) and (8) were applied
to the low-frequency component of the volcanic signals, i.e., the
whole signal in the case of long-period events and tremor, and
the low-frequency wave trains for hybrids and spasmodic tremor.
The circular wave-front approximation has provided an
estimation of the epicentral distance between source and array. In
the present analysis we used the average distance of r = 1 km. In
Figure 22a we report the individual and cumulative seismic
moment for isolated volcanic events. As it can be observed,
sudden steps are related to the occurrence of seismic swarms and
not to single high-energy shocks. Because of the trigger mode
recording of the seismic array we cannot estimate the real
duration of the tremor episodes and therefore their seismic
moment. If we compare only the seismic moment rate,
proportional to the reduced displacement (Figure 22b), we obtain
a very similar pattern for every type of event. The reduced
displacement ranges from 1 to 9 cmZ, and the average value is
close to 2 cm2. The greatest reduced displacements are measured
for events belonging to long-period seismic swarms. The
uniformity of the reduced displacement values reveals the time
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Figure 16. Same as Figure 12 for (a) quasi-monochromatic tremor, (b) low-frequency tremor, and (c) spasmodic
tremor. This last kind of volcanic tremor was analyzed in the high- and low-frequency bands.



IBANEZ ET AL.: SEISMOVOLCANIC SIGNALS AT DECEPTION ISLAND 13,921
200 i A -
2 low frequency high frequency
200
0\ » ( quasi-monochromatic
0 | SN
0 1 2 3 4
200
0 A 800
BT
o v
/7 ¥/
4 g
// I," 600 | low frequency
/ / =
v 1’ |
/ 400 !
II |
/ i
,/’ 200 i l '
/ ‘r i
SR 0 1 2 3 4
200
400
0 /-' ;
\}/7‘[; 200 o spasmodic
£ A
) Wl
0 1 2 3 4

back-azimuth distribution

apparent slowness (s/km)

Figure 17. Same as Figure 13 for volcanic tremors. Low-frequency solutions are shaded, and high-frequency

solutions are white.

stationarity in the source energy release, the source processes.
There is an important relationship between the stationarity of
these source processes, the invariance of the spectral properties
and the stability of the hypocentral solutions.

For body waves we used relationship (9) with a distance of R =
1.5 km, assuming a depth of 1 km. We analyzed only the first
high-frequency phase of the hybrid events. Figure 22¢ shows the
reduced displacements for the hybrids indicating that impulsive
hybrids have higher reduced displacement than the emergent
ones. In any case, the average values are similar to those obtained
at low-frequency.

9. Discussion
9.1. Summary of Experimental Evidences

The visual and spectral classification of the seismic events at
Deception volcano shows the existence of long period and hybrid
isolated seismic events and of low-frequency, quasi-
monochromatic and spasmodic continuous tremors. All spectra
have the highest amplitudes in the frequency band between 1 and
4 Hz, while hybrids and spasmodic tremors have also significant
amplitudes in the high-frequency band (4 — 10 Hz).

There are two different types of spectral behavior in the low-
frequency band. The most common corresponds to a series of

nonregularly spaced peaks, while the second shows regularly
spaced harmonics of a fundamental peak. In the first group we
distinguish two subsets that are differentiated by the spectral
band where the main peaks appear and can be associated with the
spectra of LP1 and LP2. The spectral pattern at frequencies
below 4 Hz for hybrids, low-frequency tremor, and spasmodic
tremor can always be associated with one of them. The second
group is represented by the LP3 spectra and incorporates also the
quasi-monochromatic tremor.

The array analysis indicates that almost all the well-correlated
low-frequency signals share similar array parameters (slowness
and back azimuth). The average back azimuth is around 200°N,
and the average slowness is around 1.5 s/km, with a gradual
increase of the apparent slowness along the signals from 1 to 2
s’/km. The ZLCC technique, applied with the hypothesis of a
circular wave front incident to the array, gives an estimate of the
source position for the low-frequency phases of hybrids and for
the long-period events. Results show that all the seismic events
have the same source area, close to the array site. At high-
frequency the observed apparent slowness for well-correlated
solutions is confined in the 0.2 - 0.5 s/km interval, and their back
azimuth does not coincide with the back azimuth estimated for
the low-frequency phases of the same event.

The polarization analysis shows that the first phase of hybrids
and spasmodic tremors is mostly composed of P waves, followed
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by a second phase that can be interpreted as composed of surface
waves. No clear shear waves are evidenced by the polarization
analysis. Sometimes the high-frequency first phase of hybrids is
composed of multiple P-wave phases. In the case of spasmodic
tremors and hybrids, several high-frequency P-wave arrivals are
observed to be distributed along the signal. Therefore the first
phase comes to the array with a low apparent slowness,
indicating that the high-frequency source is not located in the
proximity of the surface. The corresponding low-frequency phase
is shallow and close to the array. Since the existence of two

IBANEZ ET AL.: SEISMOVOLCANIC SIGNALS AT DECEPTION ISLAND

sources scparate in space and closely related in time is not
reasonable, we prefer to hypothesize the existence of a unique
source that produces both effects.

From the energy evaluation, we have found that the reduced
displacement values for surface and body waves are confined to a
narrow interval, suggesting that there is uniformity in time in the
source processes, regardless of the type of seismovolcanic event.

VT seismicity is located close to the array at a depth shallower
than 1 km and is distributed in a north-south direction. This
activity shares the same epicentral region as the volcanic events
and suggests the presence of an active shallow fracture system
close to the same region where the other seismovolcanic signals
are located.

From spectral, frequency slowness, and polarization analyses,
we can deduce that spasmodic tremor is generated by the
occurrence of dense swarms of hybrid events, while the low-
frequency tremor is the superposition of dense swarms of long-
period events. Single events and tremors share the same spectral
properties, array solutions, and polarization properties that appear
together during the seismic swarms. Several authors have made
similar interpretations of the composition of the volcanic tremor
on other volcanoes, including Seidl and Hellweg [1991] at Etna
by polarization analysis, Chouet [1996] at Kilauea, and Gil Cruz
and Chouet [1997] at Galeras volcano.

9.2, Conceptual Model of Seismovolcanic Source

The source model for the seismovolcanic signals at Deception
Island should explain all the experimental evidences summarized
above, taking into account the geological characteristics of the
region which suggest the presence of a widely spread aquifer and
the existence of hot materials close to the surface. To obtain this
possible source model, first it is necessary to establish if the
spectral characteristics observed are path or source effect. We
recorded also very local earthquakes (VT seismicity). These
earthquakes did not show any predominant peak in the 1-4 Hz
frequency band. Therefore it seems to be clear to assume that the
low-frequency contain observed in the spectra of the
seismovolcanic signals is due to a source effect.

We can imagine two possible source models to explain the
generation of the events belonging to the first spectral group
(spectra with nonregularly spaced peaks). In the first model, a
sudden phase change in the aquifer, coming in contact with hot
rocks, produces a high-frequency wave train, while the low-
frequency wave trains are generated by trapped surface waves in
the layered shallow structure. In the second model, a sudden
pressure step occurring at a depth in a fluid-filled crack put the
crack itself in auto oscillation. We assume the presence of a crack
due to the nonregularity of the low-frequency peaks. A two- or
three-dimensional source model is necessary to explain these
spectral characteristics. The high-frequency signal is produced at
depth by the pressure step, and the low-frequency is produced by
the crack auto oscillation.

In the first model, a deep explosive source, we cannot easily
explain either the different back azimuth between high- and low-
frequency coherent arrivals or the high amplitude of the low-
frequency wave trains. Moreover, we would expect the presence
of Rayleigh waves to be more energetic than those observed
through the polarization analysis.

In the second model (Figure 23), the phase change occurs
underneath the array site (as inferred by the low apparent
slowness) and produces a resonance of a fluid-filled crack. The
high-frequency waves are produced by the phase change
occurring at any position along the lower edge of the crack. The
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Figure 19. Particle motion plots for a long-period event using the broadband records. This study was performed
along the most energetic portion of the seismogram, with the same window length used for the ZLCC analysis.

low-frequency waves are generated by the resonance of the
whole crack and then will have approximately the same back
azimuth for any event, depending on the spatial orientation of the
crack. The differences between the back azimuth observed for
low and high-frequency is thus a perspective effect due to the
vicinity of an extended crack system. This hypothesis is
confirmed observing Figure 23b. It shows the solutions in the
apparent slowness plane for three hybrid events recorded on
Deception Island. The back azimuths indicated by these solutions
in high and low frequencies can be sketched by sources a, b, and
¢ of Figure 23a. Only the arrivals from source b (body and
surface waves) share the same back azimuth. However, both a
and ¢ show differences between the back azimuth of the body and
the surface waves, due to the projection on the horizontal plane.
The increasing trend of the apparent slowness observed in the
low-frequency trains would be explained assuming that the crack
resonance activation propagates toward the surface. The complex
low-frequency wave pattern is due to the mixed contribution of
P, SV, and SH waves radiated by the source (according to the
model developed by Chouet [1986, 1988, 1992]) and to the
generation of surface waves in the multiple-layered structure of
the island, composed of frozen soil and different volcanic shells.
This conceptual model could provide a unique source
mechanism for long period and hybrid events and for low-
frequency and spasmodic tremors. The different spectra can be
associated with different crack dimensions and properties.
Assuming the model developed by Chouet [1992], the different
energy of the initial high-frequency wave trains of the signals is
explained by different risetime function of the pressure pulse,
which triggers the oscillation of the fluid-filled crack. When the
risetime is sharp, we observe the highest energy of the high-
frequency waves. A smooth variation of the risetime function
will change the high-frequency contribution to the spectrum,
producing the different types of signals. When the pressure step

appears isolated, the duration of this first phase is short. In the
case of multiple activation of the source, we record first phases as
long as 5 s. Pressure steps repeated for several minutes or hours
produce the volcanic tremor. In the present source model, the
seismic events that are classified as hybrids, based on their
spectral properties, do not represent a fracture producing the
crack opening, accompanied by its resonance (as described by
Lahr et al. [1994], for Redoubt volcano). The so-called hybrid
events at the Deception volcano share the same source
mechanism as the long-period events. We have to point out that
this conceptual model of single crack as shown in Figure 23 is an
oversimplification and that reality may be a complex crack
system with different sizes and orientations.

LP3 events and quasi-monochromatic tremor, due to their
spectral properties, can be explained by a different mechanism,
consisting of the resonance of an organ pipe conduit [Chouet,
1985; Ferrazzini and Aki, 1992]. In this case, the peaks of the
spectra are overtones of the fundamental frequency (Figure 24).
This spectral pattern reveals that in the source process a
dimension of the source is dominant over the other two, and a
pipe source model would be enough.

9.3. Quantification of Source Model

Three kinds of geometry have been investigated in theoretical
studies of the resonance and elastic radiation from a fluid-filled
body in a volcano. These are the fluid-filled sphere [Crosson and
Bame, 1985], pipe [Chouet, 1985] and crack [4ki et al., 1977,
Chouet, 1986, 1988, 1992]. On the basis of the fact that the
spectral peaks of the seismovolcanic activity of the LP1 and LP2
types are not equally spaced, we selected the rectangular crack
model of Chouet [1992] to calculate the source dimensions and
properties. For the LP3 type, where the spectral peaks are natural
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harmonics of a fundamental peak, we will consider the organ
pipe model.

9.3.1. Fluid-Driven Crack Model. The fluid-driven crack
model considers the resonance of a fluid-filled crack as the
source for long-period volcanic activity [Chouet, 1986, 1988,
1992]. Using the finite difference method, Chouet [1986]
obtained the response of a fluid-filled crack to an impulsive
pressure transient by simultaneously solving the equations of
elastodynamics in the solid and the equations for mass and
momentum transfer in the fluid. The crack geometry and the
physical properties of the fluid and solid fix the frequencies of
the modes of the crack wave. The relative excitation of these
modes depends on the position and characteristics of the pressure
transient, and the boundary conditions for fluid flow at the crack
perimeter. In Chouet’s analysis the crack aperture is much
smaller than the seismic wavelengths of interest, and the fluid
dynamics in the fracture are treated as being two-dimensional.
Chouet [1986] found that the resonant periods of the fluid-filled

crack are much longer than those expected from acoustic
resonance because of the presence of a slow wave, which he
called the crack wave. This wave is always slower than the
acoustic speed of the fluid and inversely dispersive, showing a
strong decrease in wave speed with increasing wavelengths.
Chouet [1986, 1992] has investigated the dispersion
characteristics of the crack wave. The relationship between the
phase velocity of the crack wave V and the dimensionless
wavelength AL=A/L=2/n (n=2 3 .) (where L is cracklength)
is a decreasing curve parameterized by the crack stiffness (C), an
important parameter controlling the speed of the crack wave, and
defined as [4ki et al., 1977; Chouet, 1986]

(10

where & is the bulk modulus of the fluid, 4 is the rigidity of the
solid, and L and d are the crack length and aperture, respectively.
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figure. See text for details.

In Chouet’s calculations the width-to-length ratio, W/L, is fixed
to 0.5. As noted by Ferrazzini et al. [1990], the dependence of
the dispersion characteristics on the value of W/L is small and
will not be considered in our discussion.

9.3.2. Crack dimensions. The first step to constrain the
dimensions of the seismovolcanic LP1 and LP2 sources is to
determine the frequency of the spectral peaks observed in the
spectra. We stacked the array-averaged spectra of 24 LP1 and
low-frequency tremor samples and 32 LP2 events and selected

eight peaks, shown in Table 4. The second step is to check
whether the observed distribution of spectral peaks is compatible
with the modes of resonance of a fluid-filled crack. On the basis
of the geological observations we assumed that our source is a
crack filled with water containing a small gas volume fraction,
due to the shallowness of the source and the existence of
fumarolic systems in the area.. Thus the parameters of the model
are supposed to be v¢=1.5 km/s, VfO.S km/s, Pg=2.5 g/cm3, and
PFL0 g/cm3 [Nakano et al., 1998]. If we suppose that the Lamé
constants are equal, then
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whose value is 0.13, in the range calculated by Chouet in his
model. Then, using the crack wave dispersion curves V(Al), we
calculated the frequency of the corresponding spectral peaks for a
certain crack geometry by

V(AL
LA,

f(AL)= » (12)

The best fit between the calculated frequencies and the
appearance of peaks in the data spectra (Figure 24) is obtained
for the crack dimensions shown in Table 5. The results show that
the LP1 events are compatible with a crack 150 m long and the
LP2 events with a crack 70 m long.

9.3.3. Quasi-monochromatic tremor source. As described
above, LP3 events and quasi-monochromatic tremor are
characterized by a dominant peak followed by its harmonics up
to order 8 (Figure 25). This spectral pattern is a clear source
effect, because it is observed only for these kinds of events. As
mentioned previously, the simplest model that can fit this kind of
observation is a degassing process in an open cylindrical conduit,

Table 4. Frequencies of Main
Peaks Observed in the LP1 and

LP2 Spectra
LPI (Hz) LP2 (Hz)
0.2 0.3
0.5 0.8
0.8 1.5
1.1 1.7
1.3 1.9
1.5 23
1.9 - 2.7
2.1 3.3

IBANEZ ET AL.: SEISMOVOLCANIC SIGNALS AT DECEPTION ISLAND

Table 5. Crack Dimensions and

Stiffness
LP1 LP2
L (m) 150 70
W (m) 120 50
d (cm) 10 2
C 200 500

L, length; W, width; d, aperture;
C, crack stiffness.

for which the length is much greater than the radius, as observed
in other volcanoes such as Galeras [Gil Cruz and Chouet, 1997].
With this simple assumption the length of the resonator, L, can be
estimated from the relationship

f={z, (13)

where c is the sound speed in the fluid that fills the pipe, and fis
the frequency of the fundamental peak. If we assume a
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Figure 25. (top) Example of the spectral velocity amplitude of a
10.24 s portion (marked d in the middle figure) of a 150 s sample
of quasi-monochromatic tremor. Numbers represent the
frequency of the main peaks. (middle) Evolution of the
fundamental peak frequency along a tremor episode. (bottom)
Evolution of the quality factor of the fundamental peak.
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reasonable value for the acoustic velocity in the fluid equal to 0.5
km/s, which corresponds to a bubbly water with a temperature of
200°C, pressure of 2.5 Mpa, and gas/water volume fraction of 1
% and use the first value of the frequency of the fundamental
peak at 2.6 Hz, we obtain a value for the pipe length of around
100 m. If we assume that the pipe is filled only by gas, instead of
the gas-water mixture, the sound speed should be smaller, which
provides a shorter resonator. As reported in Figure 25, in some
cases a time variation of the frequency of the fundamental peak is
observed along the tremor signal. The peak value ranges between
2.6 Hz at the beginning of the tremor and 2.1 Hz at the end of it.
The quality factor associated with these peaks seems to remain
stable, around 17 (see Figure 25). A variation of the acoustic
properties of the fluid that fills up the conduit and/or a change of
the crack dimension could produce the decrease of the frequency
of the fundamental peak. Since this variation of the frequency
takes place during the same tremor episode, it is more reasonable
to assume a variation of the acoustic properties of the fluid. In
this case we deduce a decrease of the sound speed between 0.5
km/s at the beginning of the tremor to close to 0.4 km/s at the
end, a decrease of around 20%. This change of the properties of
the fluid could be related to the change of the gas/water ratio
inside the pipe, and/or a depressurization of the gas during the
tremor episode. For example, following Kumagai and Chouet,
fixing the pressure and temperature at 2.5 Mpa and 200°C,
respectively, this decrease of the sound speed would represent an
increase of the gas/water ratio between the initial 1% to a value
close to 2%. )

Although the array analysis of these types of events (LP3 and
quasi-monochromatic tremor) provided a source direction similar
to those observed for the other volcanic events, the accuracy of
the solutions of these types of volcanic events and the absence of
evidences in surface of both cracks and pipes do not permit us to
relate directly both source mechanisms.

10. Conclusions

Mainly volcano-tectonic earthquakes and volcanic events
(long-period events and volcanic tremor) compose the analyzed
seismic activity of the Deception Island volcano. VT seismicity
evidences the presence of a crack system aligned north-south,
located close to the site of the seismic antenna. LP events and
volcanic tremor share the same source area. The volcanic tremor
appears to be composed of the temporal overlapping of single
long-period events. The typical signature of the pure volcanic
signals is dominated by an initial high-frequency P wave
followed by a complex mixture of low-frequency surface waves.
Some events (named hybrids) show a very energetic high-
frequency first phase. The wave-field properties of the
seismovolcanic signals are compatible with the existence of a
shallow fluid-filled crack system at a depth of some hundreds of
meters. The differences observed in the back azimuth between
low and high frequencies are interpreted as the near-field effect,
in association to the resonance of a nonvertical crack. This near-
field effect permits us also to observe the evolution of the
resonance phenomena. A few episodes of the degassification
process in an open conduit were observed and modeled with a
simple organ pipe resonator, obtaining a similar linear dimension
of the cracks to those obtained above.

The seismic activity recorded at Deception Island between
1994 and 1997 is compatible with some of the geological and
geophysical features (the existence of several fracture systems, a
shallow aquifer, and hot materials at shallow depth) of the island,
as the response of a reasonably stable stationary geothermal
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process. The model and observations provide a background
information that will be useful for the correct interpretation of the
future evolution of the volcanic activity of the island.

Appendix: Covariance Matrix

The covariance matrix in the time domain is defined by
[Jurkevics, 1988]

N
1 ks k
S;, =§kZAiA- , (A1)
=1

where 4; and 4; are two orthogonal components of the same 3-D
station. Both indices ¢ and j (1, 2, 3) correspond to x, y and z
components (or east-west, north-south, and vertical respectively).
In the following we refer to the eigenvalues having the order
relation 47 2 A3 2 A3 and to the corresponding eigenvectors as
vj. We compute the particle motion rectilinearity by
RL=1-P2th (A2)
24,
RL takes values between 0 (spherical motion) and 1 (rectilinear
motion). We define the polarization vector P as a vector having
the same direction of the eigenvector V;, vertical component
positive (i.e., above the Earth surface), and unitary modulus
(Figure Al). The angle between P and the z axis is named B We
use the unitary wave vector k, whose horizontal components are
obtained through the array analysis. The vertical component of ¥
is computed by the incidence angle &, being & = arcsin(s v)
where s is the apparent slowness obtained by the array analysis
and v is fixed at 1 km/s, derived from the model reported in Table
Al, averaging the velocity in the shallowest layers. The angles ¥
(between P and k) and ¥ (between the projection of P on the x-y
plane and north) are then computed through dot products. All of
these parameters are needed to distinguish between different
kinds of waves.

The analysis described above works well with direct P waves,
but for secondary waves, there is a problem in the estimation of
@ because the different types of waves have different velocities.
For this reason we compute two wave vectors k,, and k., the

Figure Al. Representation of the polarization and wave vectors
discussed in the covariance matrix analysis.



13,930

Table Al.Covariance Matrix Parameters Expected for
Different Type of Seismic Waves

Seismic Wave RL B Y Y-
P 1 o 0° 0°
S 1 _ 90° _
SV 1 90°-at 90° 0°
SH 1 90° 90° 90°
Rayleigh ~0.5 0° 90° 0°
Love 1 90° 90° 90°

RL, rectilinearity; B, the angle between polarization
vector and z axis; y, angle between polarization and
wave vectors; y-@, explained in Figure Al.

former using the P-wave velocity v,=v and the latter using the S-
wave velocity vg=v//.73. Consequently, we estimate two values
of the incidence angle, ap and &, and two values of 7, }’p, and %.
Once both angles (7, and ;) are estimated for both wave
velocities (vp and vy), if the incoming wave is a true P wave, )
should be close to 0° and % could have any value. If the
incoming wave were a true S or other type of wave, then ) could
have any value, and ¥; should be close to 90°. When we calculate
the average (7p+7g)/2, if it is less than 45°, we are observing a
predominant P-wave arrival (¥ = ) and k = ",,), otherwise we are
observing an S-wave or surface wave arrivals (¥ = 75 and k=k)
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