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with eruptive activity at Bromo volcano
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Abstract

Three broadband stations were deployed on Bromo volcano, Indonesia, from September to December 1995. The
analysis of the seismograms shows that the signals produced by the volcanic sources cover the frequency range
from at least 25 Hz down to periods of several minutes and underlines, therefore, the importance of broadband
recordings. Frequency analysis reveals that the signal can be divided into four domains. In the traditional frequency
range of volcanic tremor (1-10 Hz) sharp transitions between two distinct values of the tremor amplitude can be
observed. Additional tremor signal including frequencies from 10 to 20 Hz could be found during late November
and early December. Throughout the whole experiment signals with periods of some hundred seconds were
observed which are interpreted as ground tilts. For these long-period signals a particle motion analysis was
performed in order to estimate the source location. Depth and radius can be estimated when the source is modelled
as a sudden pressure change in a sphere. The fourth frequency range lies between 0.1 and 1 Hz and is dominated
by two spectral peaks which are due to marine microseism. The phase velocity and the direction of wave propagation
of these signals could be determined using the tripartite-method.

Key words volcanic tremor — broadband seis- Generally the spectra of volcanic tremor are
mology dominanted by frequencies around 1-10 Hz. On
many volcanoes (among others Semeru, Lascar,

1. Introduction Galeras) harmonic tremor could be observed.
The spectra in those consist of a few sharp peaks

Although Mt. Bromo has frequently been at frequencies which are integer multiples of a
active in historical times with 50 known erup- fundamental frequency. They can be found in-
tions since 1804 (Wunderman et al., 1995a), it dependently of the recordmg site and must, th.ere—
has only rarely been the subject of scientific for@, be produced by resonating sources (Schlind-
investigations. After a decade of quiescence it wein ef al., 1995; Benoit and McNutt, 1.997) :
started being active again in March 1995 and On other volcanoes (for exa“.‘Pl? S'tromboh). the
showed a period of even stronger activity start- narrow peaks observed at individual stations
ing in September 1995 with major ash cloud and even components are mainly d.om_mated by
eruptions. The eruptive activity was accompa- path effects. Summing up the amplitude-spectra
nied by high tremor activity (Wunderman ez al., recorded at many different sites results in a
1995b) superimposed by signals with periods of broad.bulge with no notable single peak fre-
some hundred seconds. quencies (Mohnen and Schick, 1996). The shape

of this bulge though is due to the volcanic source.

Volcanic tremor has been investigated for

Mailine address: Dr. Ellen Gottschi Geoohvsik many years, but due to the lack of broadband
lsches Institut der Universiit Karlsrune, Hertzstrac 16, {1cid-seismometers the investigations have al-
76187 Karlsruhe, Germany; e-mail: ego@ gpiwap4.physik. ways been restricted to the frequency band above
uni-karlsruhe.de 1 Hz. Recently, investigation of volcanic shocks
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could be combined with investigation of low
frequency volcanic signals as shown for Strom-
boli (Dreier et al., 1994; Neuberg et al., 1994;
Wielandt and Forbriger, 1999; Kirchdorfer,
1999). On Bromo, volcanic tremor was accom-
panied by long-period signals.

A review of different types of volcanic
tremors and theories of volcanic tremor source
dynamics can be found in McNutt (1994) and
in other articles in this volume.

2. Seismic experiment

From September to December 1995 three
seismic stations (LAW, RID, CUT) were de-
ployed on Bromo volcano which is part of the
chain of active volcanoes on Java. Mt. Bromo
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Fig. 1. Sketchmap showing the positions of the
stations (*) at Mts. Bromo and Semeru.
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itself is a small pyroclastic cone with a wide
crater (700 m in diameter) and the only volcano
active within the 7-km-diameter Tengger Cal-
dera. The seismic stations were deployed close
to the crater at a distance of approximately 0. 5
to 1.5 km from the crater rim. Two more stations
(JOW, LEK) were set up at Semeru volcano,
about 20 km south of Bromo. Figure 1 shows all
station locations. Each of the seismic stations
consisted of a GURALP CMG 3T broadband-
seismometer (3 components) buried in the
ground at depths of approximately 1 m and a
Lennartz MARS-88 data acquistition system
with a sampling frequency of 62.5 Hz. The re-
sulting response is flat with respect to ground
velocity from 0.0083 Hz (120 s period) to 25 Hz
after application of an anti-aliasing filter. All
stations were equipped with a GPS time signal
receiver. At Mt. Bromo the stations recorded
continuously from September 21 to December
13 accumulating up to 15 Gbytes of data. This
study however focuses on the analysis of data
from six days for Bromo stations and one day for
Semeru stations only. The experiment has been
carried out jointly by the Volcanological Survey
of Indonesia, Bandung, the University of Leeds,
U.K., the University of Grenoble, France and the
University of Stuttgart, Germany.

3. The data

During the recording period Bromo showed
high but intermittent eruptive activity accompa-
nied by volcanic tremor. The most striking fea-
tures were frequent and quick transitions be-
tween periods of high and low amplitude. It
appears that the tremor source is stochastically
switching between two phases or states: phase
A with amplitudes higher by factors of about 4
than amplitudes during phase B.

The length of the periods in phases A and B
varies from several minutes to several days and
the transition between the two phases happens
within one or two minutes. The transitions were
found on all stations and components at the
same time. Figure 2 shows a typical seismo-
gram from October 27, with the amplitude cor-
responding to ground velocity in the passband
of the system. Phases A and B can be easily
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Fig. 2. Broadband velocity-seismogram for October 27, Station RID, Z-Component. One (race shows the
registration of one hour. The top trace starts at midnight UT (7 a.m. local time). High tremor amplitudes (phase
A) alternate with low amplitudes (phase B). The transitions between the two phases take only a few rminutes.
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Fig. 3. Same as fig. 2 for December 4, 1995. Low tremor amplitudes (phase C) alternate with high amplitudes
(phase D). The transitions between the two phases take about 10-20 min.
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distinguished. While on the seismometers sig-
nals of phase A were recorded, the activity of
Mt. Bromo was dominated by ash cloud erup-
tions (J. Neuberg, personal communication,
1996). During phase B only steam emissions
could be seen.

A second type of tremor could be found only
during late November and early December. It
also consists of a phase with high and a phase
with low amplitude. The transistions between
the two phases however take about 10 to 20 min.
This tremor also differs with respect to the spec-
tral content from the tremor signals described
above. The two phases are therefore called phase
C and phase D (fig. 3).

Superimposed on the tremor, long-period
signals could be observed. On December 04 the
amplitudes of these signals on the horizontal

components are as large as + 10™ m/s (fig. 4).
On the vertical components the long-period
signals are about 100 times smaller (fig. 3).
In October and November the amplitudes of
the long-period signals show values of only
+ 1-2-107 m/s on the vertical components, and
can therefore not be seen without filtering (as in
fig. 2) .

The frequency range between 0.1 and 1 Hz is
dominated by signals produced by marine micro-
seisms. The signals are continuous for a period
of at least some days and add therefore a con-
stant value to the amplitude of the seismogram
in fig. 2). Only when analysing the frequency
content of the seismic signal can they be detected.

Consequently, the seismic signals recorded
at Mt. Bromo can be split up into four groups
according to their frequency content and will be
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Fig. 4. Long-period signals on the velocity seismogram of December 4, 10-11 UT, Station LAW, E-Component.
The velocity seismogram (unfiltered seismogram on top) is composed of long-period signals (bottom, low-pass
0.04 Hz) superimposed on an increasing tremor amplitude (middle, high-pass 0.04 Hz). The transition from
phase C to phase D occurs more slowly (within 10 to 20 min) during the appearance of long period signals.
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Fig. 5. Comparison of amplitude spectra for phase A (October 26, 20-21 UT, top) and phase B (October 15,
18-19 UT, bottom), Station RID, E-Component. The plotted values are running averages over 20 raw points. In
the tremor frequency range the shape of the spectra is similar, however, the amplitude is much smaller during
phase B. The peak near 0.2 Hz corresponds to the marine microseism.

analysed within the four different frequency
ranges. These are, first, the traditional tremor in
the frequency range from 1-10 Hz, secondly the
two regions of high amplitudes around 0.15 Hz
and 0.3-0.4 Hz, then, the long-period volcanic
signals mainly recorded on the horizontal com-
ponents, and, finally, the high frequency tremor
in a range above 10 Hz.

4. Data analysis

4.1. Traditional tremor range — frequencies
from 1-10 Hz

We first focus on tremor signals which are
part of the frequency range from 1-10 Hz, as
they could be observed during the whole re-
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cording period. In the seismogram two distinct
phases can be identified: phase A with high
tremor amplitudes and phase B with low ampli-
tudes.

When analysing the frequency content it can
be seen that the spectrum of phase A is pre-
dominated by the typical tremor frequencies
from 1-10 Hz with amplitudes corresponding to
velocities up to 7-10° m/s. The spectrum of
phase B shows lower amplitudes in this partic-
ular frequency range corresponding to veloci-
ties up to 1.7 - 10° m/s (fig. 5) .

Generally, in the frequency domain the trem-
or on Mt. Bromo can be described as a broad
bulge of several Hz bandwidth with a center fre-
quency around 4-5 Hz. These tremor signals can
be observed both during phases A and B, even
though in the latter case the total amount of ener-
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gy emitted is much smaller and the amplitudes,
therefore, are approximately four times lower.

Since the shape of the spectrum in this fre-
quency range is the same, the different behav-
iour during those two phases is probably not
caused by a completely different source mech-
anism but just by a decreasing source intensity.

Superimposed on the broad bulge are small
narrow peaks which, for each single recording
site and independent of the signal amplitude,
are stable for the whole recording period. Nev-
ertheless these peaks cannot be found consist-
ently at every station. This leads to the suspi-
cion that they are not significant for the source,
but depend on the recording site and its subsoil.
A summation of the amplitude spectra however,
as it was performed for Stromboli (Mohnen and
Schick, 1996), does not smoothen the spectrum
notably, because the number of different record-
ing sites in this experiment is too small.

Even though the transitions between the two
phases A and B take only a few minutes they are
not sharp enough to allow the determination of
arrival times at single stations. The tremor gen-
erally shows no significant wave forms (Neu-
berg and Wahyudi, 1991). Neither can the time-
differences be determined by a cross-correla-
tion, because the distance between the single

stations is too small to obtain reasonable results.
Particle motion analysis does not indicate any
prefered direction of polarization which makes
it impossible to determine the direction of the
arriving waves. However, an attempt can be
made to determine the tremor source, using
amplitude information of at least three stations
(Gottschammer, submitted to JVGR, 1998). In-
dependent of the phase (A or B), the tremor
source (indicated by dots calculated for differ-
ent time periods) is located in the north-western
part of the crater (fig. 6) .

During some days around mid November a
single peak could be observed at 1.25 Hz in
addition to the tremor activity. Figure 7 shows
amplitude-spectra from stations LAW, RID and
CUT recorded at November 16, 10-11 UT. The
outstanding peak at 1.25 Hz can be found on all
three stations for several days. Figure 8 shows
amplitude spectra for the Z, N and E-compo-
nent recorded at the same time on station LAW.
The peak is present on all three components and
had also been observed with 1-Hz-seismome-
ters in March and early September 1995 (Trias-
tuty, 1997). This peak was only found during
high amplitude tremor (phase A) and was possi-
bly generated by resonances of a magma or gas
filled dike or crack (Dahm, 1991).
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Fig. 6. Sketchmap of the crater region showing the positions of the tremor sources calculated from amplitudes
for different time windows each with the length of one hour. The source locations are indicated by dots.
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Bromo. Station LAW, E-Component

Frequency in Hz
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Fig. 9. Spectrograms for December 4, Stations LAW, E-Companent (top) and LEK, E-Component (bottom).
Apart from the microseism ridge at around 0.15 Hz a band around 0.3-0.4 Hz calls for attention, This band slowly
decreases its center frequency and broadens towards the end of the day. Note that both bands have similar amplitudes
near both volcanoes. The vertical streaks in both spectrograms behave differently. They are caused by volcanic
shocks at the two volcanoes (Gottschiimmer, 1998).
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4.2. Marine microseism — frequency range
from 0.1-1 Hz

This frequency range is dominated by ma-
rine microseism. Figure 9 shows on top a spec-
trogram from December 04 (station LAW, E-
component) where two ridges of high spectral
amplitudes attract attention. One of the ridges is
found between 0.3 and 0.4 Hz on all stations
and components. During this day the center
frequency of this band decreases from 0.37 Hz
to 0.32 Hz and the band gets broader. Compar-
ing the signal with data from Mt. Semeru from
the same time period, it can clearly be seen that
this signal is present there as well (fig. 9, bot-
tom) having approximately the same amplitude.

If the signal was emitted by either one of the
two volcanoes the signal amplitude would have
to be much higher on the spectrograms from
this particular volcano. The similar values of the
amplitudes on both spectrograms lead to the
conclusion that the distance to the source is
approximately the same for all stations.

Below this broad ridge a narrower one can
be seen at around 0.15 Hz. This latter ridge is
composed of frequencies typical for marine
microseism. For this ridge the center frequency
slowly increases. Furthermore it is notable that
the marine microseism could be recorded dur-
ing the whole recording time, whereas the sig-
nal at around 0.3-0.4 Hz only occured during
some days around December 04 and October
26. Nevertheless, the fact that the signal has a
period of about 3 s makes it likely that it is
caused by a different source of sea-microseism.

Especially when estimating the direction of
wave propagation this becomes obvious. For
the investigation the signals recorded at the sta-
tions LAW and RID (Bromo) and LEK and
JOW (Semeru) were band-pass filtered between
0.22-0.5 Hz and afterwards cross-correlated with
one another. The cross-correlations show well
defined peaks at certain time delays T apparent- F1E-
ure 10 shows the cross-correlation of the signals
recorded at stations LEK and RID. The time
difference has been estimated graphically after
calculating the envelope using a Hilbert trans-
form (fig. 10, bottom). In this case the estimated
time-difference amounts to 16 s with the signal
arriving first at station LEK. For the cross-cor-

473

L L L . L L L i
-5 0 5
Time in hours

25 30 35

L ; L
10 15 20
Time in seconds

40

Fig. 10. Cross-correlation of signals recorded at
station RID (Bromo) and LEK (Semeru) on December
4, 1995. The signal has been bandpass-filtered from
0.22-0.5 Hz. Correlation reveals a sharp peak (top).
For the determination of time difference At the
envelope of the cross-correlation has been calculated
using the Hilbert-transform (bottom). For the two
stations RID and LEK the time difference amounts to
16 s with LEK being early.

relations of other station pairs time-differences
amount to between 2.5 s (LAW-RID) and 13 s
(LEK-LAW).

Assuming that these signals are produced by
plane waves the direction of wave propagation
can be estimated using the tripartite method
(Knopoff et al., 1967). For both triangles
RID-JOW-LEK and LAW-JOW-LEK the calcu-
lations have been performed. The wave propa-
gation azimuth is found between N 307°E and
N 318°E as shown in fig. 11. Using the same
assumptions as above the velocity of the waves
in this limited frequency band could be on an
average determined to 1.1 km/s. Satellite photos
of the relevant days show storm centers in the
Indian Ocean about half way between Java and
Australia. The location of the storm center on
December 4 is indicated in fig. 11. The same
procedure has been performed for the narrow
ridge at about 0.15 Hz in fig. 9. The data has
been bandpass-filtered from 0.1 to 0.2 Hz and
afterwards a cross-correlation has been calcu-
lated for data from two stations at a time. The
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" SEMERU

1007 108" 1107 15 1207 125°

Fig. 11. Direction of the incoming wavefront for the signals between 0.22 and 0.5 Hz. The Tengger national
park is indicated by a star. The wave fronts are depicted as dashed lines. The triangle describes the area in which

the waves are created. The cross indicates the position of a storm center on December 4 (information from:
Meteorological and Geophysical Agency, Jakarta).
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Fig. 12. Same as fig. 11 for the signals between 0.1 and 0.2 Hz.

474




Volcanic tremor associated with eruptive activity at Bromo volcano

wave propagation azimuth has been estimated
between N 25°E and N 85°E and is shown in
fig. 12. The velocity in this frequency band
could be on an average determined to 1.5 kmy/s.

4.3. Long-period data — frequencies
below 0.1 Hz

Superimposed on the strong tremor activity
long-period signals (periods of 100 s and long-
er) can be found on the seismograms which last
for several hours (fig. 4). They can be found
throughout the whole recording period though
their amplitudes are strongest on December 04
with up to + 10™ m/s on the horizontal compo-
nents. This low frequency activity is about 100
times stronger on horizontal than on vertical
components for the same time period.

The fact that the long-period signals are much
stronger on the horizontal components leads to
the assumption that they are due to ground tilt.

Take u(f) to be the vertical displacement.
When neglecting second-order (and higher) terms
of the tilt component, the vertical acceleration
of the seismometer-mass can be expressed as

50 = —ii(0). “4.1)
For the horizontal accelerations s(1) and s(t)
a first-order tilt component has to be considered
additionally and we receive for the horizontal
accelerations of the mass

s(O) =—ii(f) + 8T (1) “4.2)

s,(6) =i (1) + g7 (1) 4.3)
where u (f) and u(1) are the horizontal displace-
ments, g is the gravitational constant and 7 and
7, describe the angle of horizontal tilt.

As seen from eq. (4.1) tilt signals should not
be found at all on the vertical component. As the
amplitude of the long-period signals is about a
factor 100 smaller on the vertical component,
the signal on the vertical component could sim-
ply be caused by incorrect levels of the sensor.
If an inclination of the vertical sensor by about
0.5 degrees with respect to the vertical is as-
sumed, the signal on the vertical component can
be explained by tilt as well.
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The tilt has to increase linearly, if a constant
velocity of translation is apparently measured.
The tilt rate 7 can be calculated for periods
below 7, and assuming no horizontal displace-
ment using

2
T=—"Ly
8

(4.4)

where w, = 27/T) is the angular-eigen-frequency
of the seismometer and g is the surface gravity.
Assuming a velocity of v = 510" m/s for
45 min as it can be seen on station LAW on
December 4 between 10 and 11 UT (fig. 4) this

Station LAW  Station RID

14/10/95 ]
19-20 UT X Q

26/10/95 |
20-21UT

Station CUT

15/10/95
16-17 UT

\Y
M
0,

N

12/11/95 |
1213 UT |

16/11/95
01-02 UT

04/12/95 |
23-24 UT |

L

Fig. 13. Particle motion analysis. Each particle
motion was calculated of a one-hour-long time series
after application of a low-pass filter (0.01 Hz). Starting
from the top the single rows diplay data recorded on
October 14 between 19 and 20 UT, on October 15
(16-17 UT), on October 26 (20-21 UT), on November
12 (12-13 UT), on November 16 (01-02 UT), and on
December 4 (23-24 UT). Columns from left to right
correspond to the stations LAW, RID and CUT,
respectively. One prefered direction of polarization
can be determined for each station.
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results in a total tilt 7 = 3.8 - 10~ rad, an amount
corresponding to an uplift (or downfall) of
3.8 mm over a baseline of 100 m and easily
possible near a volcano in an active state.

A particle motion analysis was performed
for the long-period signals, after low-pass filter-
ing the data with 0.01 Hz. Figure 13 shows
particle motion diagrams in the horizontal plane
for time series one hour long for each day and
each station, when data was available. At each
station the main direction of polarization points
in the same direction. Transferring the main
direction of polarization for each station on a
map it can clearly be seen that the lines point to
the crater-region (fig. 14, dotted lines). This,
and the stationarity of the directions can hence
be taken as good evidence for the volcanic ori-
gin of the tilts.

In detail, the particle motion is either direct-
ed towards or away from the crater on all sta-
tions synchronously. This becomes evident when
analysing the polarization of shorter time series
as shown in fig. 14. Particle motion has been
calculated for a three-minute long segment on
October 14. Particle motion goes in the direc-
tion of the arrows at the stations. At all three
stations the arrow first points away from the
crater, then towards it and afterwards away again.
This points to an inflation-deflation mechanism
as a source of these long-period tilts.

The size and the depth of the source can be
estimated assuming a sphere-shaped source with
radius a which is situated at depth fin an elastic
half-space (Mogi, 1958). The pressure p inside
the sphere is determined by the lithostatic pres-
sure. A sudden pressure change Ap inside the

112° 55' 48" 112" 56' 24" 112° 57' 00" 112° 57' 36"
-7° 55' 6612" | i -7° 55'6612"
-7° 55' 6648" \ -7° 55' 6648"
-7° 56' 6744" ( -7° 56' 6744"
-7° 57' 6840" > -7° 57' 6840"
MT.
-7° 57' 6876" -7° 57' 6876"
112° 55' 48" 112" 56' 24" 112" 57' 00" 112° 57' 36"

Fig. 14. Map of Mt. Bromo crater region. The positions of the stations are indicated by stars (x). The dotted
lines show the main direction of horizontal polarization at each station; the solid lines show the particle motions
during a three minute long time window on October 14 (02:07,5-02:10,5 UT).
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Fig. 15. Pressure change versus source depth for different source radii (solid lines). The shear modulus has

been set to 6 - 10° Pa. For the distance between source

line indicates the lithostatic pressure.

sphere leads to a displacement u at the surface
and hence at the recording stations. If the radius
of the sphere is much smaller than the depth of
the source and Poisson’s ratio equals 0.25 then
the surface displacement in horizontal direction
is given by

: - 45)
Koo+

where b is the horizontal distance from the source
to the receiver and u is the shear modulus. Deri-
vating eq. (4.5) with respect to f and solving it
for the pressure change Ap results in

4 (fr4p7)

Ap=—."F.
P -3fb

(4.6)

where the tilt 7 is the derivative of the horizontal
displacement % . It can be calculated from the
seismograms using eq. (4.4). For modelling the
source an averaged value of 7 = 5 - 10 has been
used. For the wave velocity inside the Caldera a
value of 1 km/s was assumed and the density
was assumed to have a value of 2 g/em’ (wet
sand (Kuchling, 1991)) resulting in a shear mod-
ulus 4 = 610" Pa. The distance b has been
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and station a value of 900 m has been taken. The dotted

measured as the distance between the stations
and the point of intersection from fig. 14.

For a smaller source radius the pressure
change required to receive a certain value of tilt
7 has to be larger.

The solid lines in fig. 15 show the pressure
change for different fixed radii a versus source
depth f. The dotted line indicates the lithostatic
pressure.

It is assumed that the pressure change within
the sphere is smaller than the lithostatic pres-
sure. Otherwise a pressure-change would lead
to an extrusion of volcanic material. Therefore,
the source radius can have a maximum value of
50 m. The depth of the source can in this case be
restriced to the region between 250 and 650 m.
For a source radius of 70 m the source was
found in a region between 100 and 1200 m
depth. Going back to the assumption that the
source radius has to be be much smaller than the
source depth, it seems reasonable to assume
source depths of at least 500 m in this model.

4.4. High-frequency tremor — frequency range
above 10 Hz

On December 4 when the low frequency
signals became very strong, a tremor signal with
high frequencies up to 25 Hz was recorded
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Fig. 16. Spectrogram for December 4, Station LAW, Z-Component. On the time scale three hours are displayed
starting from 8 UT. The frequency axis covers the complete range up to the Nyquist-frequency at 31.25 Hz. High

amplitudes are found between 10 and 20 Hz.

(fig. 16). The high frequency signal does not
appear on all stations simultaneously. There-
fore, and because of its high frequency content
itis probably related to a shallow or local source
rather than to a source deep within the volcano.
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In addition to the normal tremor, the
transition between high and low amplitudes
in this case appears to happen smoothly
with a slowly increasing amplitude (fig. 4,
middle).
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S. Interpretation

Due to their frequency content, the signals
recorded at Mt. Bromo can be divided into four
classes. The lowest frequency range contains
volcanic tilt signals with periods larger than
10's. Above 1 Hz two classes of volcanic tremor
signals can be found of which the first consists
of frequencies between 1 and 10 Hz and the
latter has a spectral content above 10 Hz. Inter-
mediate, at frequencies from 0.1 to 1 Hz, the
data consist of signals that are due to marine
microseism and therefore not related to the vol-
canic activity.

In this class two spectral peaks are dominant.
The first sharp peak consists of frequencies be-
tween 0.1 and 0.2 Hz and probably is linked to
microseism produced at the coastline of Java as
shown by the direction of the arriving wavefront
which reaches the stations from south-western
direction. This signal was observed during the
whole recording time. The second peak between
0.3 and 0.4 Hz could only be found during some
days around December 4 and October 26. De-
termination of the direction of wave propaga-
tion and an estimation of the phase velocity
using the tripartite method show that this signal
originates from the region south-east of ML.
Bromo, and that the source is located in the
Indian ocean between Java and Australia. A
comparison with satellite photos made available
by the Meteorological and Geophysical Agen-
cy, Jakarta support the assumption. Large storm
centers are present around the region of origin.
A phase velocity of 1.1 km/s could indicate a
participation of surface waves.

The remaining three classes of seismic sig-
nals are of volcanic origin. However, the gener-
ating source for the different types of volcanic
signals does not necessarily have to be iden-
tical.

The high frequency tremor requires a local
source, because these signals have only been
observed at single stations and during a limited
time. The distance between source and record-
ing station has to be much smaller than the
distance between the three stations, because oth-
erwise the signals should be recorded at more
than one station at a time. Hence, source depths
larger than a few tens of meters seem to be
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impossible. Exact location of the sources is,
however, not possible. A possible explanation
for these signals could be local extrusions of gas
or other local phenomena.

The low frequency signals originate from
greater depths. They could be generated by slow-
ly rising magma or gas that pushes on the walls
of a conduit causing the volcano to bulge. The
source has been modelled as a sphere that in-
flates due to a pressure change. The received tilt
signals can only be observed if the source depth
is greater than 500 m and if the diameter of the
source has a maximum size of 50 m assuming a
pressure change smaller than the hydrostatic
pressure at a given depth. Polarization analyses
reveals a source location near the northwestern
edge of the crater at the point of intersection in
fig. 14. The total tilt in a period of 45 m could
be calculated to 7 = 3.8 - 10~ rad, corresponding
to an uplift or downfall of 3.8 mm over a base-
line of 100 m.

The source of the 1-10 Hz tremor signals is
located close to the point from where the long-
period signals originate. The signals could be
generated by gas flow through a system of pipes
or small cracks resulting in a broad spectrum of
frequencies. The broad spectrum could also re-
sult from bubbles rising up inside the fluid.
These bubbles are formed as a result of decreas-
ing hydrostatic pressure. The models are sup-
ported by visual observations during the exper-
iment when gas and steam eruptions frequently
were seen. Seismic signals of phase A with high
amplitudes were accompanied by strong ash
cloud eruptions whereas during phase B (with
low tremor amplitudes, respectively), steam
clouds dominated. During phase A the pressure
of the extruding gas is assumed to be higher
giving rise to high amplitudes in the seismo-
gram. On its way through the conduits the gas
might take material with it resulting in ash erup-
tions during this phase. During phases of low
amplitudes the gas pressure is not sufficient to
move material particles, leading to pure steam
emissions during phase B. As the source is lo-
cated in approximately the same distance to all
three stations no restrictions about the source
depth can be made. On Bromo the tremor spec-
tra are composed of smaller peaks, which do not
show consistency for the different stations. For
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that reason they must be affected by the path or
the subsoil close to the recording site rather than
by an oscillating source.

The peak in the spectrum at 1.25 Hz ap-
peared exclusively during phase A, but it was
not always present during this phase. This is not
surprising as the feeding conduits inside the
volcano may undergo spatial and temporal
changes. Throughout the experiment the peak at
1.25 Hz has only been observed during several
days around mid November. Nevertheless this
spectral peak has also been reported before, for
a short time in March 1995 and in early Septem-
ber 1995 (Triastuty, 1997) in a different exper-
iment using 1-Hz-seismometers. The single peak
could be produced by a resonating tube or con-
duit fed by magma or gas for a limited time as
proposed in a model by Dahm (1991).

6. Discussion

The results presented show that the spectra
of the volcanic signals recorded on Mt. Bromo
cover a very broad frequency range. The seis-
mic signals can be classified into four frequency
regions.

Tremor signals can be found within the tra-
ditional frequency range above 1 Hz. Between
1 and 10 Hz continuous tremor could be found
which consists of two different phases distin-
guished by the amplitude of the signal. The
transition between the two phases takes place
within a few minutes and is recorded on all
stations simultaneously. Within each phase the
envelope of the amplitude has a nearly constant
value. The source of this tremor signal is found
in the northwestern edge of the crater.

Tremor signals above 10 Hz could only be
found for a limited time on single stations. These
signals might belong to local sources with source
depths less than a few tens of meters.

Below 1 Hz remarkable long-period signals
are observed. Their amplitudes amount to
+ 10" m/s. The signals are probably due to tilt
because the amplitudes are about 100 times
stronger on the horizontal components. Model-
ling the source as a sudden pressure change in
a sphere results in a source depth of at least
500 m.
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Apart from the volcanic signals two other
signals could be observed which are produced
by marine microseism. They could be discrim-
inated from the volcanic signals due to the exist-
ence of additional stations at Mt. Semeru about
20 km south of Mt. Bromo.
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