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Abstract—TFractal analyses of successive event of explosion
earthquake and harmonic tremor recorded at Semeru volcano were
carried out to investigate the dynamical system regarding to their
generating mechanism. The explosive eruptions accompanied by
explosion earthquakes and following volcanic tremor which are
generated by continuous emission of volcanic ash. The fractal
dimension of successive event of explosion and harmonic tremor was
estimated by Critical Exponent Method (CEM). It was found that the
method yield a higher fractal dimension of explosion earthquakes and
gradually decrease during the occurrence of harmonic tremor, and can
be considerably as correlated complexity of the source mechanism
from the variance of fractal dimension.
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1. INTRODUCTION

EMERU volcano an andesitic stratovolcano, is one of the
most actives volcanoes in Indonesia located in East Java,
Indonesia. The summit, called Mahameru, rises 3676 m
above sea level and it is the highest, active volcano on the
island of Java. Semeru volcano has been continuously active
since 1967 [3, 4]. In the recent period, its activity characterized
by small to moderate strombolian type explosion at time
interval of 15 to 45 minutes, producing explosion plumes rising
400-1000 m above the summit. Sometimes, the explosive
eruption accompanied with explosion earthquakes and
followed by volcanic tremor. During active periods, lava flow,
lava dome extrusion and pyroclastic flows have also been
observed. In 2005 the frequency of the explosions averaged
3453 times per month and 115 per day, respectively [5, 6].
Many researchers have studied the generating mechanism of
separately event of volcanic signals between volcanic tremors
and non-tremors. A few volcanoes exhibit explosive
earthquakes followed by harmonic tremor such as Sakurajima
volcano, Karymsky volcano and Arenal volcano [7, 8, 9].
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These impulsive signals, theirs appearance of harmonic spectra
and their source characteristics have become the subject of
controversy. In general, based on their spectra characteristics,
they have been interpreted as emanating from the resonance of
a conduit containing a mixed two-phase fluid body in the upper
parts of volcanic conduit [8, 13].

Most of the previous study mentioned above are mainly
based on the characteristics of spectra which mostly triggered
by linear process, however little intent has been given on
nonlinear process. In contrary, theoretically volcanic tremors
can be generated by some kind of nonlinear processes [15].
Methods based on the discipline of nonlinear dynamics have
been rarely applied to the volcanic tremor and explosion
earthquake recorded at some volcanoes. The first investigation
of fractal properties of volcanic signals have been conducted
for volcanic tremor for the tremor and gas piston events
recorded at Kilauea volcano, Hawaii [16]. The results revealed
a fractal dimension of the tremor attractor in the range of
3.1-4.1 with the average value of 3.75. This was interpreted that
the source of tremor is not controlled by a stochastic process
(where fractal dimension should be infinite), therefore it can be
described by only a few degrees of freedom. Some studies of
tremor and low-frequency events reported similar estimates of
the fractal dimensions confirming the low-dimensional nature
of the phenomena.'>'” Furthermore, the time interval between
two successive explosions can be considered as a dynamical
variable.

In the present paper, another approach of fractal analyses of
the volcanic earthquakes and tremor analysis has been applied
based CEM. We applied the method to successive event of
explosion earthquakes and harmonic tremors recorded at
Semeru volcano, East Java, Indonesia. First, we briefly
describe the data obtained from Center for Volcanology and
Geological Hazard Mitigation, Indonesia. We then present a
method to estimate the fractal dimension of the explosion
earthquakes and harmonic tremor. We follow with an
application of the method to our data and terminate with a
discussion of the implications of these results for driving
mechanism of harmonic tremor..
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II. OBSERVATION

Semeru volcano has been monitored by Center for
Volcanology and Geological Hazard Mitigation using 2
permanent seismic stations, LEK and BES, and 3 temporary
seismic stations, PCK, KPL and TRS. They are distributed at
0.76 — 8.9 km apart from the active crater. Seismic sensor
installed at the summit and northwest-south slope. Station PCK
is near the summit and station KPL is 2.5 Km north of the
summit. Station LEK, TRS and BES are located at east to south
flank of the volcano (Fig.1). The 5 stations are equipped with
short-period (1 Hz) vertical seismometers. The recorded
seismic signals transmitted to the G. Sawur Volcano
Observatory by FM radio telemetry. Locations of the stations
are summarized in Table I.

TABLE I LOCATION OF PERMANENT SEISMIC STATIONS AT SEMERU

VOLCANO
NO STATION Geographic position
Latitude (S) Longitude (E) Altitude (m)

1 PCK 8°6°26.3” 112°55°26.7” 3657

2 KPL 8°5°02.7” 112°55°13.0” 2764

3 TRS 8°8°54.5” 112°57°50.3” 1208

4 LEK*) 8°8°14.8” 112°59°09.4” 1060

5 BES*) 8°10°50.0” 112°57°09.2” 917

*) Permanent stations used in this study
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Fig. 1. Map of Semeru volcano and locations of seismic stations at this
volcano operated by Center of Volcanology and Geological Hazard
Mitigation. Triangle, circles and squares represent summit crater,
temporary and permanent stations, respectively. The temporary
stations installed during September — December 2005.

The seismic signals are recorded by analog drum
recorders; Kinemetrics PS-2 and digitally sampled 100 Hz by
data loggers (Datamark LS-7000) with GPS time calibration.
Characteristic signals such as volcanic earthquakes, tectonic

earthquakes, and eruption earthquakes also harmonic tremor
are recognized on the seismograms. The selected successive
events of explosion earthquakes and harmonic tremor are
represented in Table II. Fig. 2 shows the typical seismogram of
these events. The harmonic tremor occurred about 2-3 minutes
after explosion.

TABLE II EXPLOSION EARTHQUAKE AND HARMONIC TREMOR EVENTS

Time of eruption Estimated time interval Estimated
between eruption and duration
harmonic tremor (min) (min)
2005:03:12 23:36 2 6
2005:03:13 00:39 2 10
2005:03:14 05:34 3 21
2005:03:15 00:05 3 23
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Fig. 2. An example seismogram (vertical component) of small
eruption followed by volcanic tremor (upper part). Left bottom shown
a typical of the explosion earthquake and right bottom is harmonic
tremor.

III. CRITICAL EXPONENT METHOD

The fractal concept has been widely used to describe the
objects in space since it has been found to be useful for analysis
of volcanological signals. The time series with fractal nature to
be describable by the functions of fractional Brownian motion
(fBm), for which the fractal dimensions can easily be set. This
paper proposed the fractal dimension evaluation based on the
critical exponent method. The power spectral density (PSD),
PH(v), of observed signals in the frequency domain is
determined as:

P,(v) = v =y7F (1)
In the CEM, /o of the Power Spectral Density (PSD) is
determined as:

I, = IPH ) v¥dv, (-0 < a <) )
Considering the limited bands of frequency and subs. (1) in (2)

1
I ~ | viPdv=—"(Q*P" 1 3
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where « is the moment exponent, is the frequency variable
which was normalized to the lower bound of the integration
region as 1, and let U= o + #+1 . In the CEM, the condition of
U = 0 is satisfied for the moment of critical exponent as & = ¢,
at which the value of the third order derivative of log /& with
respect to is zero as the following equation:

d*logl, I717-3101,+2(1)°

(5)
da’ I
Finally, from this value of «,, = «, - 1 and the estimated
fractal dimension is given as:
a.
D=2--—= (6)

where ¢, is the critical exponent value. Fig. 3 shows the
determination of the critical exponent value of the traditional
fBm signal with 4= 0.07 and the sample length is 1,024 points.
The CEM can evaluate its fractal dimension was D = 1.93.

0=0.136

oo

Amplitude

samples

Fig. 3. Determination method of the critical exponent value. (a)
Traditional fBm signal with H=0.07. (b) Third order derivative of the
logarithmic function and the zero crossing point.

The volcanic seismic signal contains the fluctuations
concerned with frequency, amplitude, self-affine property,
chaotic behavior, etc. Therefore, if we divide the whole
time-sequential data into several short time intervals and
measure the degrees of freedom of the fluctuations inside these
time-intervals, we can observe the change in the degree of
fluctuations with respect to time. These fluctuations are
effectively characterized by the fractal dimensions. In this
paper, we will approach the CEM in order to evaluate the
fraction dimensions and called the time-dependent fractal
dimension (TDFD).

In practice, we divided the seismogram data into short time
intervals by a windowing with a window function. We then
evaluate the fractal dimensions of the points inside this
windowing. Next, we move this window by # points (Af) and
again evaluate the fractal dimension of moved window. By
repeating this process throughout the whole data, we can
observe the change in the fractal dimension with respect to
time. In the case of TDFD, the horizontal axis is the window
index and vertical axis is the fractal dimension value. Fig. 4
shows typical successive events of explosion earthquakes and
harmonic tremor occurred on March 15, 2005 and its temporal
change of fractal dimension determined by CEM with TDFD.
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Fig. 4. Typical of successive event of explosion earthquakes and
harmonic tremor and its temporal change of fractal dimension. The
fractal dimension was estimated based on CEM with TDFD.

IV. RESULTS AND DISCUSSIONS

In our study of the temporal change of fractal dimension of
successive event between explosion earthquakes and harmonic
tremor have been calculated based on CEM with moving
windows of 1024 points and 50% overlap. The temporal pattern
shows that fractal dimension gradually decreased from
explosion earthquakes to volcanic tremor and fluctuates in a
certain range during the occurrence of harmonic tremor as
shown in Figs. 5 and 6. The fractal dimension of explosion
earthquakes has higher value than harmonic tremor at all
events.
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Fig. 5. Example event occurred on 2005:03:15 00:38 recorded at
station BES (top left) and station LEK (top right). Bottom graphs are
their temporal change of fractal dimension at station BES (left) and
LEK (right).
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Fig. 6. Similar with Fig. 5 for event occurred on 2005:03:15 00:05.
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The variation of fractal dimension along the seismogram can
be explained in terms of stationary or non-stationary behavior
of source. The results suggest that explosion earthquakes show
non-stationary behavior indicated by higher fractal dimension,
~ 2.2-2.5, while harmonic tremors present stationary behavior
characterized by lower fractal dimension ~ 1.6-1.9. These
indicate that explosion earthquakes have more complicated
structure of signals or the quantity information embodied in a
pattern.

Several source models may be employed to explain the
source of these successive events, including the non-linear
excitation due to unsteady flow and resonance of fluid-filled
cavity model with various geometries [8 ,9, 14].Furthermore,
Maryanto et al [7, 8]. and Tameguri et al [20, 21], suggest that
based on the spectra analysis, moment tensor analysis, visual
observations, and ground deformation associated with
successive event of explosion and harmonic tremors of
Sakurajima volcano, Japan, the following facts should be
considered as constraints for modeling of their generation
mechanism; spectrum peaks appear at the frequencies of
multiple integers of the fundamental frequencies, peak
frequencies of harmonic tremor are rather stable, source depths
coincide with the gas pocket at uppermost part the conduit.
Because of successive events contain of two different types of
volcanic seismic signals, we estimated that the source of these
events should be changed from non-stationary to stationary
source as detected by temporal change of fractal dimension. In
this case, when an explosion earthquake occurred a resonance
may occur immediately at the upper part of the conduit. In order
to discuss the detailed source mechanism, we would have to
perform an analysis of spectra and waveform inversion of these
events. We have not yet attempted the analysis for this data set.

However, the temporal change of the fractal dimension
measured on seismograms may vary depending on the
signal-to-noise ratio, on the amplification of the signal, and on
the sampling frequency. Also, determination of an optimum
window length is important, as fractal analysis is sensitive to
window length. The effect of non-stationary sampling of the
signals composed of segments of differing spectral
characteristics may also contribute to the observed change.

The suggestion that volcanic tremor is the result of
non-linear source processes involving one or several different
kinds of magmatic activity is not only supported by theoretical
considerations[10,14], but also by certain characteristics
observed in volcanic seismic signals, which are believed to be
common among systems exhibiting  aperiodic, chaotic
behavior.

Qualitatively, this fact can be considered as constraint in
source modeling of explosion earthquakes following by
harmonic tremor. Similar low values of fractal dimension of
these events have been reported at Sakurajima volcano[19].
The similarities between the properties of the Semeru and
Sakurajima tremor point to the possibility of similar
characteristics of the source processes.

A comparison of pattern of temporal change between BES
and LEK stations (Fig. 7) shown a similar pattern between them
due to the sources effect. This effect as well as presented by the
similarities of spectra between two stations as shown in Fig. 8.

The relationship between the spectral amplitudes in different
frequencies allows, for the fractal detector, a complete analysis
in a broad frequency range of seismic waves. The results of this
analysis can be applied to a set of phenomena related with
differentiation of similar signals of different nature. This study
demonstrates that the relevant information on fractal dimension
of the system contained in the volcano seismic signals.”
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Fig. 7. Time dependent of fractal dimension of four events. Data are
from vertical component of ground velocity recorded at station BES
(blue dots) and LEK (red stars).
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Fig. 8. Example of temporal change of fundamental frequencies and
second mode of similar event at Fig. 6.

V. CONCLUSIONS

Using Critical Exponent Method, fractal analysis of
explosion earthquakes followed by harmonic tremor at Semeru
volcano has been carried out. The fractal dimension evaluated
based on CEM with TDFD. The critical exponent value, which
is determined by CEM, characterizes the self-affine property of
explosion earthquakes and harmonic tremor. It was found that
the method yield a higher fractal dimension of explosion
earthquakes and gradually decrease during the occurrence of
harmonic tremor, and can be considerably as correlated
complexity of the source mechanism from the variance of
fractal dimension. Therefore, the fractal dimensions were
effective for investigating the volcano seismic event.
Moreover, the method described in this paper can be
considerably utilized the volcanic earthquakes characterization.
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