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A study of volcanic tremors at Ijen volcano declared critical with an alert status in 2012,
has been investigated. This mountain is located on the border of Banyuwangi and
Bondowoso Regencies, East Java, Indonesia. At that time, volcanic tremors were
recorded in large numbers or not as usual, accompanied by changes in the conditions of
the ljen crater lake. For example, an increase in temperature and the appearance of gas
bubbles on the crater lake's surface. This study aims to identify the source of the volcanic
tremors of the Ijen volcano. The historical method is used, which begins with data
collection and interpretation of the symptoms of events that occurred in the past. The data
obtained critically describes the truth of events or facts to help know what to do in the
future. Then these facts are analyzed using particle motion to determine the orientation
of the earthquake source based on the epicenter's angle, the incidence angle, and the types
of waves that dominate volcanic earthquakes. For this reason, an amplitude plot of 3 wave
components from the seismic record is carried out. The results showed that the orientation
of the epicenter of the volcanic tremor of the ljen volcano was towards the ljen crater
area. Meanwhile, the orientation of the hypocenter is towards the area below the center
of the Ijen crater, about 1 km. In addition, the dominating wave is the horizontal S wave
(SH) or the Love wave, which indicates that the single volcanic tremor of Mount ljen
occurred in a shallow area. Based on the fractal dimension value of the volcanic tremor,
it strengthens the notion that the fluid-filling crack resonance causes the mechanism of

the source of the volcanic earthquake.

1. INTRODUCTION

Indonesia is a country that has 127 active volcanoes spread
across land and sea. One is Mount ljen, characterized by
phreatic eruptions known as bursts of steam, water, ash, rocks,
or volcanic bombs [1]. Phreatic eruptions occur when magma
heats groundwater or surface water. The extreme temperature
of the magma (500 to 1170°C (930-2100 F) causes the almost
instantaneous evaporation of water to vapor, resulting in
explosions of volcanic vapor, water, ash, rock, and volcanic
bombs. Explosions can occur when the pressure below the
drain plug exceeds the threshold and can damage the sewer
cover so that material such as steam, water, or gas can escape
or surface [2]. Many researchers have described the
mechanism of volcanic plugging as a plugging channel
analogously to the reeds of wind instruments such as the
clarinet [3] or the intermittent valve that releases steam in a
pressure cooker [4]. In addition, the authors [5-8] explain
conceptual modeling that the frequency of volcanic vibrations
is affected by the length of the gas column in the conduit pipe
and the volume of gas in the pipe.

Almost all volcanoes will give precursors (signs) when they
erupt. Magma rising to the earth's surface will cause volcanic
tremors, which can usually be detected by seismographs
(earthquake vibration recording devices). As is well known,
volcanic tremor is one of the seismic activities that usually
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accompanies or appears before the eruption of a volcano [9].
The appearance of a volcanic tremor is usually used as a
marker for an impending eruption at a volcano [10-12]. In
addition, the movement of magma can also cause soil
deformation in the body of the volcano. The appearance of gas
and changes in temperature and chemical content in
groundwater close to a volcano can also be used to benchmark
that the mountain will experience an eruption. These indicators,
coupled with an in-depth understanding of the historical
characteristics of volcanic eruptions that have occurred, can
improve predictions of eruptions that are better made by
volcanologists.

Several studies of the phenomenon of volcanic tremors have
been carried out in various cases of volcanic eruptions. The
characteristics of volcanic tremors are widely described in the
limited frequency range of 1-9 Hz, with various patterns that
appear [13]. For example, the volcanic earthquake of the
Semeru-Indonesia volcano is classified into spasmodic and
harmonic tremors. Semeru-Indonesia volcano spasmodic
tremor frequency ranges from 1.56-1.86 Hz, and the
fundamental frequency of harmonic tremor ranges from 1.14 -
2.50 Hz. Meanwhile, a paper [14] reported volcanic tremors of
the Raung-Indonesia volcano included in the spasmodic type
with the frequency of volcanic tremors in the range of 2.81-
3.21 Hz. In another case related to shallow fracture resonance,
volcanic tremor with a period close to 15 s has also been
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observed at the Aso-Japan volcano [15-17]. It is also different
from the volcanic tremor of the Kilaluea-Hawaii volcano,
which shows spectra with a peaked structure. Interestingly,
most high-frequency peaks are only present in the near field
and cannot be transmitted to the far field. According to Fee et
al. [18], hydraulic fracturing experiments carried out the
frequently observed spectral features for volcanic vibrations
and, in some cases, the associated seismic signals.

In addition to the frequency characteristics of volcanic
tremors, several researchers have also observed volcanic
phenomena based on the parameters of non-linear processes,
such as fractal dimensions and the Lyapunov exponent.
Maryanto and Mulyana [19] argue that the fractal dimension
is practical for investigating volcanic seismic events. For
example, the eruption activity at Semeru Volcano, East Java,
Indonesia, where the explosive event and the successive
harmonic vibrations were analyzed by spectral exponential
and Lyapunov [20]. Here, the peak frequency of earthquake
explosions ranges from 1.2 to 1.9 Hz, and harmonic vibrations
have a peak frequency range of 1.5-2.2 Hz. Later [21] reported
that the vibration source of Semeru volcano fluctuated
between a quasi-periodic state with a few additional tone
frequencies (2-3) and a small Maximal Lyapunov Exponent
(MLE) (~0.013) and a chaotic state with more overtones (up
to 8) as well as larger MLE (up to 0.039). In other cases, as in
paper [16, 21], the volcanic tremor of Raung volcano has
fractal dimensions ranging from 2.91 to 3.35 and the
Lyapunov exponent ranging from 0.016 to 0.030. Based on the
fractal dimensions and the Lyapunov exponent, the volcanic
tremors of the Raung volcano are chaotic.

In this regard, a different phenomenon occurred in 2012,
when the status of the Ijen volcano was declared on alert. Some
experts have given this condition special attention because the
volcano shows no phreatic eruptions. However, only appears
continuously gas bubbles accompanied by an increase in the
water temperature of the Ijen crater. Such surface conditions
indicate a higher contribution of liquid, vapor/gas into the lake
system but do not trigger phreatic eruptions [22]. Based on
monitoring of ljen volcano seismic activity, accompanied by
upwelling bubbles in the crater lake with records of volcanic

tremors in a more significant amount than usual. According to
Caudron et al. [22], this higher contribution of liquid,
steam/gas to the lake system might have triggered the
recording of these large amounts of volcanic tremors at ljen
volcano. Thus, it is crucial to understand the volcanic tremor
activity of the ljen volcano, both in terms of the characteristics
and the internal processes that trigger the emergence of the
volcanic tremor.

Therefore, this paper aimed to conduct a post-critical case
study of the ljen volcano in 2012. This paper will analyze the
volcanic tremor signals of the ljen volcano to obtain dynamic
characteristics and their variations. The analysis will be
presented as ljen volcano volcanic tremor waves and their
spectral characteristics in the time-frequency domain. Then
some data analysis will be described in the form of temporal
variations of regularization dimension values and volcanic
particle motion tremors to identify the type of wave and the
direction of orientation of the source of the volcanic tremor of
the ljen volcano. Spectral, temporal values and variations,
fractal dimensions, and particle motion are then studied and
discussed to explain the possible triggering mechanisms for
the volcanic tremors of the ljen volcano.

2. MATERIAL AND METHODS

The historical method is used in this study. Historical
research is a study and other sources that contain information
about the past and are carried out systematically. In other
words, the research describes symptoms but not what
happened when the research was conducted. In this study, data
were examined between 2012-2014. Because the 2012 data
had problems reading spatial data, historical data was taken for
2014. The reason is that the track record of seismic activity is
similar to that of 2012. In addition, in 2014, the number of
tectonic earthquakes was quite large, although not the same as
in 2012. However, in 2014 there were many volcanic
earthquakes compared to 2012, although they were not
declared critical.
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Figure 1. Distribution of seismic stations of ljen volcano
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In this regard, the data analyzed were obtained from digital
seismic data of Mount ljen from the Center for VVolcanology
and Geological Hazard Mitigation (CVGDM), Bandung-
Indonesia, from January to April 2014. Seismic recorded data
for Mount Ijen were monitored from 5 seismic stations spread
across the whole area of the ljen volcano. IJEN, KWUI, POS,
TRWI, and MLLR stations are shown in Figure 1. Four
stations are close to the ljen crater, IJEN, KWUI, PQOS, and
TRWI stations. IJEN Station is directly adjacent to ljen Crater.
In the south, there is a KWUI station; in the north, there are
POS and KWUI stations. In contrast, the farthest is the MLLR
station in the Southwest of ljen Crater.

IJEN, KWUI, and POS stations use short-period sensors
with only a vertical component, while MLLR and TRWI
stations use sensors that record three components. Seismic
data is transmitted to the ljen Crater Observatory, which is
located 15 km to the south of the crater. In addition, in this
study, only three station data were used: 1IJEN, TRWI, and
MLLR. That is because, in 2014, the equipment was damaged,
so the data recording was unclear and did not show seismic
recordings, even though the POS and KWUI stations were
close to the 1JEN crater.

Firstly, selecting volcanic earthquake data from all seismic
stations. Secondly, analyze the spectral and spectrogram using
the fast Fourier transform method. Then, particle movement
was analyzed using seismic recorded data from 3 component
stations. Finally, validate the three-component data by
comparing them with data at the IJEN station. That was done
because the position of the MLLR station is far away while the
IJEN station is directly adjacent to the ljen crater.

3. RESULT AND DISCUSSION
3.1 Characteristics of the volcanic tremor

Generally, conventional monitoring methods are used by
researchers and monitoring agencies to detect and classify
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various types of seismic signals of active volcanoes. For
example, visual inspection of the amplitude, dominant
frequency, and duration of seismic signals and associated
surface activity. Several conventional methods rely on
noticeable and rapid changes in seismic amplitude and
spectrum, such as the short-time average/long-time average
(STA/LTA) method [23] and the seismic signal kurtosis and
skewness method [24]. However, signal coherence is used at
several stations in the seismic network for volcanic
earthquakes with sudden onset, such as volcanic tremors, such
as in the case of ljen volcano. Figure 2 shows the volcanic
tremors of the ljen volcano, which are classified into two types,
including single volcanic tremors and tremors related to the
VT earthquake.
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Figure 2. Seismogram of volcanic tremor ljen volcano a)
Single volcanic tremor b) Volcanic tremor associated with
volcanic earthquakes

Figure 3. Seismogram, spectral dan spectrogram (a) single volcanic tremor; (b)volcanic tremor asosiasi dengan gempa vulcanic



The single volcanic tremor of the ljen volcano is a volcanic
tremor that occurs independently and is not accompanied by
other types of earthquakes. Meanwhile, volcanic tremors
associated with VT earthquakes are volcanic tremors that were
recorded after or before the appearance of the VT earthquake.
Figure 3a shows a single volcanic tremor on January 14, 2014,
at 04.20-04.45 WIB. Based on the figure, it can be seen that
the seismogram (top), spectral (middle), and spectrogram
(bottom) with a dominant frequency peak of 1.27 Hz. Figure
3b is a volcanic tremor associated with the VT earthquake on
January 24, 2014, at 3.00-3.40 WIB with a dominant peak
frequency of 1.12 Hz. Based on the results of an investigation
of 9 volcanic tremor events of the ljen volcano, both single
volcanic tremors and isolated from earthquakes, the average
frequency was in the range of 1.12-1.35 Hz with the low-
frequency category.

3.2 ldentification of the orientation of the source of the
volcanic tremor

In this paper, the movement of particles is used to identify
the dominant type of wave and the orientation of volcanic
earthquake sources. The type of wave that dominates is
determined using a covariance matrix using 3 component data
[25]. The direction of the orientation of the volcanic tremor
epicenter was carried out by plotting the amplitude of the
North-South and West-East (NS-EW) components of the
seismic recording of the volcanic tremor of the Ijen volcano.
The amplitude is selected, which has the maximum amplitude,
then cut by 0.02 seconds (N=20) and plotted between AEW
and ANS, and particle motion is obtained, as shown in Figure
4. Furthermore, the epicenter direction is determined from the
back azimuth angle to the north-south direction indicated by
arrows dashed blue in Figure 4a. Meanwhile, Figure 4b is
marked with a dotted blue line showing the direction of
orientation, and Figure 4c is a seismogram at the 3-component
station. The back azimuth value is obtained based on Eqg. (1).

-1 AEw
ANS

6 =tan

(M

where:
AEW = amplitude of the west-east component
ANS = amplitude of the north-south component
Meanwhile, the orientation of the hypocenter is carried out

by plotting the amplitude of the radial and vertical components.

The radial component is obtained by rotating the component
(NS-EW) using Eq. (2).

[R] _ [EW sinf + NS cos @
T

EW cos8 — NS sinf )

R is the radial component and T is the transverse component.

In general, the observation of volcanic tremor sources uses
the classical method. However, this method cannot be used

when a hypocentre with absolute travel time inversion is found.

That is because we cannot identify the beginnings of body
waves. An alternative, the correlation coefficient method, has
been used, which has been applied to several volcanoes such
as Kihaleua [26], Masaya [27], and Stromboli [28]). Some
authors also apply the Semblance method as in Mt. Etna [29],
Mt. Aso [30], and Mount Erebus [31]). Here, we only
determine the orientation of the epicenter and hypocenter of
the volcanic tremor of the ljen volcano. That is due to the
limitations of 3-component seismic stations and only using
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one, namely the MLLR station. In addition, this station also
has the disadvantage of being far from ljen crater. Therefore,
data validation was carried out by comparing the recordings
recorded at IJEN and KWUI stations. These two stations
display better data because they are close to ljen Crater. Table
1 shows an analysis of 9 volcanic tremor data for the ljen
volcano. Three of them are single volcanic tremors, and the
other 6 are volcanic tremors associated with the VT earthquake.
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Figure 4. Determination of the orientation of the volcanic
tremor epicenter; (a) seismogram for 3 component stations;
(b) particle motion; (c) orientation direction

In general, the observation of volcanic tremor sources uses
the classical method. However, this method cannot be used
when a hypocentre with absolute travel time inversion is found.
That is because we cannot identify the beginnings of body
waves. An alternative, the correlation coefficient method, has
been used, which has been applied to several volcanoes such



as Kihaleua [26], Masaya [27], and Stromboli [28]). Some
authors also apply the Semblance method as in Mt. Etna [29],
Mt. Aso [30], and Mount Erebus [31]). Here, we only
determine the orientation of the epicenter and hypocenter of
the volcanic tremor of the ljen volcano. That is due to the
limitations of 3-component seismic stations and only using
one, namely the MLLR station. In addition, this station also
has the disadvantage of being far from ljen Crater. Therefore,
data validation was carried out by comparing the recordings
recorded at IJEN and KWUI stations. These two stations
display better data because they are close to ljen Crater. Table
1 shows an analysis of 9 volcanic tremor data for the ljen
volcano. Three of them are single volcanic tremors, and the
other 6 are volcanic tremors associated with the VT earthquake.

Figure 5 shows the orientation of the epicenter of the
volcanic tremor of the Ijen volcano. Based on Figure 5a, it can

be seen that the orientation of the volcanic tremor epicenter is
towards the northwest of the Ijen crater (black arrow line). The
epicenter angle is 130 — 430 to the north-south of the MLLR
post. Meanwhile, based on the direction of the arrival angle
(Figure 5b), the hypocenter of the volcanic tremor of the Ijen
volcano ranges from a depth of 500-1000 meters below the
center of the ljen crater. Although in this paper, the
determination of the epicenter and hypocenter is only in the
direction of orientation, the results corroborate the results of
previous studies. In paper [32] states that there is a horizontal
crack at a depth of 0-2000 meters below the center of the crater
(red dotted box), which is used as a place for fluid flow to the
active crater of the ljen volcano. Thus, the orientation of the
volcanic tremor source's hypocenter is towards this crack’s
horizontal position.

Table 1. Data distribution of volcanic tremors

No Date Time Duration (menit)  Projection direction Epicenter angle  Arrival angle
1 14Jan. 2014 04.20 - 04.45 Single ljen crater 43.47 5.99
2 14Jan. 2014 19.00-19.30 Single ljen crater 39.83 5.23
3 21Jan.2014 06.30-06.50 Single ljen crater 19.25 115
4 7Jan. 2014  07.52-08.24  Assosiated with VT ljen crater 28.35 15.34
5 11Feb.2014 17.44-17.55 Associated with VT ljen crater 24.34 16.38
6 22Jan. 2014 04.50-05.20 Associated with VT ljen crater 25.14 19.37
7 24Jan.2014 03.20-03.40 Associated with VT ljen crater 16.43 5.64
8 24Jan.2014 10.09-10.14  Assosiated with VT ljen crater 13.98 10.98
9 28Jan.2014 04.35-04.54  Assosiated with VT - 5.52 4.66
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Figure 5. (a) The direction of the epicenter angle (b) the direction of the inclination angle of volcanic tremor ljen volcano
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Figure 6. Particle motion of a single volcanic tremor at ljen volcano (14 Jan. 2014, 4.20-4.35 WIB)

355



In addition, to determine the epicenter and incident angles,
particle motion analysis is carried out to observe the
predominant wave types in seismic events. Figure 6 shows the
particle motion of a single volcanic tremor by plotting the
amplitude of the volcanic tremor between the radial-vertical
(T-R) components, the vertical-radial (R-V) components, and
the transverse vertical (T-V) components. As seen in Figure 6,
the wave that dominates the single volcanic tremor of the ljen
volcano is the S (SH) wave, where the particles' movement
dominates the transverse component on the T-R and T-V
graphs. Therefore, the direction of movement of these particles
tends to predominate in the transverse component so that the
S wave type is S horizontal (SH) natural.

3.3 Discussion

Volcanic tremors are one of the seismic activities of the ljen
volcano, which are usually recorded at the ljen volcano, the
same as at other volcanoes [33-36]. VVolcanic tremors are often
found before, during, and after the eruption of a volcano [37].
It is also found in the Ijen volcano. Under normal conditions,
volcanic tremors are not much recorded in the seismic activity
of the ljen volcano. However, a large number of volcanic
tremors will be recorded under certain conditions. In these
conditions, the volcano's status will usually be increased from
average to alert or even alert. In the case that occurred in 2012,
the Ijen volcano was declared critical with an alert status due
to increased seismic activity. One of them is volcanic tremors,
recorded in large numbers or not the same as usual. For
example, an increase in seismic activity is accompanied by
changes in the temperature and volume of the crater lake.
However, in 2012 this critical condition was not accompanied
by a phreatic eruption. However, the appearance of an unusual
volcanic tremor must be watched out for and understood for
the Ijen volcano disaster mitigation process.

Several models have been widely used regarding volcanic
tremors to explain the source mechanism of various volcanoes.
The source model for tremor events is usually related to the
movement of fluids in the conduit. For example, paper [38]
describes the mechanism of the volcanic vibration source of
Kilaluea volcano by using fluid recharge resonance.
Meanwhile, Konstantinou et al. [21] describes the mechanism
of the source of the volcanic tremor of Semeru volcano using
a fluid flow-induced oscillation model of the magmatic fluid
conduit. Then the proposed conceptual model [39] explains the
mechanism of volcanic tremor sources for the Kusatsu-Shirane
volcano (Japan), having the same hydrothermal area as the Ijen
volcano. The model explains that the Low frequency (LF)
event, in the context of the ljen volcano, is a low-frequency
volcanic tremor caused by resonance due to the collapse of the
fluid-fill crack in the conduit system. This model involves
boiling groundwater by raising magmatic gases, generating
steam, and increasing the overall pressure of the hydrothermal
fluid in the fracture network distribution. The sudden release
of vapors (or, more commonly, liquids) and the collapse of
these hydrothermal fractures give rise to impulsive excitation
and resonance. On the other hand, Jufriadi et al. [40] also
discussed the triggering mechanism for LF seismicity. Here
the thermodynamic changes are studied mainly in pressurized
hydrothermal fractures heated by magmatic sources. They
proposed that more energetic phase changes could result in LF
events.

However, in visual observation, when it is declared critical,
it shows that the activity on the surface of the crater lake of the
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ljen volcano shows a continuous increase in bubbles. At the
same time, the seismometer recorded many volcanic tremors,
and the temperature gauge showed a sharp increase in
temperature in the ljen crater lake. This condition makes the
model proposed by Metoza and Chouet [39] unsuitable for the
ljen volcano. Continuous rising of the bubbles indicates the
contribution of higher levels of liquid, vapor, and gas into the
lake system, which can trigger resonances within the fluid-
filled fissures or underlying rift networks. In this case, the
most likely model is resonance in the fluid fill crack.

Another finding is the orientation of the source of the
volcanic tremor under the center of the ljen crater. In other
words, it is in a horizontal crack position below the center of
the ljen crater. Figure 5b shows the horizontal crack resulting
from the expansion in 2012, which is located about 500 meters
below the horizontal crack [32, 41, 42]. These results
strengthen the hypothesis that the source mechanism of the
volcanic tremor is caused by resonance in the fluid fill crack.
In addition, the value of the fractal dimension of volcanic
tremor also strengthens the suspicion that the mechanism of
volcanic tremor is caused by fluid fill crack resonance.

Furthermore, the fractal dimension of volcanic tremors at
the ljen volcano has a value of more than 2 for all types of
volcanic tremors at the lIjen volcano (Figure 7). In paper of
Aminzadeh et al. [43], fractal dimension values close to 1 are
associated with clustered fractures in denser areas. When
seismic waves pass through a dense medium, they increase
their speed. As a result, it reduces the energy during the
propagation process in the medium, thereby reducing the value
of its fractal dimension. In contrast, faults will dominate the
rock when the fractal dimension value exceeds 2. That makes
it easier for fluids to enter. Thus, fluids tend to have less
densely spaced particles. These conditions require a longer
time to transfer energy so that it can move further during the
wave propagation process. According to paper of Di Lieto et
al. [44], if the speed is slow, then the value of the fractal
dimension becomes larger. Figure 7 shows the temporal
changes in the frequency and fractal dimension values for
volcanic tremors recorded in 2014. The figure shows no
significant changes. That is, there is no significant change in
pressure and geometry at the source. When a change occurs
temporally in the fractal dimension value, the event is related
to a change in pressure at the source in the conduit pipe. This
case is the same as that at Etna volcano.

Time Event

—e—Frequency Fractal Dimension

Figure 7. The temporal changes in the values of the
frequency and dimensions of the fractal tremor of the Ijen
volcano

4. CONCLUSIONS

1. The volcanic tremor at ljen volcano declared critical and
on alert in 2012, is a rare phenomenon and is not found in



other volcanoes.
The investigation results prove a discrepancy between the

concept of the Ijen volcano LF model and other volcanoes.

Low-frequency volcanic tremors are caused by resonance
due to the collapse of fluid-fill cracks in the conduit
system.

Continuous rising of the bubbles indicates the
contribution of higher levels of liquid, vapor, and gas into
the lake system, which can trigger resonances within the
fluid-filled fissures or underlying rift networks.

The most probable model and mechanism for the source
of volcanic tremor in the ljen volcano is caused by
resonance in the fluid filling the crack. This is obtained
based on data analysis from two different stations. The
IJEN station uses a short-period sensor which only has a
vertical component, while the MLLR and TRWI stations
use a sensor that records three components.

Based on particle motion analysis of seismic data from 3
component stations, it can be seen that the orientation of
the single volcanic epicenter of Mount ljen is towards the
area under the crater Mount ljen. In contrast, the direction
of the orientation of the hypocenter was found to be under
ljen Crater.

In addition, this study only determines the orientation of
the epicenter and hypocenter of the volcanic tremor of the
ljen volcano due to the limitations of the 3-component
seismic station. The MLLR station is located far from the
crater, so data validation from 2 different stations is
required.
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