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Abstract. The earth structure between 
C052198B, and observatory stations in Australia has been investigated through 
analysis in the time domain 
seismograms are constructed from an earth model, the CMT solution of the 
earthquake and station location
method, and the corner frequency is set at 20 mHz.  
station instruments responses, the measured and synthetic seismogram 
compared with the same units. The seismogram comparison indicates  discre
pancies between  recorded data 
anisotropic PREM model
wave, as well as the S and core reflected ScS and ScS
Discrepancies of Love wave travel time and 
explained by changes
gradient of h in the upper mantle. While for Rayleigh wave
body waves, corrections to the zero order coefficients of 
the mantle. The interpretation 
strong anisotropy in the upper mantle. The anisotropy also occur
extent, at layers beneath the upper mantle

Keywords: anisotropy; earth model; waveform analysis.

1 Introduction

The Celebes Island is a geological area with complex tectonics. 
three continental plates collide
plate, the East Asia plate and the West South Pacific plate. This collision 
produces fault planes and mountains 
with a speed of approximately 8 cm/year.  The collision between the plates in 
the Celebes area is marked by the occurrence of many earthquakes in this area. 
One earthquake occurred on May 21
coded as C052198B. T
Using sensitive seismometer
movements due to the earthquake 
are converted from the ground
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The earth structure between the Minahasa earthquake, coded as 
C052198B, and observatory stations in Australia has been investigated through 
analysis in the time domain of three-component seismograms. The synthetic 

constructed from an earth model, the CMT solution of the 
earthquake and station locations. The calculation is based on the GEMINI 
method, and the corner frequency is set at 20 mHz.  Using deconvolutions of the 

responses, the measured and synthetic seismogram can be 
the same units. The seismogram comparison indicates  discre

recorded data and synthetic seismograms calculated from 
model,  in the travel times of Rayleigh and Love surface 

wave, as well as the S and core reflected ScS and ScS2 body waves. 
Discrepancies of Love wave travel time and the number of oscillations are 

s in the crustal velocity model and by setting the posi
in the upper mantle. While for Rayleigh waves and arrival time

corrections to the zero order coefficients of  are needed at layers in 
mantle. The interpretation of the results of the waveform analyses indicates 

strong anisotropy in the upper mantle. The anisotropy also occurs, to a lesser 
at layers beneath the upper mantle.

earth model; waveform analysis.

The Celebes Island is a geological area with complex tectonics. In this area 
three continental plates collide, the Arafuru plate that was part of the Australian 
plate, the East Asia plate and the West South Pacific plate. This collision 
produces fault planes and mountains on Celebes Island. The ocean plates move 

approximately 8 cm/year.  The collision between the plates in 
the Celebes area is marked by the occurrence of many earthquakes in this area. 
One earthquake occurred on May 21st 1998, in Minahasa, North Celebes, and 

The seismogram data of this earthquake will be analyzed. 
Using sensitive seismometers installed in observatory stations, the ground 

earthquake were recorded in Australia. The recorded data 
from the ground velocity [mm/s] to electrically digital data [mV]. 
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In the recording process, several devices are involved, that amplify and phase 
change the signal; the description of all the processes are documented in the 
response files of each observatory station.

The seismogram is a time series data that consists of complex wave phases, 
including the reflection/refraction that occurs due to structural layers of the 
Earth. The seismogram is constructed of various body wave phases and surface 
waves. The seismogram recording in an observatory station consists of several 
components. The types of seismogram data are the UL (Ultra Long Period), LP 
(Long Period), SP (Short Period) and Broad band, and the recording consists of 
three components,  Z (vertical), N (North-South) and E (East-West). The main 
quantitative analysis of the seismogram is to note the arrival times of several 
wave phases, especially P waves, and the S and P amplitudes and polarities. The 
easiest measurement is the arrival times of P waves, because the P wave is the 
first break. The arrival time measurements are conducted using the SP and 
Broad-band data. The SKS/ SKKS travel times are also easy to measure, 
because SKS and SKKS are recorded with little interference with other seismic 
phases in a very broad distance interval. The other quantitative analyses of the 
seismograms that are conducted with the LP, SP and broad band data, are the 
dispersion analyses, by measuring the phase velocity of the surface wave as a 
function of the period/frequency. However the measured data in the dispersion 
analysis is a secondary data. Another method to determine the elastic 
parameters of the Earth is the Normal Mode method [1], which is suitable for 
the global spherical earth. However the frequencies that can be used are very 
low, < 8 mHz, therefore the UL data is used.

The first three quantitative methods that are used to analyze the seismogram 
above, only evaluate certain information in the seismogram time series. The 
research in this article used the seismogram comparison method between the 
measured and three component synthetic seismograms in the time domain,  with 
frequencies as high as 40 mHz,   which is 5 times higher than the frequencies in 
the Normal Mode method. The encountered problem in this research is, whether 
the earth models that are determined by processing a few pieces of information 
(arrival time, difference arrival times and dispersion analysis) in the 
seismograms, could result in synthetic seismograms which resemble the 
observed seismograms. The waveform analyses are carried out with a corner 
frequency of 20 mHz, because at the higher corner frequency the waveform 
comparison shows that the discrepancy is unsystematic. This method is one of 
the best in seismogram analyses, because all the information in the seismogram 
is analyzed, not only certain points in the seismogram.

Several seismological studies using arrival time data of the P and S waves, PP 
and Pdiff [2-7], also the dispersion data of the Rayleigh and Love surface wave 
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[8-11]  have been carried out in this area. In this article the structure of the Earth 
between the hypocenter of the C052198B earthquake, Minahasa and 
observatory stations in Australia will be retested. Whether obtained S wave 
anomalies are in accordance with the results of other seismogram analyses are 
studied through arrival time and dispersion analyses [12].

2 Research Methodology

The seismogram data have been downloaded from IRIS Data Center, using the
Web page. The complex ground movement at a station will be recorded in the 
directions of the three Cartesian components (N-S, E-W and vertical Z, local in 
the position of the receiver station, is known as the recorder components with 
the suffix – E, – N & – Z). The position of the earthquake source is in 
Minahasa, Indonesia with the coordinates 0.21° North Latitude and 119.58° East 
Longitude, 28 km depth, and magnitude of 6.2. The fault planes of the 
earthquake have strike=108°, and 207°, dip=64°, and 72°, and slip=160°, and 
28°, and scalar moment is 1.03e+26 dyne-cm. The slip gives the motion of the 
hanging wall relative to the footwall. It is an angle from horizontal (in the given 
strike direction), increasing in a counter-clockwise sense, in the fault plane. 

The position of the observatory stations and earthquake epicenter is presented in 
table 1. The path of the wave propagation from the earthquake epicenter 
to the position of the observatory stations is illustrated in Figure 1. 

To identify the body wave phases in the seismogram, the ttimes program is 
used, which is based on the paper of Bulland and Chapman [13], downloaded 
from http://orfeus.knmi.nl. Figures 2 – 5 display the original seismograms at 
each station for all components (t,r,z) and marked  arrival wave phases such as 
P, S, SS, ScS, ScSn, Love and Rayleigh wave phases in the seismogram. 

Table 1 The position of observatory stations used in this research according to 
http://www.fdsn.org/stations/FDSNstations.htm.

No Station South
Latitude

East
Longitude

1 WRAB 19.93 134.36
2 CTAO 20.09 146.25
3 NWAO 32.93 117.23
4 CAN 35.32 149.00
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Figure 1 Vertical projection of released seismic wave paths from  earthquake 
source to several observatory stations in Australia

Figure 2 Seismogram data and wave phases using travel times 
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Vertical projection of released seismic wave paths from  earthquake 
source to several observatory stations in Australia

    
eismogram data and wave phases using travel times at WRAB.

Vertical projection of released seismic wave paths from  earthquake 
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To produce the synthetic seismogram from a global earth model 
certain earthquake dept
method is equivalent to 
be chosen arbitrarily, where in this research the Nyquist frequency is set at 40 
mHz, and produced complete synthetic seismogram in 
the three Cartesian components. At higher frequenc
observed and synthetic seismogram 
of the earthquake moment tensor using 
lower corner frequency, 8 mHz.

The response file of the  
for the various channels 
seismogram (the units
comparison between the observed and the synthetic 
with the same units [mm/s].

Figure 3 Seismogram data and wave phases using travel times 
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o produce the synthetic seismogram from a global earth model [14] 
certain earthquake depth, the GEMINI method is used [15-17]. The GEMINI 

to the Normal Mode method, but the frequency limit 
be chosen arbitrarily, where in this research the Nyquist frequency is set at 40 
mHz, and produced complete synthetic seismogram in the time domain and 

three Cartesian components. At higher frequencies the difference betwee
observed and synthetic seismogram becomes unsystematic. The determination 
of the earthquake moment tensor using the time series data is carried out 
lower corner frequency, 8 mHz.

response file of the  seismometer instrument system   at the receiver station  
for the various channels (N, E & Z) is used to deconvolve to the  recorded 

s  mV is changed into mm/s), so that the seismogram 
comparison between the observed and the synthetic waveforms is conducted  

[mm/s].

eismogram data and wave phases using travel times at CAN.
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time domain and for 
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unsystematic. The determination 
time series data is carried out using a 

the receiver station  
recorded 

mV is changed into mm/s), so that the seismogram 
is conducted  
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Figure 4 Seismogram data and wave phases using travel times 

Figure 5 Seismogram data and wave phases using travel times 
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eismogram data and wave phases using travel times at CTAO

    
eismogram data and wave phases using travel times at NWAO

CTAO.

NWAO.
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3 Seismogram Analyses and Discussion

Each figure in the following presents 3 curves which show the ground 
movements in three components. The recorded seismogram is a solid line, the 
synthetic seismogram constructed from the global vertical anisotropic PREM 
(PREMAN hereafter) earth model is a dotted curve, and synthetic from the 
corrected earth model is a dashed-line curve. Each trace express the ground 
movement in the Cartesian components which  are z (vertical), r (radial) and t
(transverse) . The small box at the right of Figures 6 - 9 shows the S velocity 
structure between the earthquake source and the station.

The first one presented is the seismogram comparison for the WRAB station,
which is located in northern Australia. Figure 6 shows an excellent fit not only 
to the Rayleigh and Love surface waves, but also to S and SS body waves. The 
fit is obtained by increasing the earth crust thickness by 4 km compared to the 
PREMAN earth model and changing the velocity gradient of h in the earth 
upper mantle to positive, and small positive corrections to the zero order 
coefficients of the polynomial function, which express the  wave velocity in 
the mantle layers, from the upper mantle down to 771 km depth. The positive 
correction should be imposed on all mantle layers, because all the wave phases 
given by the synthetic from the PREMAN earth model arrive later than the 
measured wave phases. In this small epicentral distance which is 24.9°, the 
delay of the Love main oscillation is 25 seconds, whereas the delay of the S 
wave is 14 seconds, a big arrival time difference. This indicates that the 
anisotropy is stronger than stated in other seismological research [18,19]. 
Figures 6b and 6c shows arrival time fits of ScS and ScS2 from core reflected S 
body waves. The change in the  crustal thickness influences the amplitude  of 
the core reflected waves and  is not well known by other seismologists, because 
they  analyze only the arrival time differences of S and ScS waves or ScSn -
ScSj, where the time arrival measurement is conducted  at stations  with 
epicentral distances over 45° [19]. The ScS and multiple core reflected waves 
can be seen clearly on the t component, because the Core Mantle Boundary is a 
good S wave reflector; the differences in the waveform fitting in the t and r
components show that the anisotropy at the base of the mantle is stronger than 
stated in other seismological research [20,21]. Besides, waveform analyses of 
core reflected waves using small epicentral distances give a new road for study 
of the S wave velocity structure in all mantle layers, which is better than the 
arrival time difference method. The ttimes program provides only the travel 
time of ScS wave, no multiple wave phases, as illustrated in Figure 6d. 
Although the travel time is labeled with PKKPdf, the waveform is not this wave 
phase, but the multiple core reflected ScS2 wave phase, because the travel times 
of multiple ScSn can be estimated as integer multiplications of the ScS arrival 
times, by observing large amplitudes on the transversal component.
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Figure 6 Seismogram comparison at WRAB station, a). S, SS, L and R; b). ScS 
and c). ScS2 waves.
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Seismogram comparison at WRAB station, a). S, SS, L and R; b). ScS Seismogram comparison at WRAB station, a). S, SS, L and R; b). ScS 
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Figure 7 Seismogram comparison at CAN station, S, SS, L and R waves

Figure 7 presents the seismogram comparison between the 
synthetic seismograms
earth model for the CAN station. 
model shows that  arrival time delay
waves in the z and r
reaches 28 seconds, and 8 seconds 
imposed for all layers 
also in the mantle layers below the upper mantle. This strong delay indicates 
that the subduction zone in South Indonesia has 
propagation. The anisotropy in the mantle 
splitting at stations with 
are recorded free from interference with other seismic phases in a very broad 
distance interval, which makes them observable at any sufficiently sensitive 
seismic station equipped with medium period seismographs, but they measured 
only the travel time difference 
analyzed the complete seismogram in time domain and three components 
simultaneously. Observation
oscillations from the Love wave arrive
stronger than the supposed anisotropy in upper mantle layer of the PREMAN 
Earth model. For the synthetic seismogram
the beginning phase from the SS wave, 
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Seismogram comparison at CAN station, S, SS, L and R waves.

7 presents the seismogram comparison between the recorded
which are constructed from PREMAN and the corrected 

CAN station. The comparison using the PREMAN earth 
model shows that  arrival time delays occur in all body wave phases and surface 

(P-SV) components. The delay of the Rayleigh wave
28 seconds, and 8 seconds for the S wave. A correction must be 

layers to 771 km depth, and this shows that anisotropy occurs 
also in the mantle layers below the upper mantle. This strong delay indicates 

subduction zone in South Indonesia has a positive anomaly in S wave 
propagation. The anisotropy in the mantle is also observed using SKS wave 

with epicentral distances over 60° [22,23]. SKS and SKKS 
are recorded free from interference with other seismic phases in a very broad 
distance interval, which makes them observable at any sufficiently sensitive 
seismic station equipped with medium period seismographs, but they measured 

difference of SKS in the r and t components. This research 
analyzed the complete seismogram in time domain and three components 
simultaneously. Observations on the t component show conversely, that the big 

from the Love wave arrive 24 seconds earlier. Anisotropy is 
stronger than the supposed anisotropy in upper mantle layer of the PREMAN 

the synthetic seismograms, the data could be matched only
the beginning phase from the SS wave, and beginning and end part of the sig
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and the 
which are constructed from PREMAN and the corrected 

comparison using the PREMAN earth 
occur in all body wave phases and surface 

the Rayleigh waves
correction must be 

771 km depth, and this shows that anisotropy occurs 
also in the mantle layers below the upper mantle. This strong delay indicates 

positive anomaly in S wave 
also observed using SKS wave 

]. SKS and SKKS 
are recorded free from interference with other seismic phases in a very broad 
distance interval, which makes them observable at any sufficiently sensitive 
seismic station equipped with medium period seismographs, but they measured 

components. This research 
analyzed the complete seismogram in time domain and three components 

component show conversely, that the big 
24 seconds earlier. Anisotropy is 

stronger than the supposed anisotropy in upper mantle layer of the PREMAN 
matched only on 

he signal 
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between the SS and Love waves.
to the two observatory stations of WRAB and CAN are very close to each other. 
We can see that there is a discrepancy 
types of surface wave have a different deviation. This indicates that strong 
anisotropy occurs not only in the upper mantle, but also in 
layers with weaker anisotropy.

Figure 8 Seismogram comparison at CTAO station, S, SS, L and R waves

Figure 8 shows the seismogram comparison 
located in Queensland, Australia. Compared to the WRAB station, the location 
of the CTAO station is in
Australian continent crust. 
the PREMAN model. Differen
and Rayleigh waves from the PREMAN 
the upper mantle between the earthquake hypocenter and the station has weak
anisotropy than in the PREMAN model.

The seismogram comparison between the 
from PREMAN and the 
obtain the fit to this seismogram, the chang
carried out in the value
function. From the theory of elasticity in 
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between the SS and Love waves. The wave paths from the earthquake epicenter 
two observatory stations of WRAB and CAN are very close to each other. 

We can see that there is a discrepancy in the SV and SH arrival times and both 
ace wave have a different deviation. This indicates that strong 

anisotropy occurs not only in the upper mantle, but also in the deeper mantle 
layers with weaker anisotropy.

Seismogram comparison at CTAO station, S, SS, L and R waves.

seismogram comparison at the CTAO station, which is 
located in Queensland, Australia. Compared to the WRAB station, the location 

is in eastern Australia, and the wave path is dominated by 
Australian continent crust. The thickness of the crust is only 2 km thicker than 
the PREMAN model. Differences for the arrival times of the synthetic Love 

from the PREMAN model are small. This indicates that 
the upper mantle between the earthquake hypocenter and the station has weak
anisotropy than in the PREMAN model.

The seismogram comparison between the recorded and the synthetic waveforms 
the corrected Earth model are illustrated in Figure

this seismogram, the change in the S wave velocity structure 
carried out in the values of the zero order coefficients of the  polynomial 
function. From the theory of elasticity in a homogeneous medium it is known 

earthquake epicenter 
two observatory stations of WRAB and CAN are very close to each other. 

SV and SH arrival times and both 
ace wave have a different deviation. This indicates that strong 

deeper mantle 

.

the CTAO station, which is 
located in Queensland, Australia. Compared to the WRAB station, the location 

is dominated by 
km thicker than 
synthetic Love 

are small. This indicates that 
the upper mantle between the earthquake hypocenter and the station has weaker 

synthetic waveforms 
ure 9. To 

y structure is
polynomial 

homogeneous medium it is known 
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that  and 

rock density, so the change in 
seen in Figure 9a. Figure

Figure 9 Seismogram comparison at NWAO station, a. P; b. S, L and R and c. 
ScS2 waves.
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and , where λ and µ are Lame parameters, and ρ is 

so the change in  also influences the P wave simulation, as can be 
ure 9b shows the fit to the S wave, as well as the Love and 

  

   
Seismogram comparison at NWAO station, a. P; b. S, L and R and c. 
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, where λ and µ are Lame parameters, and ρ is 

also influences the P wave simulation, as can be 
as well as the Love and 

Seismogram comparison at NWAO station, a. P; b. S, L and R and c. 
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Rayleigh surface waves. Comparison to observations shows that the synthetic 
Rayleigh wave from PREMAN arrives 14 seconds later than the recorded
Rayleigh wave, whereas synthetic Love waves arrive 29 seconds later. This 
shows that anisotropy in the upper mantle and deeper layers are stronger than 
supposed in the PREMAN model [8,9,21]. The  wave velocity has been 
changed from the upper mantle down to 771 km depth providing a fit of the 
ScS2 wave phase, as pointed out in Figure 9c.

From other previous studies, the seismic anisotropy can be probed using a 
variety tools, including shear-wave splitting of core-refracted phases (SKS and 
SKKS). This research analyzed the travel times of core phases on three 
components [21,22] and anisotropic receiver function [24], but the receiver 
function method  still used  an isotropic earth model.

4 Conclusions

The S wave velocity structure between Minahasa and observatory stations in 
Australia has been investigated through seismogram analysis of the C052198B 
Minahasa earthquake, using three-component time domain data. The analyses 
showed that the discrepancies between the recorded and the synthetic 
seismograms , which  are constructed from the PREMAN  model, not only 
occurred  in the arrival times of the Rayleigh and Love surface waves, but also  
in the S body waves and the core reflected ScS and ScS2 waves. The 
discrepancy of the Love waves is observed in the travel times and the number of 
oscillations. These waveform discrepancies were explained by changing crustal
thickness and imposing a positive gradient of h in the upper mantle layers. For 
matching the arrival times of the body waves, corrections in  velocities of the
deeper mantle layers are required. These results of the interpretation on the 
seismogram analyses showed that there is strong anisotropy in the upper mantle, 
and weaker anisotropy in the deeper mantle layers. From observing the core 
reflected waves, ScS and ScS2, the anisotropy continues until the base of the
mantle.
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