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ABSTRAK

Dalam penelitian ini struktur bumi di bawah lempeng Lautan Hindia Timur Laut dikaji melalui analisis seismo-
gram atas seismogram gempa-gempa bumi yang terjadi di Sumatra dan direkam di stasiun observasi HYB,
India. Analisis seismogram dilaksanakan dalam domain waktu dan ketiga komponen-komponen Kartesian
secara simultan. Perbandingan seismogram menunjukkan bahwa model bumi global PREM memberikan
seismogram sintetik yang menyimpang dari seismogram terukur dan waktu tiba gelombang S yang lebih
lambat dibandingkan waktu tiba terukur. Untuk mencapai pencocokan seismogram, gradient 3, di upper
mantle diubah dari positif menjadi negative, sebagaimana dinyatakan dalam model bumi PREMAN, dan ko-
reksi kecepatan positif ditambahkan pada koefisien-koefisien kecepatan orde nol pada struktur kecepatan S
dalam semua lapisan mantel bumi. Pengepasan yang bagus dicapai pada gelombang ruang S, gelombang
permukaan Love dan Rayleigh, begitu juga dengan gelombang terpantul inti bumi ScS dan ScS2.

ABSTRACT

In this research, the earth structure beneath North East Indian Ocean plates is investigated using waveform
analysis of Sumatra’s earthquakes recorded in HYB station. Seismogram analysis was conducted in the
time domain and three Cartesians components simultaneously. The seismogram comparison shows that the
global earth mantle of PREM provides deviating synthetic seismogram and has later arrival times than those
from the measurement. To achieve the seismogram fitting, the gradient B, in the upper mantle layers was
altered to positive from its negative slope as stated in the PREM model, and positive corrections are added
to the zero order of polynomials coefficients of S velocity structure in all earth mantle layers. The excellent
fitting, as well as travel time and waveform, were achieved on the S wave, Love and Rayleigh surface waves,
as well as the ScS and ScS2 core reflected waves.
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INTRODUCTION ses the huge fault plane along Sumatra Island
parallel to the direction of subduction field in Su-
matra area. This fault plane is along the Bukit

Barisan Mountain Range. The continuous col-

Geological condition of the research area
is as follows: a collision occurred between the

Indian Ocean plate and the Asia plate; which
occurs until now, resulting of a subduction
structure on the west coast of Sumatra and the
south coast of Java. In Java, the subduction
zone is going into north direction and it turned
into northwest direction in Sumatra area. It cau-
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lision between the oceanic plate and continent
plate causes the increasing stress in the rock
constituted continental plate; and if the strain
exceeds 104, the rock will begin to crash, and it
initiates an earthquake. The rock volume which
experienced a dislocation will affect the amount
of energy released by the earthquake, and if
the earthquake is shallow one on the oceanic
plate, it also enables a formation of Tsunami.
The oceanic plates still move until now with an
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average velocity of 14 cml/year, resulting the

great tectonic earthquakes. It is characterized

by a great number of earthquakes in this zone.

The seismogram result of some earthquakes

that occur in this subduction area and in the

fault plane of Sumatra Island will be analyzed
in the time domain and three Cartesian compo-
nents in HYB observatory station, India.

Recent tomography methods use in-
formation of the arrival-time data (Hall, 2002;
Replumaz et al.,, 2004; Engdahl et al., 1998;
Vasco et al., 1995; Zhou, 1996; Grand et al.,
1997; van der Hilst et al., 1997; Boschi and
Dziewonski, 1999; Zhao, 2001, 2004; Garne-
ro, 2000; Nettles and Dziewonski, 2008) which
is extracted from the seismogram time series,
based on the manual and automatic methods.
Overall, | mention these methods as a time
based tomography.

The other tomography methods also
used the separated waveform of S and surfa-
ce wave (Panning and Romanowicz, 2008; Ta-
keuchi, 2007), while this research analyzed the
entire seismogram from S, Love and Rayleigh
waves to the deep core reflected wave ScS
and multiple.

The waveform tomography is different
from the general method of seismology in two
aspects:

1. The data input is composed of the seis-
mogram of three components in the time
domain.

2. The numeric method used is based on the
full wave equation.

The above mentioned features creating
a waveform tomography without any approach;
and consequently, give a better resolution than
the travel time at some points in the seismo-
gram time series. The data set analyzed in this
research is waveforms in seismogram, instead
the travel time data. Although the data set
used by other seismologists reaches a number
of millions, the travel time contains just a litt-
le information in the seismogram time range.
Whereas the waveform of the S wave, the Love
and Rayleigh surface waves in three Cartesian
components simultaneously and also the core
reflected wave phase ScS and ScS,, process
all information contained in the seismogram
completely. Takeuchi (2007) has also used the
method of waveform tomography, but only on
the seismogram of transversal component only.

The P wave velocity structure in this area
in the previous seismology research (Replu-
maz et al., 2004; Grand et al., 1997; van der
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Hilst et al., 1997) has been interpreted using
travel time data, where the travel time data is
supplied by International Seismological Center
(ISC). The previous earth model was obtained
by inverting the travel-time data of the P wave
directly, amounting to 8 x 10°, the phase of ref-
lected wave pP amounting to 0.6 x 108, and
biased in the earth core PKP nearly amoun-
ting to 1 x 108. The amount of data collected
from 300.000 earthquakes from the interval
1/1/1964 until to 31/12/2000 and also a small
amount of data of the absolute difference of
the travel times PP-P, PKP-Pdiff is accurately
measured by the cross-correlation of waveform
taken from the broad-band digital data (Gomer
and Okal, 2003). The forward waveform mo-
deling has complemented the detail about the
structural features in the same vein with the
small heterogeneity pattern refer to the last re-
views, (Zhao, 2001; 2004). This study has wi-
dely increased our knowledge about the struc-
ture and dynamics of the deep interior of the
earth. The subducted layers of lithosphere and
the expanded ocean- mantle become the two
mutually-complemented features in the mantle
convection.

The objective of this research is to inves-
tigate the earth structure beneath North East
Indian Ocean using seismogram analysis and
fitting where the earthquakes occurred in Su-
matra and Java and recorded in the observato-
ry station of HYB, India. The wave paths from
earthquakes hypocenter to observatory station
traverse the earth structure beneath Ocea-
nic plates of Bengal Ocean where the wave
rays propagate into the back structure of the
subduction field.

METHOD

The position of the HYB observatory
station and the epicenters of earthquakes and
the vertical projection of the wave paths from
the earthquakes hypocenter to the observatory
station are presented in Fig. 1. The three di-
mensional location of the earthquakes is pre-
sented in Table 1.

The data set used is the seismogram
comparison between the measured and the
synthetic seismogram. The synthetic seismo-
gram is calculated using the GEMINI (Greens
Function of the earth by Minor Integration) met-
hod (Dalkolmo,1993; Friederich and Dalkolmo,
1995), which is equivalent with the Normal
Mode, but the highest frequency can be set ar-
bitrary.
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Figure 1. The vertical projection of the wave paths from the earthquakes hypocenter to the HYB
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Table 1. The Codes and locations of earthquakes in Sumatra and Java that are analyzed at HYB

station
Earthquake Code Latitude ° East Longitude ° Depth km
C101096F 3.44 97.04 22.8
C110895A 1.85 95.06 29.6
C011601D -4.02 101.78 20
C060700D -4.61 101.9 16.6
C092200E -4.96 102.1 33
C102500D -6.55 105.63 45.6
C031797C -6.61 105.51 42.7
C062702C -6.96 104.18 15

The GEMINI program calculates the Mi-
nors of the Green functions for a given earth
model (e.g. the vertical anisotropic PREM (Pre-
liminary Reference Earth Model, Dziewons-
ki and Anderson, 1981), hereafter we call as
PREMAN) and for a certain depth of the earth-
quake source. The Greens function is integra-
ted from the deepest point in the wave trajecto-
ry (reflected point) to the source depth, denoted
as g, and g, and from earth surface to source
depth, denoted as w, and w,, by fulfilling the
boundary conditions at those points and at the
earth surface. The expansion is written using
the independent variable, that is, the complex
frequency (w+ic), to avoid the time aliasing.
The earthquake tensor moment detailed in the
third line of the CMT (Centroid Moment Tensor)
solution (Dreger, 2002), is used to calculate
the right side of the motion equation system.
The motion equation system forms a linear

equation system, whereas the left side consist
of Greens functions, and the right side is ex-
panded in the spherical harmonic function with
tensor moment coefficients. The linear equati-
on system is solved using the Cramer rule. The
coefficients for the Minors of Greens functions
are then obtained.

The coordinate of the earthquake sour-
ce is put at the North Pole, and the coordinate
of the observatory stations is calculated in the
forms of epicentral and azimuth angles. The
spherical harmonic function is developed with
both of the angle values. The DISPEC program
(belongs to the GEMINI Package) reads the
Greens function produced by GEMINI program
and forms a multiplication with the spherical
harmonic coefficients from the Cramer soluti-
on. The spherical harmonics were evaluated
using the epicentral and azimuth angles. The
DISPEC program ends by summing them up.
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Figure 2. The seismogram fitting and analysis of the earthquakes in North Sumatra in HYB sta-

tion: a) C101096F; b) C 110895A

The result is the synthetic seismogram in the
complex frequency domain. The MONPR pro-
gram (GEMINI package) transforms the synt-
hetic seismogram from the complex frequency
domain into the time domain. The measured
and synthetic seismograms are subject to a
Butterworth low pass filter to get a simpler wa-
veform analysis. The measured seismogram is
subjected to the inverted response file from the
seismogram equipment system. Response file
is a description of the phase change and the
amplification of the equipment system in the
observatory. The input of the seismometer is
the velocity/acceleration of the ground motion
and the output is the electric voltage (mV). By
applying the inversed RESPONSE filter on the
measured seismogram, the comparison bet-
ween the measured seismogram and the syn-
thetic one is performed in the same unit (mm/
sec).

The horizontal components of the
measured seismogram should be rotated with
the y-axis (North-South Canal), directed to the
small arch formed by the observatory station to
the earthquake source (back azimuth, see Fig.
1). Itis used to decompose the complex ground
motion in the 3-D space into the P-SV and SH
components. Therefore, the synthetic and the
measured seismograms are compared in the
same unit and direction of motion.

The seismogram analysis is presented in
Figure 2 and so on. Each figure contains 3 cur-
ves, where the solid curve presents the mea-
sured data. The dot curve is the synthetic seis-

mogram constructed from the PREMAN earth
model, and the dot-dash curve is the synthetic
seismogram constructed from corrected earth
model. The velocity correction includes the
changing of the B, velocity gradient in the upper
mantle layers into positive rather than negative
as in the PREMAN. The corrections on the ze-
ro-order coefficients of the velocity polynomial
function of both kinds of § in the mantle layers.
Corrections are required to obtain a seismo-
gram matching in all phases of the S wave and
multiple, and also the surface waves of Love
and Rayleigh. The correction result of the 3 ve-
locity is presented in the right box, between the
PREMAN earth model and the corrected earth
model.

The first analyzed seismogram is of
C101096 earthquake, North Sumatra, where
hypocenters lie on the fault plane of Semangko
Fault, and the ground movement due to earth-
quake, recorded in HYB station. Fig. 2. shows
that PREMAN earth model provides the Love
synthetic wave that arrives later than the ma-
sured Love, while the corrected earth model
provides an excellent fitting, obtained on both
kinds of the surface wave, Love and Rayleigh
wave The correction on B, is stronger than the
correction on f,. It indicates that the Indian
Ocean plate that lies behind the subduction
field has a positive anomaly of the p velocity.

Figure 2b presents seismogram analysis
and fitting of the C110895A earthquake, whose
hypocenter lies on the subduction field of the
Indian Ocean plate in North Sumatra and is
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Figure 4. The analysis and fitting of the seismogram of earthquakes in North Sumatra in HYB

station: a) C060700D; b) C092200A.

recorded in HYB station. We can see that the
anomaly of B, is required to find a fitting on the
measured Love wave. While on the Rayleigh
wave, the anomaly needed to correct 3 is not
as strong as on B,. On both of them, the seis-
mogram data quality is poor for the time win-
dow of the core reflected wave, so the analysis
was not conducted in these waves.

Figure 3 presents the seismogram fitting
of the C011600A earthquake from the S and
SS waves, the Love and Rayleigh surface wa-
ves, the ScS, and ScS, waves, which in their

propagation had traversed all mantle layers
and earth crust four and six times, respectively.
A strong positive correction on 8, and a weak
positive correction on 8 in the upper mantle
layers, and is continued to be positive in the
mantle layers below, even until they reach the
base mantle. An observation on the ScS, and
ScS, waves on this small epicentral distance
provides a new way to investigate the structu-
re of the S wave velocity in the base mantle,
compared with the method of the travel time dif-
ferences (Souriau and Poupinet, 1991), where
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Figure 5. The seismogram analysis and fitting of the C031797A earthquake in Sunda Strait on

HYB station: a) S, L & R; b) ScS

observatory stations are needed at epicentral
distance over 83°.

Then, the analyzed earthquakes that
occur in South Sumatra and were recorded in
HYB station, as illustrated in Fig. 4a. It can be
seen that, to find a fitting on the height of Love
wave, the earth crust between the hypocenter
of the earthquake and HYB station is thinned,
as is the Ocean earth crust from PREMAN
(Dziewonski and Anderson, 1981). A positive
correction on B, and B, occurs not only in the
upper mantle, but also on the mantle layers be-
low, to obtain a fitting on the S wave.

Next step is to obtain the Love wave
fitting on the seismogram of C092200A earth-
quake in HYB station, as illustrated in fig. 4b,
that a positive correction on velocity of both
kinds of S wave occurs not only on the upper
mantle layers, but also on the mantle layers
below. Unfortunately, the data quality for the
time piece for the ScS wave phase is poor. The
analysis on four earthquakes on the coasts of
South Sumatra indicates that the Indian Oce-
an plates have a thickness like Ocean, but with
a positive anomaly of velocity S, down to the
base mantle.

Figure 5 presents the seismogram ana-
lysis and fitting of the C031797A earthquake,
Sunda Strait in HYB station. The fitting occurs
in various wave phases, from the S wave pha-
se, the surface waves of Love and Rayleigh,
and the phase of core reflected wave ScS.
These indicate that a positive correction on
both kinds of B should be imposed on the upper

mantle layers downward until the base mantle.

Figure 6 presents the seismogram ana-
lysis and fitting of the C102500A earthquake,
Sunda Strait, which is recorded in HYB station.
The fitting occurs on various phases of waves,
beginning from the S wave phase, the surfa-
ce waves of Love and Rayleigh, core reflected
ScS, and ScS, waves. These indicate that po-
sitive corrections on both kinds of B should be
imposed on the upper mantle layers downward
until the base mantle layer.

The seismogram data quality of the
C062702C earthquake only shows good result
on $z$ component. Therefore, | try to find a fit-
ting merely on z component. The fitting result
indicates that the positive anomaly occurs on
the mantle layers until 730 km depth. An ex-
cellent fitting on the S wave is reached, but the
amplitude of the synthetic Rayleigh is weaker
than that of the measured Rayleigh. It is contri-
buted by a mistake in determining the solution
of the CMT tensor (Dreger, 2002). We cannot
analyze the core reflected wave, because of
poor data quality.

RESULT AND DISCUSSION

This research observed the S veloci-
ty structure beneath the Indian Ocean using
seismogram analysis of earthquakes in Sumat-
ra, which are recorded in HYB station. Wave
paths from earthquakes hypocenters to obser-
vation station HYB have small azimuth degree
difference; nevertheless it can still be observed
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Figure 6. The seismogram analysis and fitting of the C102500A earthquake in Sunda Strait in
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using waveform analysis method.

PREMAN earth model is presented
with the vertical anisotropy features just for
the upper-mantle layers. This research used
waveform analysis of S body wave, Love and
Rayleigh surface waves, and also core ref-
lected wave phases. The result shows that the
stated vertical anisotropy occurs not only in the
upper mantle layers, but also on all earth layers
until Core Mantle Boundary. Following this re-
search, we can see that the four earthquakes
analyzed indicate that the velocity anomaly of
the S wave is positive for the plate structure of
the Indian Ocean at HYB station. The positive
anomaly occurs on all mantle layers. To find a
matching for the S waves (SV and SH) on the
seismogram of several earthquakes, we need
a positive correction with weaker magnitude at
the mantle layer until 730 km deep, and its va-
lues are different for both kinds of B. It indicates
that the vertical anisotropy feature also occurs
on the mantle layers below the upper mantle.
These anisotropy features are not used in the
seismology research that is based on the travel
time data, because we find difficulties to obser-
ve the travel time difference between S waves
on the three Cartesian-components. This result
differs from result from Singh (1999) whose
investigation result was based on dispersion
analysis of the Rayleigh surface wave.

The fitting attainment on the phase of
core reflected wave indicates that the anisotro-
py features continue until the earth base mant-
le and the anomaly of B is positive. The wave-

form analysis of core reflected wave phases in
small epicentral distance stations is better than
the method of the travel time difference of the
S-SKKS wave (Wysession et al., 1998; Souriau
and Poupinet, 1991), which requires great epi-
central distance stations to measure the arrival
times of these waves.

CONCLUSION

The velocity structure of the S wave be-
hind the subduction zone and the non-tectonic
areas under the Indian plates have been inves-
tigated by the seismogram analysis from the
earthquakes that occurred in Sumatra, where
the seismogram was recorded in HYB station,
Hyderabad, India, in the time domain and the
three Cartesian-components simultaneously.
The data set used in this research is the seis-
mogram comparison, making use of all infor-
mation that is contained in seismogram, unlike
the travel-time data set that analyzes the small
portion of information that is contained in the
seismogram.

The synthetic seismogram is calculated
with the GEMINI method that is equivalent to
the Normal Mode. To simplify the waveform,
the seismograms are subjected to a low-pass
filter with an angular frequency that is set on
20 mHz.

The seismogram comparison indicates
that the synthetic seismogram from the earth-
quakes in Indonesia that was recorded in HYB
calculated from the earth model PREMAN ar-



202

rives later than its counterpart of the measu-
red wave phase. A correction is imposed by
changing the gradient B, into positive, and by
imposing positive correction on the zero-or-
der coefficients of B as a polynomial function
on every mantle layer. A positive correction is
the first correction on B, to find a fitting on the
Love wave, and then on B to get the fitting on
the Rayleigh and S waves. A correction is also
imposed on the core reflected ScS, ScS, and
ScS, waves. It indicates that the vertical aniso-
tropy feature is stronger than that stated in the
PREMAN earth model, and also occurs in the
mantle layers below the upper mantle layers.
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