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Abstract

Spatial and temporal variations in coseismic slip distribution are often obtained by rupture process analyses using
teleseismic body waves. Many analyses using teleseismic body waves were based on the ray theory because of the
very efficiently computable direct P-, S-, and major reflected waves near the source. The 2004 Sumatra-Andaman
earthquake was one of the largest earthquakes recorded in history, and the data that are required for the entire
rupture process analysis include later phases such as PP waves and a very long period phase called a W phase.
However, calculating these later phases using the conventional ray theoretical method is difficult. Here we investigate
the rupture process of the 2004 Sumatra-Andaman earthquake using complete Green’s functions, including all later
phases such as PP waves and W phase. We use the direct solution method, which computes complete synthetic
seismograms up to 2 Hz for transversely isotropic spherically symmetric media, to calculate the Green'’s functions.
The obtained synthetic seismograms generated fit the observed seismograms quite well from a short period to a
long period. The estimated slip distribution consists of four large slip areas: the largest slip occurred in the shallow
part off the Sumatra west coast with a maximum slip of approximately 29 m, the second and third largest slips
occurred in the shallow and deep parts of the Nicobar region with maximum slips of approximately 8 m and 7 m,
respectively, and the fourth slip occurred in the middle Andaman region with a maximum slip of approximately 6 m.
The estimated average rupture velocity is 2.8 km/s, but the rupture may have slowed between the Sumatra and the
shallow Nicobar slip areas, and between the Nicobar and the middle Andaman slip areas. The delayed initiation of the
shallow slips in the Nicobar region may possibly have been triggered by the deeper slip in the Nicobar region. There

the 2011 Tohoku-Oki and 2010 Chile earthquake.

were no distinct depth-varying properties for the shallow and deep slips in the Nicobar region, as were reported for
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Introduction

The 26 December 2004 Sumatra-Andaman earthquake
was one of the largest earthquakes ever to be instrumen-
tally recorded; it caused the Indian Ocean tsunami,
which killed over 250,000 people. Many high-quality
geophysical data sets have led to a large number of pro-
posed rupture models. This earthquake had a very long
fault length of 1,200 to 1,300 km with a moment magni-
tude of 9.1 to 9.3 (Ammon et al. 2005; Stein and Okal
2005; Tsai et al. 2005). The source duration and rupture
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velocity were estimated to be approximately 500 s and 2
to 3 km/s, respectively, by high-frequency seismic and
hydroacoustic data (Guilbert et al. 2005; Ishii et al. 2005;
Ni et al. 2005; Tolstoy and Bohnenstiehl 2005).

Spatial and temporal variations in coseismic slip distri-
bution are often obtained by rupture process analyses
using teleseismic body waves. Many analyses of teleseis-
mic body waves with short periods (in seconds) were
based on the ray theory (e.g., Kikuchi and Kanamori
2003) because of very efficiently computable direct P, S,
and major reflected waves near the source. Conventional
teleseismic body wave inversion using the global broad-
band seismic network can be immediately analyzed after
the occurrence of large earthquakes. However, some
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problems arise when these methods analyze that the total
duration of a rupture process is longer than the time win-
dow between the later phase PP waves and the P waves,
such as the 2004 Sumatra-Andaman earthquake (Ji 2005;
Yagi 2005; Yamanaka 2005). These methods cannot accur-
ately calculate later phases such as PP waves because such
waves are complicated by the upper mantle structure. Fur-
thermore, these conventional methods cannot explain the
long-period (up to 1,000 s) W phase, which has been ob-
served in the displacement records of huge earthquakes
and can be explained as the superposition of the fun-
damental mode and several overtones of spheroidal
modes or Rayleigh waves (Kanamori 1993; Kanamori
and Rivera 2008).

The model III of Ammon et al. (2005), hereafter called
Ammon-III, was employed to conduct finite fault inver-
sion of the earthquake using long-period body waves and
surface waves (20 to 2,000 s) with the spectral element
method for a three-dimensional earth model. Such long-
period waveforms constrain the general features of the
rupture process. On the other hand, abrupt changes in the
rupture velocity or slip magnitude radiate high-frequency
seismic waveforms (Das and Aki 1977; Madariaga 1977).
To obtain detailed characteristics, such as variations in the
slip velocity or rupture velocity, it is important to use
higher-frequency seismograms. The purpose of this study
is to analyze the full duration rupture process of the 2004
Sumatra-Andaman earthquake using complete (including
all later phases such as PP waves and W phase) Green’s
functions including high frequency (i.e., seismic frequency
bands that are the same as those for conventional teleseis-
mic body wave inversion methods). The Green’s func-
tions were calculated up to 1 Hz using the direct solution
method (DSM; Geller and Ohminato 1994; Kawai et al.
2006), which computes complete synthetic seismograms
for transversely isotropic, spherically symmetric media.

Data and methods

In this study, the Green’s functions were calculated by
the DSM for transversely isotropic, spherically symmet-
ric media (Kawai et al. 2006). We used the DSM soft-
ware published on the Internet (Takeuchi 2010). The DSM
computes synthetic seismograms by directly solving the
Galerkin weak form of the equation of motion. Note that
this program does not use geometrical optics or Earth-
flattening approximations but efficiently computes highly
accurate synthetic seismograms up to 2 Hz in a spherically
symmetric, transversely isotropic Earth model. Detailed
derivations of the DSM and extension to transversely iso-
tropic spherically symmetric media up to 2 Hz were pro-
vided by Geller and Ohminato (1994) and Kawai et al.
(2006), respectively. In this study, we calculated the Green’s
functions in the period range from 1/4,096 to 1 Hz using
the TASP91 earth model (Kennett and Engdahl 1991) and
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applied the waveform inversion scheme of Kikuchi et al.
(2003). We consider that the IASP91 earth model is ap-
propriated for the Sumatra region (Additional file 1:
Figure S1). We imposed two constraints: non-negative
rake direction (Lawson and Hanson 1974) and spatial
smoothness of the slip distributions. The smoothing
constraint value is determined by inspecting whether
the synthetic waveforms restore distinct phases of the
observed waveforms and whether the slip distribution
is not complex.

We used 52 vertical components of teleseismic body
wave records collected by the Data Management
Center of the Incorporated Research Institutions for
Seismology (IRIS-DMC) with an epicentral distance
between 30° and 100° (Figure 1). We eliminated the
instrumental response of these records, applied band-
pass filtering between 1 and 600 s, interpolated at a
sampling interval of 2 Hz, and converted ground
displacement waveforms. Both deconvolution and
band-pass filtering were implemented in the time
domain described by Kanamori and Rivera (2008).
Working in the time domain is useful for reducing
instrumental drift and avoiding the effects of wrap-
around. We used the observation records before S
waves because the S waves were too large in amplitude
compared with the phases before the S waves. If we use
the observation data including the S waves, the vari-
ance between observations and synthetics will be
determined almost exclusively by the fitting of the S
waves (i.e., the fitting of the P wave and PP waves is of
minimal importance for the variance).
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Figure 1 Broadband seismic stations used in the
source inversion.
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Teleseismic body wave inversion is a sensitive method
for determining the depth of a slip area using the depth
phases (i.e., the -pP and -sP phases). Ammon-III assumed
three planar fault segments to express the very long and
wide rupture area of the 2004 Sumatra earthquake; how-
ever, the subducting slab geometry obtained by seismicity
is actually curved (Engdahl et al. 2007; Sibuet et al. 2007).
The gap in depth between the assumed fault model and
the true slab geometry causes a negative effect in the in-
version results. It is important for teleseismic body wave
inversion to use accurate fault geometry, particularly dip
directions. Here we used the fault geometry model of
Hoechner et al. (2008), which was constructed by an ac-
curate discretization of subducting slab geometry. This
fault geometry model consists of 12 x 36 = 432 subfaults
with depths ranging from 5 to 53 km, based on regional-
ized upper mantle (RUM) slab geometry (Gudmundsson
and Sambridge 1998). The average subfault length and
width are 40 and 16 km, respectively. The detailed sub-
fault parameters are cited in supplementary data set S3 of
Hoechner et al. (2008). A single-point source is used as
the subfault Green’s function (i.e., rupture propagation in-
side each subfault is not included). The slip rate function
of each grid point was expanded into 20 triangle functions
with duration of 6 s at an interval of 3 s. We assumed a
maximum rupture front velocity of 3.0 km/s, which was
selected by a grid search between 1.0 and 4.0 km/s.

Results

The inversion results are shown in Figure 2. (Additional
file 2: Figure S2 also shows the inversion results for an
assumed maximum rupture front velocity of 2.0 and
4.0 km/s.) Figure 2a shows the obtained source time
function. The total rupture duration is approximately
500 s, and the total seismic moment is 5.5 x 10°> Nm
(Mw9.1). Figure 2b shows the slip distribution for an
assumed maximum rupture front velocity of 3.0 km/s.
The estimated slip distribution consists of four large
slip areas: the largest slip area is located in the shallow
part of the Sumatra region with a maximum slip of ap-
proximately 29 m (area A), the second and third areas of
strong slip are located in the shallow and deep Nicobar re-
gion with maximum slips of approximately 8 and 7 m
(areas B and C), respectively, and the fourth slip area is lo-
cated in the middle depths of the Andaman region with a
maximum slip of approximately 6 m (area D). The repre-
sentative slip velocity function of each large slip area is
also shown. Figure 3 shows a snapshot of the slip distribu-
tion at 20 s intervals. In the first 60 s, a small slip occurred
near the hypocenter. After 60 s, the rupture of area A
started to propagate to the northwest with an average rup-
ture velocity of 3.0 km/s and lasted for 140 s (200 s after
origin time). (Here, the average rupture velocity of each
large slip area is defined to track the onset when the slip
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value reaches 2 m, which is approximately 30% of the
maximum slip value for slip areas B, C, and D.) Then, the
rupture of area C started to propagate to the north with
an average rupture velocity of 3.0 km/s at 200 s. After 60 s
from the start of rupture in area C (260 s after origin
time), the rupture of area B also started to propagate to
the north with an average rupture velocity of 4.0 km/s.
The rupture of area B started 30 s after arrival of the as-
sumed maximum rupture front at a velocity of 3.0 km/s.
Although the ruptures of areas B and C both arrived in
the Andaman region at 380 s, almost no slip occurred
from 380 s to 460 s in the Andaman region. Finally, rup-
ture occurred in area D from 460 s to 500 s. The rupture
of area D started 40 s after arrival of the assumed
maximum rupture front at a velocity of 3.0 km/s and
propagated at an average rupture velocity of 3.0 km/s.

Discussion

Our source model using the DSM satisfactorily reproduces
the features of the observed waveforms from short-period
to long-period components (Figure 4). In particular, some
station records with station azimuths between south and
west (NWAO, CASY, QSPA, SUR, LSZ, MSEY, KMBO,
MBAR, FURI, RAYN) clearly dominate the very long
period components (W phase). These components can-
not be calculated using conventional teleseismic body
wave analyses (Yagi 2005; Yamanaka 2005; Ji 2005; see
also Additional file 3: Figure S3) but are explained well
with synthetics. For the distance between the rupture
extent and the hypocenter (1,380 km) with the rupture
duration (500 s), we obtained an average rupture vel-
ocity of approximately 2.8 km/s. These overall source
parameters are consistent with other studies using seis-
mic waves (Ammon et al. 2005; Ishii et al. 2005).

The large slip segments are in located in four separate
areas. The transitions of each segment along the strike
direction are roughly consistent with the changes the
physical properties of the subducted slab from seismic
tomography (Kennett and Cummins 2005). Although the
average rupture velocities in areas A and C have the same
value as the maximum rupture front velocity of 3.0 km/s,
the rupture in areas B and D started 30 to 40 s after arrival
of the assumed maximum rupture front at a velocity of
3.0 km/s and propagated with average rupture velocities
of 4.0 and 3.0 km/s, respectively. The southern sides of
areas B and D are not ruptured. These areas may form a
barrier region (velocity-strengthening behavior), and the
barriers may cause the rupture velocities to be slow. The
slow rupture initiation in the shallow Nicobar region was
further supported by a recent joint inversion of tide gauge,
satellite altimetry, and GPS data by Lorito et al. (2010).
The slow rupture velocity of the Andaman region has
been indicated in many studies (e.g., de Groot-Hedlin
2005; Guilbert et al. 2005; Tolstoy and Bohnenstiehl 2005;
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Figure 2 Inversion results. (a) Moment rate function. (b) Slip distribution on the fault. The green star represents the epicenter of the main
shock, the red circles represent large aftershocks (Mw >7.0), and the gray circles represent aftershocks (Mw >5.0). The red, blue, green, and
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96°

Tsai et al. 2005). Another interpretation of the delay onset
of slip with respect to the maximum rupture front in area
B is that the slip in area B may have been triggered by the
slip in area C.

Ammon et al. (2005) showed that three relatively ener-
getic amplitude bursts (from 50 to 150, 280 to 340, and
450 to 500 s) can be identified in high-frequency seismo-
grams. These energetic bursts correspond with the slip

of our results in areas A, B and/or C, and D, respect-
ively. Although the slip rate functions of areas A and D
have large peak slip rate values and distinct peaks (the
slip rate function of area A has two peaks), the variations
of these functions for areas B and C are relatively mod-
erate. Comparing the slip rate function in area B with
that in area C, the slip rate in area B increases moder-
ately and maintains the same value in the last time
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Figure 3 Snapshot of the rupture process at 20 s intervals. The contour interval is 2 m. The star represents the epicenter of the main shock.
The colored rectangles denote large slip areas, as shown in Figure 2b.

window, but the slip rate in area C rises rapidly and de-
creases with time. These features may represent depth-
varying rupture properties of the subduction zone (e.g.,
Lay et al. 2012); however, there are no distinct variables in
these functions, which is in contrast to distinguish the
properties reported in the 2011 Tohoku-Oki and 2010
Chile earthquakes (e.g., Asano and Iwata 2012; Koper et al.
2011, 2012; Wang and Mori 2011).

The obtained source time function is very similar to
that of Ammon-III. A source time function is the most
stable parameter despite some differences in fault pa-
rameters in finite fault inversion (e.g., Lay et al. 2010).
The largest moment release occurred from 60 to 200 s
in the Sumatra region (area A). This largest moment
release in area A has been obtained in most rupture
process analyses. The largest slip area of our study is lo-
cated off the west coast of the Sumatra islands at a depth
shallower than 30 km with a maximum slip of approxi-
mately 29 m. However, the largest slip area of Ammon-III

is located in the deeper part of the Sumatra region with
a maximum slip of approximately 12 m. Araki et al.
(2006) deployed the ocean bottom seismographic net-
work around this region in February and March 2005.
The aftershock distribution was mainly concentrated
deeper than 25 km, and their focal mechanisms were
dominantly the dip-slip type. These aftershocks are
considered to have occurred at the plate interface. In
contrast, aftershocks at depths shallower than 25 km
were dominantly by a dip-extension type mechanism.
The large reverse fault mechanism aftershocks greater
than Mw7.0 occurred on the edge of the largest slip
area of our study (Figure 2b). This relation between
large slip areas and aftershocks has already been indi-
cated in previous studies (e.g., Mendoza and Hartzell
1988; Houston and Engdahl 1989), and this comparison
indicates the robustness of the rupture process analysis.
These results support the shallow largest slip of our
result.
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Synthetic

A significant discrepancy is present in the amount of
maximum slip between our study and Ammon-III. This
discrepancy was caused by the different rigidities
between our study (30 GPa) and Ammon-III (68 GPa),
because the largest slip area of our study is located in
the shallow region. Seno and Hirata (2007) reported that
the maximum slip of the tsunami models (approximately
30 m; e.g.,, Hirata et al. 2006; Tanioka et al. 2006; Fujii
and Satake 2007) is generally larger than that of the seis-
mological models (approximately 15 m; e.g, Ammon
et al. 2005; Ji 2005; Yamanaka 2005). They suggested
that additional crustal deformation, such as inelastic

uplift of the trench sediments, might have occurred near
the deformation front. However, the maximum slip value
of our result is consistent with the tsunami models. This
shows that no additional slip, such as inelastic defor-
mation, is necessary.

Our results indicate that the rupture occurred in both
shallow and deep parts of the Nicobar region (areas B
and C); this result was further obtained by Lorito et al.
(2010). Two large left lateral fault mechanism after-
shocks (Mw7.2, Mw7.5) occurred in the Nicobar region.
The depths of the aftershocks obtained by Global CMT
were 12 and 33 km, respectively, and these aftershocks
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were considered to be a reactivation of the fracture zone
of the subducted oceanic plate triggered by the main
shock. Unless the rupture occurred in the shallow near-
trench region, a positive Coulomb stress change for the
two aftershocks was not produced (Delescluse et al.
2012 On the other hand, the subsidences of approxi-
mately 3 m in the Nicobar Islands and Great Nicobar
were not explained only by the shallow slip; to cause
these subsidences, the deep part slip is necessary. These
facts support both the shallow and deep part slips in the
Nicobar region obtained by our result; however, these
subsidences may be caused by not only coseismic slip
but also postseismic slip in the deep part.

Next, the rupture propagated at 11° N near Little
Andaman, and almost no slip occurred from 11° N to
13° N; however, a rupture occurred around 13° N to 14° N
in the northern end (area D) 40 s after the arrival of the
rupture front. The large normal fault mechanism aftershock
(Mw?7.5) in the Andaman region was considered to be an
extension event caused by a slab pull force following the
main shock (Andrade and Rajendran 2011).

Conclusions

We estimated the rupture process of the 2004 Sumatra-
Andaman earthquake using teleseismic body waves. This
was a giant earthquake with very long rupture duration
of approximately 500 s; therefore, conventional teleseis-
mic body wave analyses, which cannot calculate later
phases such as PP waves and W phase, could not reveal
the entire rupture process. Our source model satisfactor-
ily reproduces the features of the observed waveforms,
including later phases from short-period to long-period
components. The largest slip area was determined to
have been in the shallow Sumatra region with a max-
imum slip of approximately 29 m. The shallow largest
slip is consistent with the large slip obtained by tsunami
inversions and supported by the aftershock locations.
Other slip areas were determined in the shallow and
deep Nicobar region and Andaman region. Although the
rupture started in the deep Nicobar region immediately
after arrival of the assumed maximum rupture front
velocity of 3.0 km/s, the beginning of rupturing in the
shallow Nicobar region was delayed by 30 s and that in
the Andaman regions was delayed by 40 s after this arrival.
The southern areas of these delayed rupture initiations are
not ruptured. These areas may a barrier region, and the
rupture velocities are slow because of these barriers.
Another interpretation of the delay onset of slip with
respect to the maximum rupture front in the shallow
Nicobar region is that the slip in shallow Nicobar region
may have been triggered by the slip in the deeper Nicobar
region. There were no distinct depth-varying properties of
the shallow and deep slips in the Nicobar region.
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Additional files

Additional file 1: Figure S1. Comparison of the synthetics with the
observation of two moderate size earthquakes in the Sumatra region.
(a) Location of the two moderate size earthquakes. The red and blue
stars represent the epicenter of 26 February 2005 Sumatra region
earthquake (Mw6.6) and 22 December 2006 Andaman region earthquake
(Mw5.9), respectively. Waveform inversion results of the 2005 Sumatra
earthquake using the IASP91 and a modified PREM velocity models are
also shown. The modified Preliminary Reference Earth Model (PREM),
which originally had a 3 km deep ocean layer, was adopted by replacing
the ocean layer with the crust layer. (b) Comparison of the synthetics
with observation of two moderate size earthquakes. The black, red, and
green lines represent the observed, the synthetic with the IASP91, and
the synthetic with the modified PREM, respectively. The numbers above
and below the station code indicate the peak-to-peak amplitude in
micrometers of the observation record and azimuth, respectively.

Additional file 2: Figure S2. Comparison of the inversion results for an
assumed maximum rupture front velocity of 2.0 and 4.0 km/s.

Additional file 3: Figure S3. (Upper) Inversion results using the Green'’s
functions, which are calculated by conventional ray theoretical method
(Kikuchi and Kanamori 2003). The triangle shape and the numbers of the
slip rate functions and maximum rupture front velocity are assumed
same as that in the text. (Lower) Comparison of the correlation
coefficient (CC) of the synthetic and observed waveforms with the
different period range. The star and circle indicate the results using the
synthetics with this study and Kikuchi and Kanamori (2003), respectively.
The numbers of the horizontal axis indicate the period range of applied
band-pass filter (BP). The numbers of 1, 2, 3, and 4 of BP represent the
period range from 1 to 600, from 50 to 200, from 100 to 600, and from
200 to 600 s, respectively.
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