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SUMMARY

The goal of this study is to investigate the spatial variability of the seismic radiation spectral
content of the Sumatra—Andaman 2004 earthquake. We determine the integral estimates of
source geometry, duration and rupture propagation given by the stress glut moments of total
degree 2 of different source models. These models are constructed from a single or a joint use
of different observations including seismology, geodesy, altimetry and tide gauge data. The
comparative analysis shows coherency among the different models and no strong contradictions
are found between the integral estimates of geodetic and altimetric models, and those retrieved
from very long period seismic records (up to 2000—3000 s). The comparison between these
results and the integral estimates derived from observed surface wave spectra in period band
from 500 to 650 s suggests that the northern part of the fault (to the north of 8°N near
Nicobar Islands) did not radiate long period seismic waves, that is, period shorter than 650 s
at least. This conclusion is consistent with the existing composite short and long rise time
tsunami model: with short rise time of slip in the southern part of the fault and very long rise
time of slip at the northern part. This complex space-time slip evolution can be reproduced
by a simple dynamic model of the rupture assuming a crude phenomenological mechanical
behaviour of the rupture interface at the fault scales combining an effective slip-controlled
exponential weakening effect, related to possible friction and damage breakdown processes of
the fault zone, and an effective linear viscous strengthening effect, related to possible interface
lubrication processes. While the rupture front speed remains unperturbed with initial short slip
duration, a slow creep wave propagates behind the rupture front in the case of viscous effects
accounting for the long slip duration and the radiation characteristics in the northern segment.

Key words: Earthquake dynamics; Earthquake source observations; Surface waves and free
oscillations; Theoretical seismology.

robust comparison of models obtained from different observations

1 INTRODUCTION ; L.
and their combinations.

The 2004 December 26, Sumatra—Andaman earthquake is not only
the largest event that has occurred globally since 1964, but also the
first of such a size which has been studied using a wide spectrum
of observations with characteristic periods ranging from a fraction
of seconds to months (e.g. see Bilek er al. 2007). The detailed
space-time description of the rupture process given by the different
authors makes a straightforward comparison of the different pro-
posed models difficult. On the other side, integral characteristics
of an earthquake’s rupture, as shown by McGuire ef al. (2001) and
Clévédé et al. (2004), estimated by the second order moments of
the slip rate distribution over the fault related to the source size,
orientation, duration and rupture velocity vector, can be useful for a
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In the case of the Sumatra—Andaman earthquake, the size of the
source is constrained by both HF P-wave energy radiation (e.g.
Lomax 2005; Ishii et al. 2005; Ni et al. 2005; Kanamori 2006;
Gusev et al. 2007), T waves (e.g. DeGroot-Hedlin 2005), and very
long-period data (normal modes, tsunami) (e.g. Ammon et al. 2005;
Lay et al. 2005; Park et al. 2005; Piatanesi & Lorito 2007; Fujii &
Satake 2007). The earthquake ruptured a 1300 km long section of
the Sunda and Sumatra trenches with up to 20 m of slip (Banerjee
et al. 2007; Chlieh et al. 2007). Despite its extreme complexity in
the rupture process, several groups of investigators recognized three
large scale segments along strike; namely Sumatra segment to the
South, Nicobar and Andaman to the North.

Results of some of these studies suggest that there is a spa-
tial variability of the seismic radiation spectral content, the slip
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1216  E. Clevede et al.

distribution varying along the strike with both a long tail and a
probable slow component to the North.

Moreover, this segmentation is consistent with the variations of
the physical properties along the rupture area found by Kennett &
Cummins (2005), Shapiro et al. (2008), and Lorito et al. (2010).

In this paper, we try to investigate this spatial variation. The
second moments (see the appendix for main definitions) of the co-
seismic slip distribution are compared for models constructed from
seismological, geodetic, altimetric and tide gauge measurements.
As a constraint in the comparison we use the estimates of the same
integral moments retrieved from observed surface wave spectra in
the period band from 500 to 650 s (Bukchin & Mostinskiy 2007).
Then the models are compared through their integral characteris-
tics and their compatibility is discussed. Finally, the possibility to
reproduce the main features of the rupture process considering a
simple dynamic source model is investigated.

2 INTEGRAL ESTIMATES FROM
SURFACE WAVE SPECTRA ANALYSIS

To estimate the best double couple, duration and geometry of the
source we have used amplitude spectra of the second and third orbits
of fundamental Love and Rayleigh modes in the spectral range from
500 to 650 s. The records were processed by the frequency-time and
polarization analysis package FTAN (Levshin ez al. 1989).

We selected 24 Love wave records and 22 Rayleigh wave records
from IRIS and GEOSCOPE stations. For the computation of the
synthetic spectra of surface waves displacement a model is con-
sidered, for the Earth structure, with weak lateral Inhomogeneity
(Woodhouse 1974; Babich et al. 1976). In the source region and
under the receivers, the 3SMAC model (Ricard ef al. 1996) is used
for the crust and the PREM model for the mantle and for the quality
factor used for attenuation correction. The results of surface wave
amplitude spectra inversion are summarized in Table 1.

The moment tensor describing the source in the instantaneous
point source approximation is obtained by the joint inversion of sur-
face wave amplitude spectra and first arrival polarities at worldwide
distributed stations (Lasserre et al. 2001). The solution gives a fo-
cal mechanism described by the following values of strike, dip and
slip: 330°, 8°, 105°, respectively. The estimate of the source depth
is about 13 km. The estimated value of seismic moment is 0.52 x
10 Nm.

To estimate the 2nd moments of moment tensor density (stress
glut) the nodal plane dipping to the northeast is considered as the
fault plane. The source depth (13 km) and focal mechanism are fixed
at the values obtained in instantaneous point source approximation.
Usually when double—couple parameters are obtained from periods
long enough to consider the source as an instant in time and a point
in space, the seismic moment value should be fixed as well. But in
this case the periods are not sufficiently long, therefore the seismic
moment is recomputed when determining the source second-order
moments. The duration, the geometry of the source and the instant
centroid velocity are estimated from the same amplitude spectra of
fundamental Love and Rayleigh modes in the same spectral band
(from 500 to 650 s) that was used for the inversion in instanta-

neous point source approximation. The final estimate of the seismic
moment is equal to 0.84 x 10> Nm.

The 2nd moments of moment tensor density can be expressed in
by formulas (A8)-(A14) in terms of six parameters: Ar—integral
estimate of source duration, /,,c—integral estimate of maximal
mean size of the source, ¢,—the angle between the strike axis and
source major axis, /,,,—integral estimate of minimal mean size
of the source, v—integral estimate of the absolute value of instant
centroid mean velocity v and ¢,—the angle between the strike axis
and the vector v. We consider as estimates of these parameters
the optimal values that minimize the misfit between observed and
synthetic surface wave amplitude spectra. We search them by a
systematic exploration of the 6-D parameter space. To characterize
the degree of resolution of every of these source characteristics we
calculate partial residual functions. The inversion yields an integral
estimate of duration being of about 160 s, a characteristic source
length (major axis length) of 300-400 km, while the minor axis
length is poorly resolved between 0 and 200 km. The average instant
centroid velocity estimate is about 2 kms~!. The angles giving the
orientation of the major axis and of the velocity vector orientations
are measured clockwise on the foot wall starting from the strike axis.
They are consistent with each other and the correspondent residual
functions attain their minimum values at 15°. The residual functions
for the integral estimates of source parameters characterizing their
resolution are given in Fig. 1.

The propagation of the rupture may be characterized by the di-
rectivity ratio d proposed by McGuire et al. (2001). This parameter
is defined as the ratio of the average velocity of the instant centroid
over the apparent rupture velocity which is equal to /,.x/At (see
appendix). For a unilateral rupture where the slip on a rectangular
fault nucleates at one end and propagates to the other end at a uni-
form rupture velocity with a uniform slip distribution, d = 1. For
a symmetric bilateral rupture that initiates in the centre and propa-
gates to both end of a fault with uniform rupture velocity and with
uniform slip distribution, d = 0. Predominantly bilateral ruptures
correspond to 0 < d < 0.5 while predominantly unilateral ruptures
correspond to 0.5 < d < 1. The value about 0.8 to 0.9 obtained in
this analysis reveals a unilateral (northward) rupture propagation.

3 COMPARISON OF DIFFERENT
MODELS

3.1 Models used in this study

Among the numerous studies of the Sumatra—Andaman earthquake
source rupture process, nine are selected where different type of
data either by inversion or as constraints are considered.

Lay et al. (2005) performed the seismological analysis and the
tsunami modelling using altimetric and tide gauge data. Ammon
et al. (2005) used very broadband seismological data from 80 to
3000s, to retrieve the slip distribution model used in this study
(hereinafter referred as model I1), and from 5 to 2000 s (hereinafter
referred as model I1I) and the 1-D model (IRT 1-D model) based on
data from 80 to 500 s used to address the estimation of the source

Table 1. Integral moments of the coseismic slip distribution retrieved from observed surface wave spectra in the period band from 500 s to 650 s

Strike (°) Dip (°) Rake (°) Seismic Source Integral Length of Strike axis Length of Instant centroid Strike axis —
moment depth duration major axis major axis minor axis velocity (kms™!) velocity
(N.m) (km) (s) (km) ©) (km) angle (%)
330 8 105 0.8410% 13 160 300 — 400 15 0 —200 2 15

© 2012 The Authors, GJI, 191, 1215-1225
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Figure 1. Residual functions for the source integral characteristics given by the stress glut moments of total degree 2 obtained from surface wave analysis.

duration. Models from Banerjee et al. (2007) and Pietrzak et al.
(2007) use far-field and near field geodetic data (GPS). For Pietrzak
et al. (2007) we consider the model obtained by joint inversion of
these two sets of data. Rhie ez al. (2007) performed a joint inver-
sion of geodetic and long-period (100-500s) seismological data.
Piatanesi & Lorito (2007) used tide gauge waveform to retrieve the

© 2012 The Authors, GJI, 191, 1215-1225
Geophysical Journal International © 2012 RAS

rupture process of the tsunami source. Fujii & Satake (2007) per-
formed a joint inversion of tide gauge and altimetric data. Sladen &
Hébert (2008) inverted for the source of the tsunami using altimetric
data. Lorito et al. (2010) combined tide gauges, satellite altimetry
and far-filed GPS recordings in a joint inversion to infer simulta-
neously the kinematic parameters of the rupture and the rigidity of
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Figure 2. Set of slip distribution models used in this study. Beach balls are showing average focal mechanisms.

the source zone, we consider here their best model. Fault geome-
try, slip distribution and average mechanism for these models are
represented on Fig. 2.

Except for the model IT of Ammon et al. (2005), the source model
parametrization and the slip distribution given by these studies are
used. In the case of Ammon et al. (2005), the model 11 is digitized
from their fig. S6, available with the supporting on-line materials
for horizontal displacement only, therefore the average mechanism
for this model is not shown.

3.2 Integral estimates of models

To compare these models and our results of long period surface wave
inversion, the integral characteristics of these models corresponding

to the stress glut rate moments of degree 0, 1 and 2 directly from
their theoretical definitions (see appendix) are computed.

3.2.1 Spatial characteristics

For the nine models the spatial centroid location and the ellipse char-
acteristics (principal axes length and orientation) are considered. In
the case of Lay et al. (2005) the model includes two separate types of
slip: the first one corresponds to a rise time of 50 s, and the second
one corresponds to a rise time of 3500s. The two corresponding
‘sub-models’ are considered, as well, and there integral estimates
are summarized in Table 2 and illustrated in Figs 2 and 3.

The spatial integral characteristics of all the complete models are
fairly compatible. The length of the minor axis ranges from 116 to

© 2012 The Authors, GJI, 191, 1215-1225
Geophysical Journal International © 2012 RAS
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Table 2. Spatial integral characteristics of the models.
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Length of major ~ Seismic moments

Azimuth  Length of  Length of axis for ratio for

of major minor major truncated truncated and
Model axis (%) axis (km)  axis (km) model (km) complete models
Banerjee et al. (2007) 347 127 708 361 0.67
Sladen & Hébert (2008) 348 147 654 359 0.84
Pietrzak et al. (2007) 336 104 550 402 0.70
Piatanesi & Lorito (2007) 347 150 768 411 0.60
Lorito et al. (2010) 342 162 688 417 0.68
Fujii & Satake (2007) 336 119 500 390 0.90
Rhie et al. (2007) 346 117 617 341 0.74
Ammon et al. (2005) 343 152 648 403 0.79
Lay et al. (2005) total slip 342 131 523 327 0.66
Lay et al. (2005) fast slip 328 116 327 - -

Lay et al. (2005)

(M,oi: average mechanism)

1500

Lay et al. (2005): Slow slip
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Figure 3. Total, slow and fast slip distribution for the Lay et al. (2005) model.

152 km, the length of the major axis ranges from 523 to 768 km, but
the estimates of the length of the major axis are not compatible with
our estimate obtained from surface wave inversion (from 300 to
400 km). On the other side, the estimate for the ‘fast slip submodel’
proposed by Lay et al. (2005) (327 km), which does not require ‘fast
slip’ to the North of Nicobar segment (about 8°N), fits quite well
our estimate based upon surface-wave inversion.

The result of the comparison of the lengths of the major axis for
all models truncated by excluding slip to the North of 8° are shown in
Table 2 and Fig. 4. For Banerjee et al. (2007) and Piatanesi & Lorito
(2007) (using similar fault models) this truncation corresponds to
the removal of the eight northernmost segments of the model, while
for the other more detailed models, this corresponds to the removal
of the part of the fault North of 8°. In this case, the estimates
of Lay et al. (2005) (327 km), Banerjee et al. (2007) (361 km),
Rhie et al. (2007) (341km), Fujii & Satake (2007) (390 km)
and Sladen & Hébert (2008) (359 km) fit our estimate, while for
Ammon et al. (2005) (403 km), Pietrzak er al. (2007) (402 km),
Piatanesi & Lorito (2007) (411km) and Lorito et al. (2010)
(417 km) the estimates correspond to the upper boundary of our
estimate.

Table 2 also shows the seismic moments ratio for truncated and
complete models. The seismic moment of the truncated models is
from 60 to 90 per cent of the moment of the complete models.

© 2012 The Authors, GJI, 191, 1215-1225
Geophysical Journal International © 2012 RAS
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The scalar moment M, is not considered here since the rigidity
1 used in the different models is not the same and this difference
in the assumed value of w impacts on the absolute values of slip.
Therefore the comparison is made considering normalized values
of the slip distribution on the fault for each model. This choice does
not affect our conclusions since the integral estimates of the source
size depends only on the relative distribution of slip.

3.2.2 Integral estimate of duration

The moment rate dependence on time is given by Ammon ef al.
(2005) for three different models: The IRT 1-D model is obtained
by inverse Radon transform using Rayleigh waves for periods from
80 to 500s; the two other models use very long-period seismic
waves, respectively 100 to 3000 s for model II, and 250 to 2000 s
for model III. We also consider the moment rate obtained by (Ishii
et al. 2005) using P-waves radiated in the period range 1to 5.

The computed integral estimate of the earthquake source duration
for these four models is reported in Table 3. While the estimates
pertinent to the models obtained inverting high frequency P waves
or very long periods Rayleigh waves are much larger (293 s, 241 s
and 247 s, respectively) than our surface waves estimate (160 s), the
estimate obtained for the IRT 1-D model using long period waves
(187 s) is close to our estimate.
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Figure 4. Estimates of the major axis length for the different models. Green
columns correspond to complete models, yellow columns correspond to
models truncated to the north of 8°N. Red lines show our lower and upper
estimates from surface wave inversion in the period band 500-650s. G -
GPS data, A - altimeters data, C - GPS, altimeters and tide gauges data,
T - tide gauges data, AT - altimeters and tide gauges data, GS - GPS and
seismological data, S - very broad band (from 100 s to 3000 s) seismological
data. Model 1 - model C by Banerjee et al. (2007); model 2 - Sladen &
Hébert (2008); model 3 - model asv8 by Pietrzak et al. (2007): all available
data are used, but near field GPS data weighted in order to obtain only
coseismic slip; model 4 - Piatanesi & Lorito (2007); model 5 - Lorito et al.
(2010); model 6 - Fujii & Satake (2007); model 7 - Lay et al. (2005) (total
slip); model 8 - Lay et al. (2005) (fast slip); model 9 - Rhie et al. (2007);
model 10 - Ammon et al. (2005).

Table 3. Temporal integral characteristics of

the models.

Model Period band  Integral duration
Ishii et al. 1-5s 293 s

IRT 1D 80-500 s 187 s
Model I 100-3000 s 241s
Model III 250-2000 s 247 s

3.2.3 Comparison of models
The existing models can be separated in two families:

(i) Geodetic and/or altimetric models and/or tide gauge data
and/or seismological models retrieved from very long period seis-
mic records (up to 2000-3000 s): Ammon et al. (2005) models
II and III, Lay et al. (2005), Banerjee et al. (2007), Pietrzak et al.
(2007), Rhie et al. (2007), Piatanesi & Lorito (2007), Fujii & Satake
(2007), Sladen & Hébert (2008), Lorito et al. (2010).

(ii) Seismological models obtained inverting long period records,
but shorter than about 700 s: Lay et al. (2005) short rise time model,
Ammon et al. (2005) 1-D IRT model, and this study.

The preferred explanation of the difference between the main
characteristics of these two families is the coseismic slip on the
northernmost part (North of 8°) with rise time large enough to be
not detectable in the long-period radiation, but still within the seis-
mic band and tsunamigenic. The comparison between the different

major axis lengths reported on Fig. 4 shows coherency among the
different models accordingly with the type of data set used either
jointly or singularly. For instance the GPS and both altimeters and
tide gauges data when used jointly provide a reasonable average of
when they are used singularly. This does apply to GPS and seismo-
logical data. Therefore this is likely a relative measure of robustness
of the already published models. Furthermore the agreement be-
tween the truncated long models to the North with our long period
estimates do confirm the existence of two classes of slip during the
Sumatra—Andaman earthquake.

4 MODELLING OF COMBINED SHORT
AND LONG SLIP DURATIONS

We associate short and long slip duration with short and long rise
time, respectively. The unusual rise times observed along the An-
daman fault segment suggest a broad-band rupture dynamics. Un-
derstanding the non-linear coupling between these different rupture
timescales has important implication in terms of earthquake energy
release and of frictional dissipation, at the fault scales unraveled
by seismic observation of limited frequency bandwidth. This is in-
vestigated by a dynamic modelling of the rupture and its spectral
characterization, for example, moment distribution, energy release
and radiation efficiency.

4.1 Dynamic modelling

Earthquake dynamics is classically simulated using a 3-D finite dif-
ference as a frictional shear rupture process embedded in an infinite
homogeneous elastic medium. A simplified planar surface geometry
is assumed here for the three segments, and the rupture is assumed
to propagate with a constant rake along these segments. At the fault
scale, local shear traction on the rupture plane is estimated using
phenomenological interface laws such as slip-weakening (Ida 1972;
Andrews 1976; Ohnaka et al. 1987) or rate-and-state-dependent
laws (Dietrich 1979; Ruina 1980). The actual unresolved gap be-
tween seismic and laboratory experiment scales inevitably implies
compromises on at least one of the aspect of the physics of the
source.

Classical linear slip-weakening friction law, extensively used in
seismology to study dynamic rupture, is the simplest criterion that
account for a finite fracture energy without stress and slip rate
discontinuities. This criterion involves a characteristic length, or
slip-weakening distance, and shear is a fixed function of slip, which
sets the amount of energy lost to fracture and frictional dissipation.
Standard slip-dependent friction law can not explain the long rise
times observed in part of the rupture. Standard rate-and-state friction
law, introduced to capture some experimental observations of both
steady velocity dependence, transient slip and time dependence of
friction, is defined in terms of slip rate and a single state variable for
which slip or aging phenomenological evolution laws are introduced
to include a memory of previous slip episodes. At seismic slip rate
scales, this kind of friction laws leads to a problematic logarithmic
slip rate dependence (Di Toro et al. 2004; Rice 2006) and behaves
mostly like slip weakening and velocity dependent friction laws.

In the following, we adopt on the basis of its simplicity, the
effective interface law proposed by Nielsen et al. (2000) and Nielsen
& Carlson (2000)

T =04 ndu if 8it > 0 (1)
<6 if 8 =0, 2)

© 2012 The Authors, GJI, 191, 1215-1225
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where
b = a[Vo(r, — 6()) — 8i(t)(0(1) — Ta)] .

T is the shear stress parallel to the rake, Su the slip rate, 6 the
state of the system, n a frictional viscosity, 1/« a characteristic
slip weakening length, V. a characteristic healing velocity, t, the
initial strength, 7, the viscosity-free dynamic strength. In this simple
model, the absolute level of shear pre-stress 7, does not interfere
with the dynamics and only the strength excess t, = 7, — 7 and
the dynamic stress drop At, = 7y — 74 are relevant in the model.
This effective interface law depends, as the rate-and-state friction
laws, on the slip history and the instantaneous slip rate. This law is
derived from the rate-and-state law originally proposed by Carlson
& Batista (1996) for lubricated interfaces. It also bares similarities
with the piecewise continuous friction law considered by Cochard
& Madariaga (1994).

Assuming the characteristic healing timescale to be large com-
pared to the rupture slip timescale, the first term in the right hand side
of the state evolution (eq. 3) can be neglected. Under this hypoth-
esis, the interface law can be restated as non-linear slip weakening
law including a frictional viscous term.

0(0) =7, 3)

=1 — (1, — 1) (1 — ") + ndu, if 8t > 0, 4)

where Su is the slip. The form of this frictional law retains for sim-
plicity two competing effects: a slip-controlled exponential weaken-
ing, related to the effective interface breakdown due to progressive
friction and damage processes of the fault zone, and a viscous fric-
tional effect, related to an effective interface lubrication. During
most of the seismic rupture, this provides a very good approxi-
mation of the dynamics (Carlson & Batista 1996) up to the arrest
phase where healing effects become important. In the under-damped
regime (n = 0), slip time is controlled by the inertial time, while
in the over-damped regime slip time increases and slip rates decay
more gradually as a result of the increased dissipation associated
with the mobilization of effective interface lubrication processes.
Another response is that produced by very rapid changes in slip
velocity. In the event where the interface is subjected to an instanta-
neous jump in velocity, the model predicts an instantaneous change
of shear strength controlled by the effective frictional viscous re-
sponse (||t || = nl|§it|). The rupture front speed is mainly controlled
by the dynamic stress drop and the slip weakening rate, while slip
duration is controlled by the frictional viscosity.

Two rupture models have been built up that fit some of the aver-
age rupture characteristics observed by many authors: (i) the rupture
propagated from South to North on three segments: Sumatra, Nico-
bar and Adaman; (ii) The dynamics of the rupture is heterogeneous
among these segments and the seismic efficiency seems to decrease
as the rupture propagates toward North; (iii) the seismic efficiency
depends on the rupture speed and the sliding velocity, which depend
on the geometry, the local strength excess and the frictional proper-
ties. Kanamori (2006) proposed estimated kinematic and energetic
parameters segment by segment that will be used here to constrain
the mechanical rupture modelling.

We consider a planar rupture surface geometry with three main
segments with width (km) x length (km) of 180 x 420, 130 x
325 and 120 x 570 for the Sumatra, Nicobar and Andaman seg-
ments, respectively. This geometry is similar to the one of Lay ez al.
(2005), used also by Kanamori (2006). Rupture is limited to these
segments by prescribing outside of them a lower pre-stress state.
The rupture mode is mostly mode III and accordingly the largest
expected rupture velocity is the S-wave velocity of the crust. The
strength excess 7, is far less important for mode-III rupture than for
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Table 4. Parameters for the dynamic models, aver-
aged segment by segment.

Atq (MPa) D (m)

v (MPa s/m)

Model without fault viscosity:

Sumatra 3.11 10 0
Nicobar 7.43 28 0
Andaman 2.07 10 0

Model with fault viscosity:

Sumatra 3.11 10 0
Nicobar 6.06 19 1
Andaman 2.89 10 20
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Figure 5. Final slip distribution for the dynamical source models.

mode-II, and will set to zero here. Variations of the fracture energy
is prescribed by varying 1/« only, and the mechanical parameters
of the two models are summarized in Table 4 segment by segment.
We consider two models: a under-damped model with n = 0 in all
the three segments, and a damped model where viscous effects are
mainly concentrated in the Andaman segment.

Both models exhibit very similar characteristics beside a long
rise-time in the Andaman segment for the damped model. The final
slip of these models is shown in Fig. 5. In Table 5 the average
characteristics (moment and seismic efficiency) of the models are
summarized. For the seismic efficiency of a regularized rupture
without stress singularity the following definition is used

Er
Nr = ®)
: Welast
1
Welast = / 7(.[0 - T])(8U1 - SuO)dSFault (6)
Fault 2
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Table 5. Normalized seismic moments and radiation efficiency obtained by:
— Kanamori (2006) — using classical slip-dependent friction (no viscosity)
— velocity strengthening (with viscosity)

Kanamori (2006) no viscosity ~ with viscosity
Total M 1 1 1
Sumatra My 0.46 0.48 0.46
nR 0.21 0.25 0.28
Nicobar My 0.34 0.33 0.34
nR 0.053 0.07 0.05
Andaman My 0.20 0.20 0.20
R - —0.20 —0.24
1
Er = Wepast + / / (814 - BuO)deSFault, (7)
Fault J0

where subscripts 0 and 1 correspond to initial and final states,
respectively. Wen.s is the potential energy change, Ey is the ra-
diated seismic energy, and 7y is the radiation efficiency. For a
uniform distribution of the stress drop (o — 7), this definition
matches the one of Rice (1980) and the well known definition
nr = 2u/(to — ©)Er/Mo, where My = p(8u1 — 8tto)Spaur is the
seismic moment and p the shear modulus. It is important to note
that the seismic energy Ey is a theoretically invariant and global
number that can be evaluated in different way in far field or on
the fault, as fault surface integrals (Rivera & Kanamori 2005), but
any partitioning of the fault in time and/or space (like segment par-
titioning) gives different results. Local negative values of Ey, as
defined by (7), are common at the places where the rupture looses
mechanical energy as it propagates.

To analyse the space-time fault dynamics evolution in the case of
the damped model, contour maps of the sliding velocity is shown

in Fig. 6 for this model. On the Sumatra and the Nicobar segments,
where viscosity is null and small, respectively, the rise time is of the
order of 50 s at the nucleation and decreases as the rupture prop-
agates toward North at almost the shear wave speed (3 kms™!, for
this model). In contrast in the Adaman segment, where a stronger
viscosity is prescribed, while the rupture front still propagates at
almost the shear wave speed (=3 kms™') associated with a rapid
pre-slip, a large creep wave is observed following the rupture front.
This creep wave is travelling now at a group velocity of about 1
km s~! with a slip creep velocity of about 1 cms™!. For large times,
that is, long after the rupture front has reached the end of the An-
daman segment and the creep wave has diffused, a residual uniform
flow creep at 1 mms~! can still be observed with an exponential
decay in time. Such a cross over regime is a result of the competing
effects between the exponential slip weakening and the linear vis-
cous frictional strengthening. While the speed of the rupture front
remains the same as in the under-damped case, viscosity effects
control a diffusive creep wave propagation at much lower speed
than the S-wave speed. An effect reminiscent of wave propagation
in elasto-viscoplastic media.

The main spectral characteristics of the earthquake source, to-
gether with the observed complex space-time sliding process, can be
quite well reproduced when using a simple form of the phenomeno-
logical interface law that retains only an exponential slip weaken-
ing and a linear frictional viscous strengthening of the interface.
This provides interesting insight on the competitive effects between
slip weakening effects, related to effective interface frictional and
damage breakdown processes, and strengthening effects, related to
effective interface lubrication viscous frictional processes, for ex-
tended source rupture dynamics of great earthquakes that break
multiple segments in relation to potential along strike variation of
the subduction interface.
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Figure 6. Slip rate distribution in time at the ‘ridge line’ of the final slip distribution (the line of maximum slip for a given position along the strike) for the

dynamic model with fault viscosity.
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4.2 Spectral features

Even with its crude parametrization, the model is able to mimic the
main features of the Sumatra—Andaman rupture process in terms
of moment distribution, energy release and radiation efficiency as
determined by Lay et al. (2005), Ammon ef al. (2005) and Kanamori
(2006).

To analyse the source time function of our model, the amplitude
spectra of the moment rate function integrated over two parts of the
fault in the bandwidth 0-2.5 mHz (periods longer than 400s) are
computed. The first part of the fault includes the southern segments,
which corresponds to the short slip duration submodel of Lay et al.
(2005) and to the spatial truncation used in Section 3.2.1. The
second part corresponds to the segments of Lay et al. (2005) model
with long slip duration, that is, the northern segment here; in our
model fast and slow slip velocities are not separated. The normalized
amplitude spectra of the moment rate and ratio of these spectra are
shown in Fig. 7.
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Figure 7. (a) Comparison of the amplitude spectra of the moment rate
function integrated over two parts of the fault: ‘southern’ part segments
(solid line) and ‘northern’ part (dashed line). Both spectra are normalized
by the maximum value of the amplitude spectra of the moment rate integrated
over the entire fault. (b) The ratio of amplitude spectra integrated over the
northern segment to amplitude spectra integrated over the southern segment.
The grey areas represent the spectral band used for the surface wave integral
estimates.
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The southern part and the northern part account for 80 per cent
and 20 percent of the total moment, respectively (Table 5 and
Fig. 7a). Due to the large diffusive contribution on the northern
part, the ratio of the relative contribution of each part to the mo-
ment rate spectra is decreasing with frequency (Fig. 7b). For periods
below 800 s (frequencies above 1.25 mHz), this ratio becomes too
small to be reliably detected by seismic data in this spectral domain
in the northern part of the rupture.

5 CONCLUSION

In this paper, we try to investigate the spatial variation of the seis-
mic radiation spectral content of the Sumatra—Andaman 2004 earth-
quake. Results of other authors confirm this variability.

Considering Long period Rayleigh wave directivity, Ammon
et al. (2005) stated that the modelling of a simple propagating rup-
ture suggests that Rayleigh waves observations at periods shorter
than 600 s are compatible with a north-northwest propagation of
a rupture at a speed of about 2.5-3 kms™! for 400-600 km from
the southern end of the fault. Both observations for short periods,
from a few seconds down to a tenths of seconds, and periods longer
than 600s are only partly accounted for by this model and sug-
gest that additional slip extended in either time, space, or both is
required to explain the observed very long period surface wave
data.

Considering seismic and tsunami observations, Lay et al. (2005)
suggest a composite slip model with short slip duration (50 s rise
time) in the southern portion of the rupture, and long slip duration
(3500 s rise time) to the North of the Nicobar segment (about §°N).
Such a long rise time cannot generate seismic waves, however the
radiation of very long period seismic energy in the Northern part of
the fault is required by seismic observations (Ammon et al. 2005;
Park et al. 2005), which suggests a rise time of slow slip, very large
but inside the seismic period band. The existence of such a slow slip
with rise time of 10002000 s is confirmed by tsunami data analysis
(Song et al. 2005; Hirata et al. 2006; Singh ef al. 2006; Seno &
Hirata 2007). Furthermore the latitudinal heterogeneous distribu-
tion of the early after-slip along the Sumatra-Andaman structure
(Chlieh et al. 2007) with a sharp decrease in amplitude within
the slow-slip section corroborates the combination of two differ-
ent rupture behavior. In fact the coseismic slow-slip part of the
Sumatra-Andaman rupture has likely sustained the missing rate-
strengthening observed after-slip.

In this study we show the that integral estimates of the source
length and duration for the models obtained from geodetic and/or
very long period seismic or altimetric data are larger than our esti-
mates based on long period surface wave inversion (Tables 2 and 3,
and Fig. 4).

Integral estimates of the size for the same models truncated to the
North of 8°N fit our long period surface wave estimate (Tables 2,
and Fig. 4). Integral estimate of duration for the IRT 1-D model
(Ammon et al. 2005) using long period Rayleigh waves fit our long
period surface wave estimate (Table 3).

Summarizing these results, and relying on the fact that the size
of the source is constrained by HF P-wave energy radiation (Lomax
2005; Ishii et al. 2005; Ni et al. 2005; Kanamori 2006; Gusev et al.
2007), HF T-waves (DeGroot-Hedlin 2005), and very long-period
data (normal modes, tsunami) (Ammon e? al. 2005; Lay et al. 2005;
Park et al. 2005; Fujii & Satake 2007; Piatanesi & Lorito 2007), we
propose that the Northern part of the Sumatra-Andaman fault (to
the North of 8°) radiated very long period seismic energy and did
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not radiate long period seismic energy at periods shorter than 650 s.
We show that simple dynamic modeling can reproduce this feature
as long as effective viscous faulting effects are introduced.

It is important to note that we do not present this very simple
model as an actual description of the Sumatra-Andaman source
process. For example, Park et al. (2007) demonstrate that some
low order normal modes exhibit unmodelled peculiar amplitude
behavior, showing that a more complex rupture history at large
scale should be investigated.
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APPENDIX A: SECOND MOMENTS
APPROXIMATION. CHARACTERISTICS
OF SOURCE SHAPE AND EVOLUTION
IN TIME

We assume that the time derivative of stress glut tensor I' can be
represented in the form:

I'= f(x,)m (A1)

where (X, t), the slip rate times u, is a non-negative function.
Following Backus (1977a,b) we define the source region by the
condition that the function f(x, #) is not identically zero and the
source duration is the time during which inelastic motion occurs at
various points within the source region, i.e. (X, #) is different from
zero. The spatial and temporal integral characteristics of the source
can be expressed by the corresponding moments of the function

S, 0.
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The spatio-temporal moments of f(x, #) of total degree 0, 1, and 2
with respect to point q and instant of time 7 are defined as follows:

00 = /V av fo Y rxonyde (A2)
%= [ [ o - g (A3)
o= [ar [T e o (A%)
1an=[ar [ S 00— g — ) dr (A3)
%= [ ar [ rene - a6 -a) @ (A6)
e = [ ar [ rene o a A7)

Using these moments the integral characteristics of the source are
defined as follows. The source location is estimated by the spatial
centroid q. of the field f(x, #) as

qe = 1100)/ My (A8)

where M, = f©9 is the seismic moment.
The temporal centroid 7. is

. = fON(0)/ M, (A9)
The source duration At is estimated by 2At with

(Ar)’ = [P (z) /Mo (A10)
The spatial extend of the source is estimated by the matrix W:

W =f£2%(q.) /My (A1)

The mean source size in the direction r is estimated by the value 2/,
defined by the formula

> =r"Wr (A12)

.
The source principal axes are directed along the eigenvectors of the
matrix W. The square of the length of the minor semi-axis is equal
to the least eigenvalue, and the square of the length of the major
semi-axis is equal to the greatest eigenvalue.

The average velocity v of the instant spatial centroid is estimated

as

v=w/(AT), (A13)
where

w=1f""(q., 7.) /M. (A14)
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