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Abstract

Studies of the 2004 December 26 Sumatra–Andaman earthquake indicate that the rupture and subsequent down-dip slip of the

Mw 9.3 event propagated with variable speed as it progressed northwards. The transitions between different behaviour for the

source correspond to changes in the physical properties of the subducted slab along the Sumatra–Andaman arc revealed by multi-

wavespeed seismic tomography. The transition from rapid slip to dominantly slower slip near 6.58 N and the end of the main zone

of tsunamigenic source at 108 N lies in each case just to the south of localised features where changes in the physical properties of

the slab are indicated from the ratio of shear wavespeed to bulk-sound speed; these features are associated mainly with bulk-

modulus variations. The changing morphology of the subduction zone is associated with changes in physical properties, that are

manifested in the tomographic images and have modified the character of the slip along the 1500 km long arc segment that ruptured

during this great earthquake.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Sumatra–Nicobar–Andaman arc is a region of

subduction where energy release in recent decades had

tended to be concentrated in intermediate depth earth-

quakes (see, e.g., [1]). The event on 2004 December 26

was a shallow thrust event that certainly redressed the

balance of energy release at shallow depth along the

entire arc segment [2].
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The Mw 9.3 event on 2004 December 26 initiated

towards the northern end of the island of Sumatra and

the down-dip slip propagated towards the north. The

pattern of aftershocks in the next 24 h extends over a

zone of about 1300 km north–south, concentrated along

the shallow part of the subduction zone and including

the sites of historical events [3,4].

This segment of subduction zone shows a conside-

rable variation in character and dip [5]. The age, dip

angle and obliquity of slip all increase from the south-

ern segment near Sumatra to the northern Andaman

segment. In the south, near the epicentre, there is a

zone with shallow dip which becomes much steeper at

depth. The hypocentre of the megathrust event occurs
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within the shallow dipping portion. Further north the

dip of intermediate depth subduction is much steeper

and is almost vertical near the Andaman islands. The

configuration of the thrust component in the subduction

zone will therefore change along the arc to compensate

for the changing geometry.

The character of the event appears to have changed

as the rupture propagated northward along the Nicobar–

Andaman arc as evidenced by variations in source

character as expressed in different classes of observa-

tions. Initial analyses of teleseismic body waves [6–8]

indicated that the main component of fast rupture oc-

curred on a sector about 400–500 km long. The details

of the rupture pattern vary between the different anal-

yses, but have many common features. They all indi-

cated an initial rupture about 60 s in duration followed

by a temporary near-hiatus, then much more marked

slip, and finally a rather a rather complex wavetrain

with a significant low frequency component.

The end of the rupture segment corresponding to the

early burst of energy in teleseismic body-wave observa-

tions occurs at about 6.58 N (A in Fig. 1). The rupture

continued much further to the north, as evidenced by

studies of low frequency normal mode excitation [2],
Fig. 1. The aftershocks of the 2004 December 26 event, in the 60 days after

Nicobar–Andaman arc. The deep basin behind the arc has been produced b

west marks the northern extremity of the 908 E ridge. The approximate rup

Great Sumatran Earthquake of 2005 March 28 (Mw 8.7) initiated at the north

suggested as the northern limit of rupture from body-wave inversions [6–8],

the end of the main tsunamigenic segment [11,13] and the likely terminal p

northern extension required to match geodetic [3,15,16] and low frequency n

first 100 min following the earthquake are plotted in red and the others in yel

the strike of the rupture area (as indicated by the heavy black line on the map

the onset of aftershock occurrence occurs close to point B.
high frequency envelope properties of seismograms

[10], tsunami generation [11] and crustal deformation

[3], and later interpretations of the teleseismic body-

wave signals [12]. The analysis of the arrival times of

tsunami waves [11,13] generated by the earthquake,

detailed fitting of seismogram envelopes at high fre-

quencies [10] and imaging of seismic radiation [9,12]

suggests that the main seismic component of the rupture

ends near 108 N (B in Fig. 1). However, geodetic

observations [3,16] imply significant slip extending to

about 148 N (C in Fig. 1), and there is late higher

frequency radiation from the region around 128–148
N [10]. The full 1500 km rupture zone corresponds

well with the pattern of aftershocks in the first days

after this major event (Fig. 1).

Ammon et al. [12] provide a very clear summary of

many different aspects of the rupture process based on a

variety of different classes of observations. Three bursts

of energy stand out in high frequency seismograms, that

are likely to correspond to the three sectors of the

source system identified in Fig. 1. More detailed mod-

els based on longer period information suggests a con-

centration in slip up to point A, but still significant slip

as far as point B.
the earthquake, superimposed on a topographic map of the Sumatran–

y back-arc spreading in the Andaman sea. The shallower water to the

ture areas of major historical earthquakes are outlined (after [3]). The

ern end of the 1861 rupture area. (A) Corresponds to the area originally

but which now appears to be a temporary reduction in slip [9], (B) to

oint for the highest frequency radiation [10,12], and (C) indicates the

ormal-mode observations [2,14]. The aftershocks occurring within the

low. The rate at which the occurrence of aftershocks spreads out along

) is shown in the right hand panel, where it can be seen that a change in
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The zone of rupture extends along a segment of the

subduction zone where tomographic imaging and his-

toric seismicity indicate a significant change in the

morphology of the subduction zone and also the phys-

ical properties of the subducted slab. We will show that

changes in the nature of the event are closely related to

localised regions of change in the character of the

subduction zone. It appears that barriers to rupture are

reflected in significant changes in the physical proper-

ties of the subduction zone, associated with reductions

in the bulk modulus.

2. Multi-wavespeed tomographic imaging

There has been considerable success in the imaging

of subduction zone structure using tomographic inver-

sions of P wave arrivals (e.g., [17,18]). However, a

single tomographic image does not provide any indica-

tion of the changes in physical properties within the

subducted slab. Gorbatov and Kennett [19] have dem-

onstrated that joint tomographic inversion of P and S

arrival time data to produce images of both shear

wavespeed and the bulk-sound speed (associated with

variations in bulk modulus) can provide insight into the

character of the subducted slab. For example variations

in subducted slab properties along the strike of the

Indonesian arc, correlate well with changes in the age

of the material entering the trench.

We have used the comprehensive study of Gorbatov

and Kennett [19], for the Western Pacific subduction

zones and adjacent areas, to extract tomographic images

for the Sumatra–Nicobar–Andaman region. The regional

structure extending from Iran to the Northwest Pacific

was embedded in a lower resolution global model and a

full inversion undertaken. The regional structure is repre-

sented by a 19 layer model down to 1500 km with

variable cell size from 0.58 close to the surface, 18
from 200–800 km and 28 below 800 km, embedded in

a coarser global model with 58�58 cells. The joint

tomography exploits source-station pairs with both P

and S arrival time observations for the same event,

which restricts attention to high quality observations.

The P and S times were inverted to produce 3-D models

of bulk-sound speed and shear wavespeed to try to

separate the dependence of the structure on physical

parameters. In each case a fully nonlinear inversion

scheme is employed with 3-D ray tracing at each itera-

tion, to provide the best possible rendering of the seismic

structure. The use of the restricted data set with compa-

rable paths for P and S provides good control on the

relative amplitude of the variations of bulk-sound and

shear wavespeed, even though the absolute level is not
always well constrained.We can highlight changes in the

physical properties within the subducted slab from the

perturbations in the ratio between the shear wavespeed

variations and those in bulk-sound speed. The influence

of variations in density should be common to both bulk-

sound and shear wavespeed images; we would also

expect that the influence of temperature should have

the same sense for both wavespeeds, whereas chemical

heterogeneity could lead to anti-correlated perturbations.

For the Sumatra to Andaman arc segment the pres-

ence of sources within the slab provides useful con-

straints on the structure and careful resolution tests (as

in [19]) indicate that resolution of the order of 18 or

better can be achieved along most of the arc, between

50 and 200 km depth. The low level of shallow seis-

micity means that there is little capacity to image above

50 km. The tomographic images reveal both changes in

the shape of the subducted slab progressing from Suma-

tra to the Andaman Islands, and variations in the phy-

sical properties of the slab material.

2.1. Morphology of subduction zone

The changes in the characteristics of the subduction

zone are well illustrated by a set of cross-sections at

constant latitude for the shear wavespeed model (Fig. 2).

The slab material is fast compared to the ak135 refer-

ence model [20] and the configuration of the slab is well

represented by the regions of faster wavespeed, even

though there is some broadening of the anomalies in

depth because of limitations in the level of available

crossing ray paths. An independent estimate of the

configuration of the upper surface of subducted slab

derived from historical seismicity [5] is superimposed

on the cross-sections. There is, in general, a very good

correspondence between the two representations of the

subducted slab. Unfortunately, the absence of shallow

seismicity limits the capacity to image structure above

50 km, and also means that the slab dip in this region is

inferred rather than directly controlled.

The cross-sections at 28 N and 48 N are somewhat

oblique to the trend of the subduction zone, but still

illustrate clearly the presence of a shallowly dipping

segment down to around 150 km with steeper dip at

greater depth. From 68 N northwards the line of

section is close to orthogonal to the subduction zone

and so the apparent dip is more representative of the

actual situation. Between 68 N and 88 N we see a

distinct steepening of the dip of the deeper part of the

slab.

In the section from the Nicobar to the Andaman

Islands from 108 N the slab becomes nearly vertical



Fig. 2. East–west cross-sections through the S wavespeed model displayed as deviations from the ak135 reference model [20]. The subducted slab

shows up through faster shear wavespeeds. Note the intrusion of a shallow low velocity zone at 128 N linking across to beneath the back-arc

spreading centre at 958 E. The superimposed dark red line in each section is taken from the representations of the upper surface of the subduction

zone derived from seismicity patterns by Gudmundsson and Sambridge [5]. The two independent estimates of the shape of the subduction zone

agree very well.
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at intermediate depth. This geometry for the subducted

slab is presumably a result of slab roll-back associated

with the formation of the Andaman back-arc basin and

spreading centre.

2.2. Contrasts in physical properties

The changes in the morphology of the slab are

accompanied by changes in the physical properties of

the slab material as can be through the ratio of shear

wavespeed and bulk-sound speed. In Fig. 3 we show a

map view of the perturbations in shear wavespeed and

the wavespeed ratio at 75 km depth, again as deviations

from the ak135 reference model. The subducted slab

can readily be tracked along the full arc in the shear

wavespeed image, with some diminution in amplitude

near 6.58 N and just north of 108 N where a region of

lowered velocities links across to beneath the back-arc

basin. The character of the bulk-sound speed is some-

what different and the variations in physical properties

in the slab are well displayed in the perturbations of the

wavespeed ratio. There are strong localised features
with a significant reduction in ratio at the upper side

of the plate at 78 N, 8.58 N and 10.58 N.
The age of the material entering the subduction zone

increases steadily to the north from around 40 Ma south

of the event hypocentre to about 80 Ma in the neigh-

bourhood of the Andaman Islands. There are no

mapped abrupt changes of age corresponding with the

variations in the physical properties along the slab, but

it is possible that the passage of the hotspot associated

with the 908 E ridge may have modified the properties

of the oceanic lithosphere entering the trench in the

northern segment. As we shall see, the segmentation of

the slab revealed in the tomographic images played an

important role in determining the character of the earth-

quake source.

3. Source characteristics

The great Sumatra event has been the focus of a

wide range of studies designed to characterise this

source which resulted in such destructive tsunamis.

An intriguing feature of the results [2,3,12–15] is that



Fig. 3. Comparison of the variations in shear wavespeed and the ratio between shear wavespeed and bulk-sound speed at 75 km depth, displayed as

deviations from the values from ak135 reference model [20]. In the shear wavespeed image the slab material is fast along the whole arc, with some

localised reductions in wavespeed. In contrast the slab is barely visible in the bulk-sound speed image and there are variations in the sign of the

anomalies. The variations in the physical properties of the subducted slab show up very clearly in the perturbations of the wavespeed ratio, as

negative interruptions to positive values associated with the fast slab.
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different classes of geophysical measurements suggest

different source regions.

We can summarise the source character for the 2004

December 26 event through a sequence of four source

segments as in Fig. 4. Rupture along the entire zone

from 1 to 4 is indicated from the distribution of after-

shocks. From the various models derived from the

inversion of teleseismic waveforms by Ji [6], Yamanaka

[7] and Yagi [8] we can recognise the need for in-

creased slip to the north of the hypocentre (from 1 to

2) and also a change in the nature of the wave gener-

ation process around 6.58 N between 2 and 3 at point A,

with a much larger low frequency component from the

northern portion (cf. [2,10]). Dense networks of seism-

ometers in Japan have been used to map the radiated

energy along the subduction zone [9] and these results

again indicate drops in radiated energy near points A

and B in Fig. 4, as illustrated in Fig. 5.

The comprehensive survey of the studies of the

rupture process presented by Ammon et al. [12] also

confirms modifications in the character of the source

near points A and B, although the details of slip

patterns derived using different methods show some

variability.

The nature of the faulting processes in segments 3

and 4 is difficult to determine since the seismic records

at later times have a very large long-period contribution
suggesting a strong component of slower slip with

superimposed more rapid slip. The study of Ni et al.

[10], modelling the envelope of the high frequency

components of global seismograms, indicates that the

rupture continues well to the north, possibly as far as

the northern end of 4. However, their preferred model

for the termination of the main slip generating seismic

energy is at the boundary between segments 3 and 4

(point B in Fig. 4). The geodetic solution of Khan and

Gudmundsson [16] also needs a change in properties

between regions 3 and 4 and extends over at least the

region 4. Analysis of the low frequency normal modes

of the Earth [2,18] also requires the slip to extend over

region 4.

The transition from 2 to 3 corresponds to the weaker

slab signature in the shear wave image at 100 km at

6.58 N, and that from 3 to 4 to the change at 108 N. The
transitions lie at changes in the strike of the subduction

zone and both the shallow and deeper section of the

subducted plate need to accommodate the change in the

geometry of subduction.

The close correspondence in the pattern of radiated

energy [9] and the tomographic results at 75 km depth

can be seen in Fig. 5. The zones where the radiated

energy drops noticeably lie just to the south and west of

the distinctive drops in the ratio of shear wavespeed and

bulk-sound speed shown to the right. The barriers to the



Fig. 4. Representation of the source process for the 2004 December 26 event, as a sequence of segments with differing character, compared to the

tomographic image for the ratio between shear wavespeed and bulk-sound speed at 75 km depth. Note the correspondence of the contrasts in the

wavespeed ratios signature and the northern boundaries of the different segments. The slight displacement of the tomographic features to the north

and east is to be expected from the oblique convergence at the subduction zone.
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source propagation are reflected in changes in the phys-

ical properties of the upper surface of the slab at 75 km.

The displacement in position is just what would be
Fig. 5. Comparison of the image of radiated seismic energy as a function of p

at the Japanese Hi-Net Array by Ishii et al. [9] compared with the tomograph

km depth, where the colour contrasts highlight the changes in physical prop

have a close correspondence to the structural features in the slab. As in Fi

relative to the source in the shallower section of the slab is to be expected
expected due to the obliquity of subduction with a

significant northward component to the convergence

(as shown in Fig. 1).
osition along the arc obtained from stacking of high frequency energy

ic image for the ratio of shear wavespeed and bulk-sound speed at 75

erties in the slab. The changes in the intensity of the radiated energy

g. 4 the slight displacement of the tomographic features to the north

from the oblique convergence at the subduction zone.



Fig. 6. Contrasts in the ratio of shear wavespeed and bulk-sound

speed at 75 km derived from joint tomography and their correspon-

dence with changes in the character of the earthquake source.
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4. Relationship between source and structure

A common feature of the different representations of

the rupture process for the 2004 December 26 event is a

division into segments with a change of strike and

rupture properties near points A and B in Fig. 4

[12,13]. We envisage the faulting as occurring at the

upper surface of the subducting plate and differences in

coupling with the overlying plate should play a major

role in determining slip rate.

Nevertheless we find a strong correlation with the

features of the tomographic images of subduction zone

structure in the upper part of the steeper segment of the

slab, particularly when we allow for the oblique con-

vergence along the arc (Fig. 6). There are clear mod-

ifications in the physical properties at the top of the

subducting plate near point A (at 78 N) and point B (at

108 N). The northern feature (B) seems to link to the

spreading system in the back-arc basin, but feature (A)

is distinct and separated.

The major features of the behaviour of the event are

summarised in Fig. 6, where we have superimposed the

main seismic source segments on the image of the

variations in the ratio of shear wavespeed to bulk-

sound speed at 75 km depth.

The zones of modified physical properties revealed

by the multi-wavespeed seismic tomography may well

correspond to accommodation zones to slab deforma-

tion in roll-back or to incipient tears imposed by the

geometry of the subduction.

It is likely that the differences in physical properties

that we have been able to image below 50 km, thanks to

the presence of intermediate depth earthquakes, extend

back into the shallower portions of the slab, which we

are not able to image (because there were few shallow

events in the last 30 years).

The 1500 km long rupture zone crosses three distinct

slab regimes and these contribute to the detailed behav-

iour of this great earthquake. The propagation of the

rupture front for the thrust component along the inter-

face between the slab and the overlying plate is affected

by the physical properties and geometrical configura-

tion of the slab, leading to barriers that have to be

overcome before the next segment comes into action.

These barriers are dictated by the nature of the sub-

ducted slab itself, and we can see their influence where

the slab signature at greater depth is modified.

A typical horizontal length scale for a distinct seg-

ment of a subduction zone is around 500 km, and

changes in the physical properties of the slab are likely

to modify, or stop, rupture even in a mega-thrust event.

This will give events of magnitude up to about Mw 8.8
for a 500 km long rupture. Only for a truly great

earthquake such as the 2004 Aceh-Andaman event is

there sufficient energy in rupture to overcome multiple

physical barriers within the slab.
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