
nesian villages and towns, and there is now

grave concern that recent stress changes to their

north and west will have moved each zone

closer to rupture. The Nias earthquake on 28

March 2005 confirms that stress changes from

the 26 December earthquake, though small (6),

were sufficient to push this contiguous 300-km

segment of plate boundary to the point of fail-

ure. The 3-month delay between the two earth-

quakes has awakened fears that a domino-like

failure of the already highly stressed plate bound-

ary to the south and east may follow.

Nobody familiar with the history or geology

of the Sumatra/Andaman arc could have fore-

seen the magnitude of the 26 December 2004

earthquake, nor is there a precedent for its com-

plexity (Fig. 1). The rupture initiated at 3.3-N
near a blunt corner of the arc, where the almost-

passive junction between the Indian and Aus-

tralian plates plunges northeastward beneath the

islands. Ammon et al. (7) report the analysis of

P waves (the first-arriving and fastest waves

that travel outward from an earthquake) digitally

recorded by seismometers around the world.

Their analysis reveals that during its first min-

ute, the earthquake broke a 100-km patch of

the plate boundary rather slowly northward.

Had it stopped there, its magnitude would have

perhaps reached a high 7, typical of historical

events to the north. But instead of slowing, the

rupture accelerated to 3 km/s for the next 4 min

and thereafter maintained an average speed

of about 2.5 km/s for a further 6 min.

The rupture front that marked the fracture

of the Nicobar/Andaman plate boundary prop-

agated like a noisy fire engine traveling to

the northwest. Seismometers in Russia listen-

ing to its approach heard the sound at a higher

pitch than did similar seismometers in Aus-

tralia, which sensed the fracture receding from

them ELay et al. (8)^. In this sense, seismom-

eters in Australia observed the rupture at longer

wavelengths, just like the redshift of a receding

galaxy caused by the Doppler effect in light

waves. Ammon et al. note that the Doppler

shift was not uniform in time. They attribute

the changes in amplitude and wobbles in the

Doppler shift to occasional acceleration and

deceleration, or hesitation, of the rupture dur-

ing its passage northward.

But the most remarkable feature of the earth-

quake was not the 8050-km/hour, 10-min ur-

gency that characterizes the initial unzipping of

the plate boundary; it was its slow subsequent

slip. Slip occurred at typical rupture speeds in

the south, sufficiently fast to propel the tsunami

on its destructive worldwide journey. However,

at its northern end, the surface between the

Indian plate and the Andaman archipelago took

more than half an hour to slide a distance of

7 to 20 m. It was this slow slip that tripled the

quake_s energy release from M 9 to a gigantic

M 9.3. Slip occurred too slowly in the last 5 min

to generate either tsunamis or sizable 20-s sur-

face waves (the amplitudes of which are used to

assign a Richter magnitude for an earthquake).

After adjusting their computer codes, seismol-

ogists quantified this slow slip from the ampli-

tude of waves with 20-min periods and longer,

which circumnavigated the globe each hour

for several days. Park et al. indicate that the

longest-period waves were visible for weeks (9).

The slowness of this slip excited several of

Earth_s fundamental resonances. From these rel-

ative amplitudes, Park et al. surmise that the

northern end of the rupture released one-third of

the total energy in the earthquake, equivalent to

an M
w

8.9 (9). This slow slip moved Global

Positioning System (GPS) points on the Anda-

man Islands by more than 4 m toward southern

India (10), sinking some shores and raising oth-

ers. Tide gauge data recorded no subsidence for

30 min after seismic shaking, confirming the

delayed timing of this slip (3, 11).

It is sobering to realize that if this northern

slip had not been slow, it would have generated

tsunamigenic waves along the entire 1300-km-

long rupture zone, causing more widespread and

more severe damage on the coastlines of India,

Myanmar, and Thailand. This aside, many seis-

mologists are now wondering whether their past

assessments of future seismic hazard elsewhere

have been too conservative. Seismic hazards on

numerous plate boundaries, such as the nearby

Himalaya, have been assessed until now in terms

of recent history, without the benefit of an ex-

tended record that may contain extreme events

(12). The 2004 Sumatra-Andaman earthquake

is a wake-up call that conservative seismic

forecasts may not serve society well.
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The Great Sumatra-Andaman Earthquake
of 26 December 2004
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Susan L. Beck,7 Susan L. Bilek,6 Michael R. Brudzinski,8,9 Rhett Butler,10 Heather R. DeShon,8
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The two largest earthquakes of the past 40 years ruptured a 1600-kilometer-long
portion of the fault boundary between the Indo-Australian and southeastern
Eurasian plates on 26 December 2004 [seismic moment magnitude (Mw) 0 9.1 to
9.3] and 28 March 2005 (Mw 0 8.6). The first event generated a tsunami that caused
more than 283,000 deaths. Fault slip of up to 15 meters occurred near Banda Aceh,
Sumatra, but to the north, along the Nicobar and Andaman Islands, rapid slip was
much smaller. Tsunami and geodetic observations indicate that additional slow slip
occurred in the north over a time scale of 50 minutes or longer.

The 26 December 2004 Sumatra-Andaman

earthquake was the largest seismic event on

Earth in more than 40 years, and it produced

the most devastating tsunami in recorded his-

tory (1). Like other comparably sized great

earthquakes—such as the 1952 Kamchatka, the

1957 Andreanof Islands in the Aleutians, the

1960 Southern Chile, and the 1964 Prince

William Sound, Alaska, earthquakes—the

Sumatra-Andaman event ruptured a subduction

zone megathrust plate boundary. These giant

earthquakes occur where large oceanic plates

underthrust continental margins. They in-

volve huge fault areas, typically 200 km wide

by 1000 km long, and large fault slips of 10 m

or more. Such events dwarf the contributions

to plate motion of vast numbers of lower

magnitude earthquakes. The high tsunami-
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associated death toll appears to have been due

to the dense population of the affected region.

The tsunami magnitude, M
t
, of the earthquake

was 9.1 (2), as compared to M
t
0 9.1 for the

1964 Alaska and M
t
0 9.4 for the 1960 Chile

earthquakes (3). The event ruptured 1200 to

1300 km of a curved plate boundary, with var-

iations in direction of interplate motion and age

of subducting lithosphere apparently affecting

the nature of the faulting. The 28 March 2005

event ruptured an adjacent 300-km-long por-

tion of the plate boundary (4). These two events

are the largest to occur after the global de-

ployment of digital broadband, high-dynamic-

range seismometers (5, 6), which recorded both

the huge ground motions from the mainshocks

and the tiny motions from ensuing free os-

cillations of the planet and from small after-

shocks (7, 8). In this and two companion papers

(9, 10), we report on the nature of faulting in

these great earthquakes based on seismolog-

ical analyses of the extensive, openly available

seismogram data set from the international

Federation of Digital Seismic Networks (FDSN)

backbone network (5, 6).

Plate geometry and setting. The 2004

and 2005 earthquakes ruptured the boundary

between the Indo-Australian plate, which moves

generally northward at 40 to 50 mm/year, and

the southeastern portion of the Eurasian plate,

which is segmented into the Burma and Sunda

subplates (Fig. 1). East of the Himalayas, the

plate boundary trends southward through

Myanmar, continuing offshore as a subduction

zone along the Andaman and Nicobar Islands

south to Sumatra, where it turns eastward along

the Java trench (11). As a result of the highly

oblique motion between the Indo-Australian

plate and the Burma and Sunda subplates (Fig.

1), a plate sliver, referred to as the Andaman

or Burma microplate, has sheared off parallel

to the subduction zone from Myanmar to Su-

matra (12). Oblique, but predominantly

thrust, motion occurs in the Andaman trench

with a convergence rate of about 14 mm/year

(13, 14). The Andaman Sea ridge-transform

system, an oblique back-arc spreading cen-

ter, accommodates the remaining plate mo-

tion, joining with the Sumatra Fault to the

south (15, 16). Underthrusting along the Sunda

trench, with some right-lateral faulting on the

inland Sumatra Fault, accommodates interplate

motion along Sumatra.

Historic great earthquakes along this

plate boundary occurred in 1797 Emagnitude

(M) È 8.4^, 1833 (M È 9), and 1861 (M È 8.5)

(17, 18), providing the basis for the long-

recognized potential for great earthquakes

along Sumatra (11, 19). A smaller (M È 7.8)

event in 1907 just south of the 2004 rupture

zone produced seismic and tsunami damage

in northern Sumatra (11). These events all

occurred to the southeast of the 2004 rupture

zone (Fig. 1). The 28 March 2005 event rup-

tured the same region as the 1861 and 1907

events (Fig. 1). Smaller events in the Anda-

man trench, also presumed to involve thrust-

ing motions, occurred beneath the Nicobar

Islands in 1881 (M È 7.9) and near the An-

daman Islands in 1941 (M È 7.9). There is

no historical record of a previous tsunami-

genic earthquake in the Bay of Bengal com-

parable to the 2004 event (12).

In the 40 years preceding the 2004 event,

little seismicity occurred within 100 km of

the trench in the region between the 2004 and

1881 epicenters (figs. S1 to S3). Similarly,

seismicity was low in the source region of the

great 1861 earthquake before the 28 March

2005 event and is still low in the 1833 rupture

region (fig. S2). Numerous earthquakes oc-

curred near the 2004 epicenter in recent years,

including a seismic-moment magnitude (M
w

) 0
7.2 event in 2002. These features are con-

sistent with long-term strain accumulation

in the eventual rupture zone and stress con-

centration in the vicinity of the mainshock

hypocenter.

The mainshocks. The 2004 mainshock

rupture began at 3.3-N, 96.0-E, at a depth of

about 30 km, at 00:58:53 GMT (1). The Har-

vard centroid-moment-tensor (CMT) solution

indicates predominantly thrust faulting on a

shallowly (8-) dipping plane with a strike of

329- (20, 21). The rake (110-) indicates a slip

direction È20- closer to the trench-normal

direction than to the interplate convergence

direction, consistent with some long-term par-
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Fig. 1. Regional map showing earthquakes with magnitudes 95.0 from 1965 to 25 December 2004
from the earthquake catalog of the National Earthquake Information Center (NEIC). Red dots show
events with depths G33 km; orange, depths of 33 to 70 km; yellow, depths of 70 to 105 km; and
green, depths 9105 km. Locations of previous large earthquake ruptures along the Sunda-Andaman
trench system are shown in pink. Dashed box shows area of the map in Fig. 2. Green stars show
the epicenters of the two recent great events; the green diamond shows the CMT centroid location
for the 2004 Sumatra-Andaman event. The thick red arrows indicate the NUVEL-1 relative plate
motions between the Indo-Australian and Eurasian plates.
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titioning of right-lateral motion onto the Su-

matra Fault, which is not reported to have

ruptured during the 2004 event. The after-

shock distribution (Fig. 2) gives a first-order

indication of the extent of the mainshock

ruptures. For the 2004 event, the distribution

suggests a rupture length of 1300 km extend-

ing from northwestern Sumatra to the Anda-

man Islands. Along the northern extension of

the aftershock zone, the strike of the fault

rotates progressively clockwise (Fig. 2). The

associated degree of right-lateral slip (rake

990-) on the megathrust fault should increase

to the north unless that component of inter-

plate motion is partitioned onto the back-arc

transform system. Given the variation in the

relative plate motion along the aftershock

zone, it is surprising that the CMT solution is

a nearly pure double-couple source, indicative

of simple faulting geometry. The faulting

solution favors a concentration of G500 s

period seismic radiation in the southern por-

tion of the aftershock zone, as does the loca-

tion of the centroid, which lies about 160 km

west of the epicenter (Fig. 2).

The 2005 mainshock rupture began at

2.1-N, 97.0-E at a depth of about 30 km, at

16:09:36 GMT (4). Motion for this event was

also predominantly dip-slip thrusting on a shal-

lowly (7-) dipping plane with a strike of 329-
(20, 21). The 300-km-long aftershock zone along

Northern Sumatra (Fig. 2) suggests a relatively

uniform rupture geometry.

Peak-to-peak ground motions for the 2004

event exceeded 9 cm in Sri Lanka, 15.5- from

the epicenter, and long-period surface-wave

motions exceeded 1 cm everywhere on Earth_s
surface (7) (fig. S4). This giant event produced

motions (Fig. 3) that dwarf those of the 2005

event and the 23 June 2001 Peru earthquake

(M
w
0 8.4), the largest earthquake previously

recorded by global broadband seismometers

(22). The high-quality global recordings en-

able seismological quantification of these great

earthquakes (23).

Aftershock geometry. Harvard CMT fo-

cal mechanisms for aftershocks (Fig. 2) dis-

play a variety of geometries, including thrust

faulting along the subduction zone and strike

slip and normal faulting in the Andaman Sea

back arc. These mechanisms are generally

consistent with the expected slip partition-

ing along the boundary, with nearly arc-

normal thrusting in the shallowly dipping

subduction zone and right-lateral shearing in

the back arc.

The most notable aftershock feature is a

swarm of strike-slip and normal faulting

events in the Andaman Sea back-arc basin

(Fig. 2) involving more than 150 magnitude

5 and greater earthquakes that occurred

from 27 to 30 January 2005 (20, 21). Pre-

vious swarms of events have occurred in

this region (e.g., July 1984), but this is the

most energetic earthquake swarm ever ob-

served globally. This swarm activity can be

seen as part of the overall interplate motion

partitioning.

Although aftershock mechanism variabil-

ity and location uncertainty make it difficult

to constrain the fault geometry in detail using

Fig. 2. Map showing aftershock loca-
tions for the first 13 weeks after the 26
December 2004 earthquake from the
NEIC (yellow dots, with radii propor-
tional to seismic magnitude). Moment-
tensor solutions from the Harvard CMT
catalog (21) are shown for the 26 De-
cember 2004 and 28 March 2005 main-
shocks (large solutions at bottom, with
associated centroid locations) and after-
shocks. Star indicates the epicenter for
the 2004 rupture obtained by the NEIC.
Dashed line shows the boundary between
the aftershock zones for the two events.
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seismicity, the megathrust appears to be about

240 km wide along northwestern Sumatra,

extending to a depth of about 45 km. Along

the Nicobar and Andaman Islands, the mega-

thrust fault plane appears to be no more than

160 to 170 km wide, extending to a depth of

about 30 km.

Magnitude, source strength, and energy.
The Harvard CMT solution for the 2004 earth-

quake, based on global FDSN recordings of

300- to 500-s period surface waves, has a seis-

mic moment M
o
0 4.0 � 1022 Nm (24), com-

parable to the cumulative seismic moment of

all earthquakes for the preceding decade (Fig.

4). This moment yields M
w
0 9.0, the widely

quoted seismic magnitude for the mainshock.

Uniform slip of about 5.0 m over a 1300-km-

long fault varying in width from 240 to 160 km

with rigidity m 0 3.0 � 1010 N/m2 would ac-

count for the CMT seismic-moment estimate.

Larger slip on a smaller fault area in the south

would also match the seismic moment. The

CMT seismic moment for the 2005 main-

shock is M
o
0 1.1 � 1022 Nm (M

w
0 8.6).

M
w

is intended to characterize the earth-

quake process in terms of its final, static offset

but is usually based on measurements of long-

period seismic waves. For very large earth-

quakes, these measurements are typically made

at periods of 100 to 300 s, the range of com-

monly observed seismic surface waves like

those in Fig. 3. Magnitudes of the 1960 Chile

(M
w
0 9.5), the 1964 Alaska (M

w
0 9.2), and

the 2004 Sumatra-Andaman (M
w
0 9.0) earth-

quakes were all estimated from measurements

around 300 s (25–27). In this sense, their mag-

nitudes can be directly compared. The 100-

to 300-s period surface-wave amplitudes for

the 1964 Alaska earthquake were about three

times as large as those for the 2004 Sumatra-

Andaman earthquake.

When an estimate of the seismic moment is

made at periods too short to represent fully the

earthquake source process, the result is an un-

derestimate of the earthquake size. Given the

high-quality seismic data available for the 2004

earthquake, the effective source strength (28)

can be determined over a broad range of fre-

quencies with relatively good confidence (Fig.

5). For an assumption of uniform faulting ge-

ometry, the strength of the seismic-wave ex-

citation for periods 9500 s was enhanced by

a factor of 1.5 to 2.5 compared with that at

300 s (9, 10). The moment magnitude of the

Sumatra-Andaman earthquake may thus be

larger than 9.0 by 0.1 to 0.3 units (29). The

data for the Chile and Alaska earthquakes are

insufficient to determine the magnitude at very

long periods. Even at 300 s, considerable un-

certainty is involved in the values of M
w

for old

events because of data limitations. As a result,

comparison of M
w

for these events to one or

two tenths of a magnitude unit is not meaning-

ful. These three earthquakes should instead be

compared with respect to all aspects of their

source characteristics (e.g., source spectrum,

radiated energy, slip distribution, and rupture

speed).

Short-period radiation is particularly im-

portant for ground accelerations and intensi-

ty of structural damage. Estimates of seismic

intensity, based on relative measures of struc-

tural damage and vibration, indicate intensity

IX in the vicinity of Banda Aceh, intensity VII

in Port Blair in the Andaman Islands, and a

relatively low intensity II to IV around the

Bay of Bengal (12, 30). The overprinting dev-

astation from the tsunami complicates the

estimation of high-frequency effects, but in-

tensity IX is consistent with the short-period

magnitudes m
b
0 7.0 estimated by the USGS

and m̂
b
0 7.2 reported here, the latter being

about 0.3 magnitude units lower than for the

1964 Alaska earthquake (31, 32) (fig. S5).

These values imply that the 2004 event was

not depleted in high-frequency radiation, un-

like the notable 1992 Nicaragua tsunami earth-

quake (33).

The energy radiated by seismic waves,

E
R
, is an important macroscopic seismic pa-

rameter, because the amount of potential en-

ergy partitioned to E
R

reflects the physical

process of the source (34). Unfortunately, ac-

curate estimation of E
R
, especially for great

earthquakes with long source durations, is

difficult. An estimate of E
R
0 1.1 � 1018 J is

obtained for the 2004 event from P waves at

11 stations over a distance range of 45- to

95- (35–37). Energy estimates for earlier giant

earthquakes are based only on magnitude-

energy relationships, so meaningful com-

parisons are difficult. The radiated energy

estimated here is about 10 times that of the
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Fig. 5. Rayleigh-wave source-time function (STF)
amplitude spectrum (solid and dotted line) com-
puted by stacking more than 200 R1 observa-
tions obtained by deconvolution of propagation
effects in the frequency domain. We used a sig-
nal duration ranging from 750 to 2000 s (depend-
ing on source-receiver distance) zero-padded to
6000 s to estimate each spectrum. The dotted
portion of the spectrum indicates frequencies
for which the R1 spectral amplitudes are not
well resolved. White diamonds show estimates
of moment from free oscillations (0S2, 0S3, 0S4,
and 0S0, from left to right) made by Northwest-
ern University. Black diamonds show spectral
levels estimated by comparison of filtered time-
domain signals with synthetics for the Harvard
CMT solution. Effective source strengths from
the Harvard CMT solution (300 to 500 s) and
that estimated from 0S2, assuming the Harvard
CMT faulting geometry, are indicated with dashed
lines. The lowest frequency level, extrapolated
to zero frequency, corresponds to the seismic
moment, Mo. The approximate uncertainty for
all of the low-frequency estimates is about a
factor of 2. The bar indicates a corresponding
range of uncertainty. The shaded region repre-
sents the composite source spectrum.

Fig. 6. Constraints on
the tsunami source area
obtained from the tim-
ing of tsunami arrivals
at various locations
around the Indian Ocean.
Dark lines indicate the
distance from the ob-
serving points from
which tsunami might
have generated at the
event origin time. The
tsunami source area out-
lined by these curves
(brown region) appears
to extend only 600 to
800 km north-northwest
from the epicenter.
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1994 deep Bolivia earthquake (M
w
0 8.3) and

about 40 times that of the 2001 Peru earth-

quake (M
w
0 8.4) (Fig. 3).

Slip process of the 2004 event. The 2004

Sumatra-Andaman earthquake had the longest

known earthquake rupture. Short-period seis-

mic body waves (0.5 to 0.25 s) show azi-

muthally varying durations that indicate that

the seismic rupture front propagated to about

1200 km north of the epicenter with a rupture

velocity of about 2.0 to 3.0 km/s and that

short-period radiation was generated for at

least 500 s (38). Array analysis of 1- to 2-s

period seismic waves from Hi-net stations in

Japan yields compatible results (39). Analy-

sis of longer period body waves and surface

waves demonstrates that most of the slip that

generated seismic waves was concentrated

in the southern half of the rupture zone, with

diminishing, increasingly oblique slip toward

the north on the fault (9). The seismic mo-

ment of models that successfully match the

long-period body- and surface-wave data is

about 1.5 times as large as the CMT mo-

ment, consistent with free oscillation obser-

vations (10).

The seismic model does not, however, ac-

count for all observations. Geodetic con-

straints require two to three times more slip

in the north (40). This suggests rupture of the

northern region with a long source-process

time that generated little or no seismic waves.

Well-documented tilting in the Andaman and

Nicobar Islands (12), with the western mar-

gins of the islands being uplifted and the

eastern margins being submerged, can be ac-

counted for by substantial slip of about 10 m

on a 160-km-wide thrust plane in the north-

ern half of the rupture zone or by less slip

on more steeply dipping splay faults. Such

large slip must have occurred on time scales

longer than 1000 s, because it did not gen-

erate strong seismic-wave radiation late in

the rupture.

Arrival times of tsunami waves around the

Sea of Bengal provide additional constraints

on the slip distribution in the north. Bounds

can be placed on the location of ocean-bottom

uplift due to faulting by back-propagating the

initial tsunami wavefront from tsunami record-

ing locations to the source region. The source

region for strong initial tsunami excitation

extends 600 to 800 km north of the epi-

center, terminating near the Nicobar Islands

(41) (Fig. 6 and fig. S6). The northern third

of the aftershock zone appears not to have

produced rapid vertical ocean-bottom displace-

ments capable of generating large tsunami

waves (fig. S7), but delayed slip cannot be

ruled out. This estimate of the tsunami source

region is consistent with satellite altimetry ob-

servations of the deep-water waves obtained

by fortuitous passage of two satellites over

the Indian Ocean 2 to 3 hours after the rup-

ture occurred (42) (Fig. 7).

Fig. 7. (Left) Tsunami model at a time of 1 hour 55 min after earthquake initiation, computed for a
composite slip model with fast slip (50-s rise time) in the southern portion of the rupture and slow
slip (3500-s rise time) in the north. The northward propagating rupture velocity is about 2 km/s
for the first 745 km, then slows to 750 m/s. The amplitude of fast and slow slip on the six fault
segments are indicated by white numbers and outlined numbers, respectively. The overall seismic
moment of 8.8 � 1022 Nm (m 0 3.0 � 1010 N/m2) is divided fairly evenly between slow and fast
contributions. Red colors in the map indicate positive ocean wave height, blue colors negative. The
numbers along the wavefront give wave amplitudes in meters. Diagonal line is the track of the
Jason satellite that passed over the region at about this time (10 min of actual transit time along
the profile). The predicted (blue) and observed (red) tsunami wave are shown in the inset. The
tsunami generated by the fast component of slip alone cannot explain the trough in the central
Bay of Bengal (fig. S8 and Movie S1). (Right) Tsunami waveforms and estimated run-up heights for
five locations around the Bay of Bengal. The first arrivals show water draw-down toward the east
and inundation toward the west. Principal wave period is about 30 min.

Fig. 8. Summary rupture sce-
nario for the 2004 Sumatra-
Andaman earthquake. We
subdivide the rupture zone
into three segments ac-
cording to the inferred rup-
ture process, not because
of clear physical fault seg-
mentation. The rupture be-
gins at the southeastern
edge of the Sumatra seg-
ment, with the initial 50 s
of rupture characterized by
fairly low energy release and
slow rupture velocity. The
rupture front then expands
to the north-northwest at
about 2.5 km/s, extending
about 1300 km. Short-period
radiation tracks the rupture
front, with a total duration
of about 500 s and clear
north-northwest directivity. Large, rapid slip occurs in the Sumatra segment, with some patches
having slip as great as 20 m during the first 230 s. The Nicobar segment has weaker slip during the
next 2 min, and the Andaman segment fails with little (G2 m) rapid slip. Slow slip appears to
continue in the Nicobar and Andaman segments, with a total duration of about 1 hour. The precise
amount of slip and total moment of the slow-slip component are not well resolved, but about 10 m
of slip under the Andaman Islands is required to account for the tilt experienced by the islands.
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The tsunami calculation shown in Fig. 7,

which provides a generally satisfactory fit to

the satellite observations, uses a finite-fault

model with the same geometry as that pro-

viding a good fit to the seismic data but with

somewhat different slips, rise times, and start

times on each segment (Movie S1). A broad

trough in the ocean surface in the central Sea

of Bengal 2 hours after the earthquake can

be modeled well if slow slip occurred over

È1 hour under the Nicobar and Andaman

Islands (fig. S8 shows the prediction for a

model with no slow slip). This is currently the

strongest constraint on the source-process time

for the slow-slip component of the 2004 event.

The tsunami energy computed for this com-

posite model is 4.2 � 1015 J, less than 0.5% of

the strain energy released by the faulting.

Tsunami generation is not a very efficient

process, but tremendous destruction can

clearly result from this small component of

the energy budget. No slow slip has yet been

resolved for the 28 March 2005 event (9)

(Movie S2).

Discussion. The 2004 Sumatra-Andaman

earthquake rupture appears to have been a

compound process of seismic-energy release,

involving variable slip amplitude, rupture ve-

locities, and slip duration. About 90 to 95%

of the seismic observations can be accounted

for with the rupture model (9, 10) depicted

schematically in Fig. 8.

The northern portion of the fault appears to

have slipped 3 to 7 m more than accounted for

by the seismic model, with a time scale of È1

hour or longer. The cause of the compound

slip behavior is not well-understood. It appears

that the slow slip occurred only along the

Nicobar and Andaman Islands segments of

the rupture zone, where the plate convergence

is increasingly oblique and slip is strongly

partitioned. For the low convergence rate of

14 mm/year in the region, it would take 700

years to accumulate 10 m of slip potential in

the region, which is consistent with the lack

of historical great events in the northern part

of the subduction zone.

The age of the subducting oceanic plate

increases from about 60 million to 90 million

years between Sumatra and the Andaman

Islands, and this change may also influence

mechanical coupling on the thrust plane.

Subduction of younger lithosphere tends to

result in interplate faults with shallow dips

and broad contact areas that generate great

earthquakes, whereas in locations where

older lithosphere is subducted and back-arc

spreading is observed, great earthquakes are

rare (43–45). The strong lateral gradient in

obliquity of interplate motion and the rapid

increase in age of the subducting oceanic

plate toward the north-northwest are distinc-

tive features compared with the settings of

previous great earthquakes. The most anal-

ogous tectonic environment may be the

western Aleutians, where the 1965 (M
w
0

8.7) Rat Island earthquake occurred along

a curving plate boundary with increasing

obliquity of interplate motion along the arc

(46).

Logical regions for concern about future

large earthquakes are along the Sumatra Fault

and southeast of the 2005 event rupture; the

adjacent region failed in 1833 and is likely to

have accumulated substantial strain. Interna-

tional efforts to improve tsunami-warning ca-

pabilities in the Indian Ocean are warranted

given the inevitability of future great thrust

earthquakes along the Sumatra subduction

zone.
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S P E C I A L / R E S E A R C H A R T I C L E

Rupture Process of the 2004
Sumatra-Andaman Earthquake

Charles J. Ammon,1* Chen Ji,2 Hong-Kie Thio,3 David Robinson,4 Sidao Ni,5,2 Vala Hjorleifsdottir,2

Hiroo Kanamori,2 Thorne Lay,6 Shamita Das,4 Don Helmberger,2 Gene Ichinose,3 Jascha Polet,7 David Wald8

The 26 December 2004 Sumatra-Andaman earthquake initiated slowly, with small
slip and a slow rupture speed for the first 40 to 60 seconds. Then the rupture ex-
panded at a speed of about 2.5 kilometers per second toward the north northwest,
extending 1200 to 1300 kilometers along the Andaman trough. Peak displacements
reached È15 meters along a 600-kilometer segment of the plate boundary offshore of
northwestern Sumatra and the southern Nicobar islands. Slip was less in the north-
ern 400 to 500 kilometers of the aftershock zone, and at least some slip in that
region may have occurred on a time scale beyond the seismic band.

Seismic waves are excited by rapid and varying

sliding motions that initiate with a frictional

instability. Slip begins as the rupture front

spreads across the fault with a velocity usually

less than the ambient shear wave speed. Both

rupture propagation and local slip history (the

temporal variation and total slip at a particular

position on a fault) influence the frequency and

strength of radiated seismic waves. Different

positions on the fault generally have different

displacement histories, including variations in

the rate and amount of slip. Seismic waves

sense these differences, and by using ground

motions observed far from the source seismol-

ogists can reconstruct the spatial and temporal

slip history of faulting.

Several phenomena affect seismic wave

excitation during faulting. One is the stress drop

at the rupture front. As the rupture front

expands, short-period P and S waves are

generated from the local stress reduction. For

large events, these waves can be used to map

the earthquake_s rupture expansion. The speed

of rupture front propagation, which can be

related to the energy partitioning during the

faulting process, is an important quantity. The

potential energy released during earthquakes is

partitioned into seismic radiation, mechanical

processes such as creation of fractures, and

frictional heat (1). The amount of heat gen-

erated by frictional processes during the rup-

ture depends on the absolute stress, total slip,

and rupture area. The partitioning of energy

between mechanical processes and seismic

radiation varies from earthquake to earthquake

and provides one method of classifying

different faulting processes. Fast ruptures can

be associated with a relatively large fraction of

seismically radiated energy (1, 2). For many

well-studied earthquakes, the rupture speed is

70 to 95% of the shear wave velocity, but

important variations have been observed as

complex ruptures cross fault-segment bounda-

ries (3). Another important observation is the

spatial pattern of slip in large earthquakes. For

many shallow earthquakes, slip near the

hypocenter is relatively small, indicating to

some extent that the earthquake began at a

weak region and grew into a much larger event

(1). These observations are extracted from

analysis of the seismic wave field. The 26

December 2004 Sumatra-Andaman and the 28

March 2005 earthquakes (4) produced the

most extensive high-quality broadband seismic

data ever recorded for great earthquakes. Here,

we exploit signals across a broad bandwidth

and every part of the seismic wave field to

construct an integrated seismic view of these

earthquake ruptures. Our focus is on the first

and larger of the two events.

Short-period P-wave directivity. Short-

period P-wave radiation (5) for large earth-

quakes provides direct information about the

rupture front propagation. The energy radiated

by an expanding rupture front can be observed

with the use of the global seismic networks

(6 ) or regional seismic and hydroacoustic

arrays (7–9). One of the simplest measures

that can be made is the duration of short-

period P-wave radiation from the source

region (10, 11). For a long-duration earth-

quake, a major challenge for P-wave analysis

is the interference of later-arriving seismic

waves reflected from the surface and disconti-

nuities in the Earth with P waves radiated

from later portions of the rupture. Fortunately,

most secondary phases involve additional path

segments in the highly attenuating upper man-

tle, and their short-period content is sup-

pressed (12). Applying a high-pass filter can

reduce the effects of secondary arrivals. The

durations of short-period P waves will be short-

er in the direction of rupture propagation and

longer in the direction away from the mov-

ing source (the rupture front). Data for the

Sumatra-Andaman earthquake (Fig. 1) indi-

cate a north-northwest rupture propagation

with a speed of about 2.5 km/s and an overall

fault length of 1200 to 1300 km, a length con-

sistent with the aftershock distribution (4).

The amplitude of the short-period wave-

forms generated during the rupture also var-

ied about a relatively uniform level. At least

three large (from 50 to 150 s, 280 to 340 s, and

450 to 500 s) and several additional seismic
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