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TheBandaSeaearthquakeof November4, 1963 (h = 100 km, mB = 7.8) is probablyoneof thelargestintermediate-
depthshocksto have occurredworldwide this century.The mechanismof this earthquakeis studiedin detail on the
basisof P-wavefirst motion,surfacewaveandaftershockdata.From theanalysisof long-periodmultiplesurfacewaves,
a seismicmomentof 3.1 X 1028 dyn-cmis obtained,which is thelargestreportedso far for any intermediateor deep
focus shock.Thisvalue,togetherwith theestimatedfault areaof 90 X70 km

2, givesanaveragedislocationof 7.0m and
a stressdropof 120 bar. This eventrepresentsanoblique thrustmovementon a plane with dip directionN170°E,dip
48°and rake 52°.A geometricalconsiderationfor the fault plane and theconfigurationof theinclined seismiczone
beneaththeBandaarcsuggests,almostdefinitely, that thelarge-scalefaultingtookplacewithin thesubductedplateand
offset it. Furtherrepetitionof suchlarge-scalefaultingmighteventuallybreakthesubductedplate.The 1963 BandaSea
earthquakethusrepresentsa seismologicalmanifestationof thelarge-scaledeformationof the subductedplatein the
mantle.

1. Introduction deepevent in the mB scalewas the intermediate
depth earthquakeof November 4, 1963, which

The mechanismof greatintermediateand deep occurred 100 km beneaththe Banda Sea.This
focusearthquakesprovidesimportantclues to the earthquake(mB 7.8) was felt in Australia at
mechanicalpropertyandthe modeof deformation Perth and Adelaide, and in New Guineaas far
of subductedplates.In spiteof its significancefew away as Papua.However, little has been known
studieshavebeenmade,in contrastwith numer- about its focal mechanismand physical size, be-
ous works for great shallow earthquakes.A few causeits earlymotionsweredisturbedby reverber-
examplesare the Colombianearthquakeof 1970 ations causedby a relatively smallNew Hebrides
(Dziewonski and Gilbert, 1974), the SouthSand- earthquake(mB = 6.8) whichoccurredaboutthree
wichearthquakeof 1964(Abe, 1972a),theBrazilian minutesbefore.The WWSSN long-periodseismo-
earthquakeof 1963 (Fukao,1972)and the Spanish grams of the Banda Sea earthquakeshow very
earthquakeof 1954 (ChungandKanamori, 1976). prominent long-periodsurfacewavessuchas G4
A majorreasonfor thissmallnumberis the infre- andR4. This largeamplitudeof long-periodwaves
quentoccurrenceof greatintermediateand deep suggeststhat this eartquakecertainly representsa
earthquakes:in addition to thisrarity, activity has majortectonicprocesstakingplaceat intermediate
beenvery low in recentyearsin contrastwith the depthsbeneaththe Banda arc. The Banda arc,
high activity in theearlyyearsof thiscentury(Abe northwestof Australia, is the easterncontinuation
andKanamori, 1979). of the Sumatra—Javasubduction system, which

Since the World-Wide StandardSeismograph separatestheIndian—Australianplatefrom Eurasia
Network (WWSSN) was established,the largest or SoutheastAsia (Fitch, 1972; Fitch and Hamil-
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ton, 1974; CardwellandIsacks, 1978).This paper Guam and Rabaul. In the fault model of earth-
presentsa detailedanalysisof seismic data from quakes,the compressionand the dilatation fields
the 1963 Banda Sea event for the purposeof define two nodalplaneswhichare orthogonal to
unraveling its sourcecharacteristicsand tectonic eachother. In the presentcasethe nodalplanes
significance. cannotbe determineduniquely from the P-wave

dataalonebecauseof the unfavorabledistribution
of the data. The nodal plane solution will be

2. Seismologicaldata determinedlater by combining the P-wave and
surface-waveradiationpatterns.

The hypocenterof the Banda Sea earthquake For the analysisof surfacewaves,we mainly
was redeterminedon the basis of P-time data used the multiple surfacewavesG4 (Love waves)
reported in the International Seismological andR4(Rayleighwaves)recordedon theWWSSN
Summary(ISS) and the BureauCentral Interna- long-period seismograms.Other surface waves
tional Seismologique(BCIS). We used the travel- along the shorter propagationpaths could not
timetableof JeffreysandBullen (1958)andall the alwaysbe tracedbecauseof excessivelylarge am-
data for stationsin the distancerangefrom 0 to plitudes. The G3 and R3 waves were added
90°exceptthosewhose0—Cresidual(observed whereverpossible,in order to obtain as uniform
minuscomputedP time) is morethan threetimes an azimuthalcoverageaspossible.Usingthewave-
as greatas the root-mean-squareof all the 0—C form equalizationmethoddescribedin Kanamori
residuals.The hypocenterparametersthus esti- (1970),we equalizedthe surfacewavesto apropa-
matedare: origin time, 01:17:11.4,November4, gationdistanceof 360°+ 270°andastandard30 s
1963; lat., 6.86°S;long., l29.58°E;focal depth, (pendulumperiod)— 100s (galvanometerperiod)
100 kin. ThepP datafor thiseventare too poor to instrumentwith a magnificationof 1500.The pro-
constrainthe focal depth.The relocatedepicenter cedurein practiceis describedin Abe(1972a).The
is shownin Fig. 1, togetherwith otherlargeearth- wave trains thus equalizedare shownin Figs. 3
quakesin the Bandaarc andeasternIndonesia. and 4. The circular plots at the centersof these

From necessitywe also relocated the New figures show the maximum peakto peakampli-
Hebridesearthquakewhich occurredjust before tudes on the traces; for the dispersedRayleigh
the BandaSeaearthquake.The relocatedparame- wavesthe amplitudeof wave trains havinggroup
tersare:origin time,01:14:29.4,November4, 1963; velocitiesbetween3.65 and3.55 km s~was mea-
lat., 15.06°S;long., 167.40°E;focal depth, 122km. sured. The important featuresof the observed
This focal depthis consistentwith eight pP read- radiationpatternsarethe lobepattern,the direc-
ings reportedin ISS which give 126 km. The tion of the lobeandtheamplituderatio of Love to
difference between the New Hebrides and the Rayleigh waves. For example, the Love waves
Banda Seaearthquakesis 2.7 minutes in origin indicatea four-lobed radiationpattern,while the
time and38°in horizontaldistance. Rayleighwave radiationpatternis two-lobed,and

The readingof the P-wavefirst motion on the the maximum amplitude of Love waves is much
WWSSN long-periodrecordsis difficult because largerthanthat of Rayleighwaves.
the early portion of the seismogramis severely In Figs. 3 and 4 the amplitude of both Love
disturbedby reverberationscausedby the New and Rayleigh waves is relatively small in the
Hebridesearthquake.Eighteenreliablefirst-motion northeasternquadrantof the radiation patterns.
data could be obtainedfrom the recordswith the This asymmetryis probably due to the artificial
help of travel-timetables.In orderto supplement effectof the equalizationratherthan the effect of
thesedata, 21 first-motion data reportedin ISS a moving source.The region to the southwestof
wereused.All the P-wavedataareshownin Fig. 2 the sourceis occupiedfor the most part by the
on aWuiff grid. The lower halfof thefocal sphere Indian Ocean and the southernAtlantic Ocean
is projected.Most of the data are compressional, wheretheWWSSNstationsarepoorly distributed.
andonly two dilatational motions are found, at Owing to thisunfavorablecoverageof stations,we
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• COMPRESSION N equalizedG3 andR3 to G4 andR4 distancesfor
o OILATATIO this particular azimuth. Since this equalizationis+

~ =40 p madefor largepropagationdistances(140°on the
8 ~54~ average),the validity of the assumedQ values

cannotbeguaranteedany longerin view of lateral
~ o heterogeneity of Q structure (Mills, 1978;

.. N
N Nakanishi,1979).

w • I + The seismogramsobtainedhere can be com-
• pared with similar presentationsgiven in Abe
•.. (1972a) where anotherlarge intermediatedepth

• .
1 7O~ earthquake(h = 120 km) is analyzed.In general,
48~ the waveform of Rayleigh wavesand the ampli-

tude ratio of Love to Rayleigh waves, at large
propagationdistances,dependon thesourcedepth

NOVEMBER 4,1963 (Abe, l972a). Note that the Rayleighwaves ex-
S cited by these shocks are, in general, strongly

Fig. 2. P-wavefirst motions for theBandaSeaearthquake.The dispersedwith a relatively largeramplitudein the
lower half of thefocal sphereis projectedon the Wulff grid, earlierpart thanin thelaterpart. Suchwaveforms
Large and small circles are from the WWSSN long-period are characteristicof the excitation at an inter-
seismogramsand the reports given in ISS, respectively.The
nodalplanesandP and T axesarealsoshown. mediatedepth.
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Fig.3. Love waves(G4)equalizedto a propagationdistanceof 7ir/2. Counterclockwisemotionaroundtheepicenteris takenupward
on the trace.The vertical scalegives the amplitudeon the standard30—100 seismogramwith a magnificationof 1500. For stations
with anasterisk,G3 is equalizedto (34 distance.Thegroupvelocity scaleis given.
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Fig. 4. Rayleighwaves(R4) equalizedto a propagationdistanceof 7~r/2.Upward motion is takenupwardon the trace. For other
explanations,seethecaptionof Fig. 3.

3. Mechanism the P-wavedataalone. However,it is easily found
that two dilatationalpointsin Fig. 2 looselydefine

The focal mechanismof the BandaSeaearth- onenodal plane. The geometryof this plane can
quakeis determinedby combiningthe P-waveand beconstrainedin the rangefrom N40°Eto N90°E
surface-wave radiation patterns. The synthetic for ~ andfrom 50 to 60°for 8. We will therefore
surfacewavesare computedby the procedurede- takethe following procedurefor determiningthe
scribedin Kanamon(1970) andAbe (l972a),and sourcegeometry. We fix ~ and 8 of one nodal
are comparedwith the observedseismogramsfor plane within the above range, move the other
amplitude andradiationpattern.Thecomputation nodal plane,calculatethesyntheticsurfacewaves,
is madefor a point sourcewith a step dislocation, and comparethem with the observed radiation
located at a depth of 96 lan. It is assumedhere patterns.This procedureis iterated until good
that the P waves and surfacewaves originated agreementin the radiationpatternsfor both Love
from a commonsource. and Rayleighwavesis found.The similar method

We first determinethe dip direction 4 anddip has beenemployed in some studies(Kanamori,
angle 8 of two nodal planes. Thesegeometrical 1970; Abe, 1973; Stewartand Cohn, 1979). The
parameterscouldnotbedetermineduniquely from best fitting solution is that given in Fig. 2: 4~=
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Fig. 6. Comparisonbetween the observedand the synthetic

seismograms.The vertical scalegives the amplitude on the
N170°Eand 6, = 48°;42 = N40°Eand62 = 54°. standard 30— 100 seismogramwith a magnification of 1500.

Figure5 shows the comparisonbetweenthe ob- The calculation is made for the sourcegeometry shown in

servedand synthetic radiation patternsfor this Fig. 2 andM0 = 3.1 X 1028 dyn-cm.A point sourcewith a step

solution.Sincethe presentdatacannotresolvethe dislocationis locatedat a depthof 96 km.
detailsof the radiationpatterns,theuncertaintyin
determiningthesourcegeometryis somewhatlarge,
but is not more than 15°.The solution obtained clearly indicatesthat the aftershockzoneextends
here is found to be very similar to the focal east—westanddips steeplyto thesouth.This leads
mechanismsolution of the nearby earthquakes to the selectionof the nodal planedipping south
(Fitch and Molnar, 1970; Cardwell and Isacks, for the actual fault plane. Thus the Banda Sea
1978). earthquakerepresentsa thrustfaulting with a left-

Froma.comparisonof the traceamplitudesof lateralcomponent(slip angle52°).
the observedandsyntheticrecords,a seismicmo- The dimensionof the fault plane cannot be
ment of 3.1 X 1028 dyn-cmis obtainedfrom both determineddirectly. However, the aftershockarea
Love and Rayleighwaves. In this calculationwe suggeststhat the fault areahasa lengthof 90 km
did not use the data locatedin the northeastern and downdip width of 70 km. If this value is
quadrantof the radiation patternsfor reasons correct, the averagedislocationof the fault D and
statedbefore. Somesynthetic seismogramscalcu- the stressdrop a are estimatedaccordingto the
latedfor the abovesourceparametersareshownin slip dislocationtheoryof faulting (e.g.,Aki, 1972).
Fig. 6 in comparisonwith the observedrecords. Using the rigidity of 7 X 10H dyn cm”

2, we have
The overall agreementof the waveformis reasona- D 7.0m, a= 120 bar (a buried dip-slip fault)
bly good. anda= 150 bar(a circular crack).

The actual fault plane can be either a plane
dipping48°to thesouthor aplanedipping54°to
the northeast.The key to theselectionis provided 4. Tectonicimplications
by the spatialdistribution of the aftershocks.Fig-
ure7 shows the hypocentersof the aftershocks The focal mechanismsolution obtainedhere
which occurredwithin one week after the main hastheextensionaxis(Taxis)dipping quitesteeply
shock and one foreshock which occurred at and the compressionaxis (P axis) dippingnearly
18:55:38.4on October26. All thesehypocenters horizontally (Fig. 2). Such an orientation of the
wererelocatedby usingthetechniquestatedearlier. stress axes is characteristicof the intermediate
Of ninewell-relocatedaftershocks,sevenoccurred depth earthquakesbeneaththe Bandaarc. Fitch
within two days after the main shock. Figure7 andMolnar (1970), Isacksand Molnar (1971)and
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Fig. 7. The spatialdistributionof the main shock(double circle), one foreshock(open circle) and aftershocks(closed circle). The
verticalcrosssectionis takenalong a line AB whichis perpendicularto the strikeof thefault. Thehatchedarearepresentsthedip of
thefault.

CardwellandIsacks(1978)havesuggestedthat the azimuth of section Eli’ is approximately per-
downdip extension and the lateral compression pendicularto the local trendof the arc. Figures8
result from the gravitationalbody forcesand the and 9 show that the seismic activity is markedly
lateral bending of the subductedplate, respec- intenseat intermediatedepths,especiallyin the
tively. In the presentstudyweprefer the interpre- vicinity of the 1963 BandaSeaevent.In Fig. 9, the
tation thatthegreatBandaSeaearthquakeof 1963 seismiczonedipsto thenorthwestmoresteeplyat
representsseismicevidenceof a large-scaleoffset greaterdepth. The grossconfigurationof this in-
of the subductedplate. dined seismic zonedefines the position of the

The epicentersof earthquakesin the Bandaarc subductedplate in the mantle.
region of 126— 132°Eare shown in Fig. 8, where In view of the geometryof the fault plane,its
eventswith mb greater than 5.0 reported in the dimensionand the gross configurationof the in-
regional cataloguesof the International Seismo- dined seismic zone, it is suggested,almost defi-
logical Center (ISC) for the years from 1964 mtely, that the 1963 event took placewithin the
through 1976 are plotted. Since these large- subductedplate, at leastover the entire thickness
magnitudeeventswere,in general,locatedby large of its elasticpart.Thefaultplaneof the 1963 event
numbersof stations,the quality of the locationsis is locatedby the hatchof region in Fig. 9. The
consideredfairly good. The vertical crosssection higher seismic activity around the 1963 event is
of the earthquakehypocentersis shownin Fig. 9. interpretedin termsof the reducedstrengthin the
The projectionposition is taken in accord with brokenzone.
section E of Cardwell and Isacks (1978); the The fault motionof the 1963 eventis notapure
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dip slip, but an oblique thrust.This oblique mo- EXTENSION OF

VOLCANOES TIHOR TROUGH

tion may~result from the lateral bendingof the E 400 TOO zoo 00 KM —

plate. In view of the orientation of the stress I _-—-—~

distributionin the plate, the tectonicsignificance ...-‘~ ::
of the 1963 event is similar to that of the 1933 ~

Sanrikuand the 1970 Peruvianearthquakeswhich
representlarge-scalefracturesof suboceanicplates
due to extensional forces within the plate zoo
(Kanamori,1971; Abe, I 972b).

The 1963 eventoffset the subductedplate, to a
certainextent,at adepthof about 100 km. This
movementprobably took place on an old fault
planewhichhadoncemoved,then“healedup”. If I • • I I I

suchanoffset is repeatedfrequently,thenit would
beexpectedto accumulatesufficiently to be visible Fig. 9. Vertical cross sectionof the earthquakehypocenters

in the configurationof the inclined seismiczone. shownin Fig. 8. The sectionlocation is shownin Fig. 8. Theproposedconfigurationof the subductedplate is illustrated
Figure9 illustratesour conceptof the configura- schematically(seetext).The 1963 BandaSeaevent took place

tion of the subductedplate in this region, em- alongthefault planeshownby thehatch.
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phasizing the accumulatedoffsets of the plate. This seismicmomentis muchsmallerthan that for
Though somewhatspeculative,the delineation of the BandaSeaevent.Thus the excitation of multi-
the plateboundaryappearsto be consistentwith plc surfacewavesby the New Hebrideseventcan
the configurationof the top of the seismic zone, be neglectedcompletelyin the presentanalysis.
assumingthat the suboceanicplate is unlikely to Of theintermediatedepthearthquakesanalyzed
bendsharplyat shallow depths. in detail sofar, the largestwas the SouthSandwich

earthquake(m~= 7.5) of May 26, 1964 (Abe,
l972a). This eventoccurredat a depth of about

5. Discussionandconclusion 120 km nearthe northernendof the SouthSand-
wich arc,wherethenorth—southtrendingarcbends

In this study we havedeterminedthe seismic sharplytowardthewest andwhereseismicactivity
momentof the New Hebridesearthquakefor the is markedly intense at intermediatedepths (For-
purposeof estimatingits effecton the surface-wave syth, 1975; Frankel andMcCann,1979). This fea-
analysisof the BandaSeaevent,which it preceded. ture is very similar to that in the Banda arc.
Using the method describedin Kanamori and Moreover,thereis a striking similaritybetweenthe
Stewart(1976),wematchedthelong-periodP-wave largeSouthSandwichshockof 1964 andtheBanda
recordwith a syntheticwaveformcomputedfor a Sea shockof 1963, both in the geometryof the
point double-couplesourcewhose time function nodalplanesrelativeto thetrendof the arc andin
was adjustedso that it matchedthe overall wave- the magnitudeof faulting. The closesimilarity of
form of the first pulse of the P-wave record. A both the seismicity and the focal mechanismsof
symmetrictrapezoidalsource time function was the large shocks in these two regions suggestsa
used in the synthesis (Kanamori and Stewart, similarity in the modesof deformationwithin the
1976).We alsousedthe fault-planesolutiongiven subductedplates. It is very likely that the large-
by IsacksandMolnar (1971).Comparisonsof the scaleoffset of the subductedplate, as well as the
bestsyntheticsandthe observedrecordsareshown lateralcontortion, is also taking placeat an inter-
in Fig. 10.Fromthe analysisof the P-waverecords mediatedepthbeneaththe northernpart of the
from nine WWSSN stations,the seismicmoment SouthSandwicharc.
and the ruptureprocesstimewereestimatedto be One of the important parametersobtained in
1.3 X 1026 dyn-cmand5 s on average,respectively, this studyis the seismicmoment,which represents

BKS (4o=84.3) ALO (A=95.4°) SBA (~=62.8’)

OBS.

t ft M0~1.1 t ft M~o.g3 t ~t M0~1.7
PpP~’ PpPsP P pPsP

Fig. 10. Observedbody wavesandmatchedsyntheticsfor theNew Hebridesearthquakeof November4, 1963. Theverticalscalegives
theamplitudeon thestandard30—100seismogramwith a magnificationof 1500. The seismicmomentM0 usedin the syntheticsis
givenin unitsof 1026 dyn-cm.
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the physical size of an earthquake.The seismic Abe, K., 1975. Reliableestimationof the seismic momentof
momentobtainedhere, 3.1 X 1028 dyn-cm, is 4.8 largeearthquakes.J. Phys.Earth, 23: 381—390.

timeslarger than that for the intermediatedepth Abe, K. and Kanamori,H., 1979. Temporal variation of theactivity of intermediateand deep focus earthquakes.J.
SouthSandwichearthquakeof 1964 (Abe, I 972a), Geophys.Res.,84: 3589—3595.

and 1.3 times as large as that for the deep Col- Abe, K. andKanamori, H., 1980. Magnitudesof greatshallow

ombianearthquakeof 1970 (MendigurenandAki, earthquakesfrom 1953 to 1977. Tectonophysics,62: 191—

1978). Thus this seismic moment is the largest 203.
Aid, K., 1972. Earthquakemechanism.Tectonophysics, 13:value reported so far for intermediateand deep 423446.

focusearthquakes.The stressdrop obtainedhere, Cardwell, R.K. and Isacks,B.L., 1978. Geometryof the sub-

120 bar, is larger than that for great shallow ducted lithospherebeneaththe Banda Seain easternIn-
earthquakes(Abe, 1975;KanamoriandAnderson, donesiafrom seismicity andfault plane solutions.J. Geo-

1975). This is consistentwith the generaltrendof phys. Res., 83: 2825—2838.
larger stress drops for deeper earthquakes Chung, W.-Y. and Kanamon,H., 1976. Source processand

tectonicimplications of the Spanishdeep-focusearthquake
(Mikumo, 1971;Abe, 1972a;Aki, 1972; Sasatani, of March29, 1954. Phys.Earth Planet.Inter., 13: 85—96.

1980). Note that the samestressdrop has been Dziewonski,A.M. andGilbert, F., 1974. Temporalvariationof
obtained for the South Sandwich earthquakeof the seismicmoment tensorand the evidenceof precursive

1964. compressionfor two deep earthquakes.Nature(London),

A geometricalconsiderationof the fault plane 247: 185—188.
Fitch, T.J., 1972. Plate convergence,transcurrentfaults, and

and the inclined seismic zone suggests,almost internal deformation adjacentto southeastAsia and the
definitely, that the greatBandaSeaearthquakeof westernPacific. J. Geophys.Res.,77: 4432—4460.

1963 took place within the subductedplate and Fitch, T.I. and Molnar, P., 1970. Focal mechanismsalong
offsetit over theentirethicknessof its elasticpart. inclined earthquakezonesin the Indonesia—Philippinere-

If this faulting hadoccurredrepeatedlyin the past, gion. J. Geophys.Res.,75: 1431—1444.
Fitch, T.J. and Hamilton, W., 1974. Reply. J. Geophys.Res.,

then a large-scaleoffset of the subductedplate 79: 4982—4985.
may be expected.Althoughthe expecteddeforma- Forsyth,D.W., 1975. Faultplanesolutionsand tectonicsof the

tion of the plate is suggestedon the configuration south Atlantic and ScotiaSea.J. Geophys.Res., 80: 1429—

of the inclined seismic zone, more precise de- 1443.

terminations of earthquakehypocentersin the Frankel,A. and McCann,W., 1979. Moderateandlargeearth-quakesin the South Sandwicharc: indicatorsof tectonic
Banda arc may.helpto evaluatetheabovesugges- variation alonga subductionzone. J. Geophys.Res., 84:

tion. With further repetition of such large-scale 5571—5577.
faulting the subductedplate might be contorted Fugao,Y., 1972. Sourceprocessof largedeep-focusearthquake

sufficiently to bendvery sharplyandbreakoff. In and its tectonic implications—the western Brazil earth-

discussionsof plate tectonics at island arcs, the quakeof 1963. Phys.EarthPlanet. Inter., 5: 61— 76.
Gutenberg,B. andRichter,C.F., 1954. Seismicityof theEarth

1963 Banda Sea earthquakethus gives a crucial andAssociatedPhenomena.2nd edn.PrincetonUniversity
clue to the understandingof the mechanismof Press,Princeton,NJ.,310 pp.

large-scaledeformationof subductedplatesin the Hamilton, W., 1974. Bathymetricmap of the Indonesian

mantle. gion. U.S. Geol.Surv., Map 1-875-A.
Isacks,B. andMolnar, P., 1971. Distributionof stressesin the

descendinglithosphere from a global survey of focal-
mechanismsolutionsof mantleearthquakes.Rev. Geophys.
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