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The 1977 Sumba Earthquake Series:
Evidence for Slab Pull Force Acting at a Subduction Zone

WILLIAM SPENCE
U.S. Geological Survey, National Earthquake Information Center, Denver, Colorado

The great 1977 Sumba earthquake occurred at the eastern Sunda trench, just west of the collision of
Australian continental lithosphere with the island arc. The length of the aftershock zone of this normal-
faulting earthquake is about 200 km. Aftershocks are concentrated 65-115 km east of the main shock
epicenter, with very few aftershocks in a 50-km-long segment that spans the main shock epicenter.
Relocated hypocenters and focal mechanism data are consistent with normal faulting throughout the
upper 28 km of the oceanic lithosphere. There is no evidence for thrust faulting of the deeper aftershocks.
These data imply that the neutral bending surface must be at least 3540 km deep. A second aftershock
zone, about 180 km northwest of the main shock, became active immediately following the main shock,
but events were concentrated during days 50-52. This zone is a 70-km-long lineation that trends toward
the main shock epicenter and reflects right-lateral, strike-slip faulting within the subducted oceanic plate.
Seismicity exists to a depth of about 650 km in the very old plate beneath the Sunda-Banda arc, and that
plate’s negative buoyancy causes very large slab pull forces. Great interface thrust earthquakes are absent
at the Sumba region, and slab pull forces are inferred to have partially decoupled the subducted plate
from the overriding plate. This decoupling permits slab pull stresses to be guided updip to the region of
the Sumba main shock. Such shallow-acting slab pull provides a bending moment at the trench and
explains the deformation and timing observed for the entire Sumba earthquake series. In this model, slab
pull forces stretch the subducted plate until the increasing stresses at the shallow subduction zone lead to
a subduction zone earthquake. Postseismically, the released oceanic plate undergoes a pulse of downdip
strain, returning the plate to a less extended state. The moment of this downdip plate motion could

exceed the seismic moment of the main shock.

INTRODUCTION

The great Sumba earthquake of August 19, 1977, is the
largest normal-faulting earthquake (Mg 7.9, M, 2440
x 1028 dyn cm [Given and Kanamori, 1980; Silver and Jordan,
19837 to occur globally since the Sanriku earthquake of 1933.
The Sumba earthquake occurred at the extreme eastern limb
of the Sunda trench and south of Sumba Island. The main
shock was followed by numerous normal-faulting altershocks.
Also following the main shock were right-lateral, strike-slip
earthquakes at a location about 180 km northwest of the main
shock [Fitch et al., 1981; Dziewonski et al., 1981]. The Sumba
earthquake generated a large tsunami, causing wave heights in
excess of 10 m on the coast of Sumbawa and 6 m on the north
coast of Australia [National Earthquake Information Service,
1977].

Because earthquakes near oceanic trenches provide critical
constraints on models of subduction zone processes, such
earthquakes have been the subject of considerable recent re-
search. Focal depths of trench, normal-faulting earthquakes
often occur to 20 km into the lithosphere, whereas thrust-
faulting earthquakes beneath trenches occasionally occur at
depths over 40 km [Forsyth, 1982; Ward, 1983]. These data
imply that the neutral bending surface often is 25-35 km deep
[Forsyth, 1982], but the depth of the neutral surface can vary
significantly from this range [ Ward, 1983]. The bending indi-
cated by such earthquakes is interpreted as a result of an
oceanic plate moving into and through the zone of an oceanic
trench [Stauder, 1968; Spence, 1977; Chapple and Forsyth,
1979; Hanks, 1979; Imoto, 1981; Forsyth, 1982; Ward, 1983].
The ridge push and slab pull forces are the primary forces
causing plate movement. However, the possible relationship
between these forces and plate bending has not been resolved.
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In rare instances, shallow thrust-faulting earthquakes occur
near trenches [ Hanks, 1971; McAdoo et al., 1978; Ward, 1983,
Christensen and Ruff, 1983]. These earthquakes are con-
centrated at the Kurile-Kamchatka region or are precursory
to great, interface thrust earthquakes (e.g., prior to the 1985
Valparaiso earthquake [ Christensen and Ruff, 1983, 1985; Ni-
shenko, 1985]), and are explainable as being due to locally
high compressional stresses.

The significant depths of great numbers of normal-faulting
trench earthquakes jeopardize global models for the bending
moment that require large horizontal compressional stresses
[Forsyth, 1982] but favor models that require a vertically
acting torque. Moreover, the shapes of trench and outer rise
systems are best explained by a bending moment in the ab-
sence of large, horizontal stresses [Caldwell et al., 1976; Par-
sons and Molnar, 1976; Chapple and Forsyth, 1979].

Thrust faulting earthquakes at a plate interface typically
occur downdip from normal-faulting earthquakes near ocean-
ic trenches. There is a historical absence of large interface
thrust earthquakes downdip from the zone of the Sumba
earthquake [Cardwell and Isacks, 1978; McCann et al., 1979]
and downdip from the immediate zone of the great (M, 4.0
x 10%® dyn cm), normal-faulting 1933 Sanriku earthquake
[Kanamori, 1971, 1972; Mogi, 1973]. Thus there is an anoma-
lous lack of large interface thrust earthquakes directly down-
dip from the only known great and shallow, normal-faulting
trench earthquakes. Because the 1977 Sumba earthquake is
the largest recent normal-faulting earthquake near an oceanic
trench, it provides an unusual opportunity to examine the
nature of plate bending and the origin of bending stresses at
oceanic trenches.

TECTONIC SETTING OF THE SUMBA
EARTHQUAKE SERIES

The northward moving Australian continental lithosphere
has been colliding with the Sunda-Banda arc for the last 3
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Fig. 1b. Shallow seismicity (h < 100 km) for the period 1963-1984 and for m, > 5.3. This plot includes the 1977 Sumba
earthquake series (study area shown by inset) and shows a focal mechanism solution of the Mg 6.8 Timor earthquake of
August 27, 1977, near the Wetar thrust. Compare lack of seismicity at the Timor trough with active seismicity at the
Sunda trench. Volcanoes, major thrusts, and extent of continental crust as shown in Figure la.
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Fig. 2. The two groups of epicenters that comprise the 1977 Sumba earthquake series, based on JHD hypocenter
relocations. Main shock shown by heavy lined star. Days 1-6 of activity at the trench zone shown by lines connecting
epicenters; later space-time groupings of epicenters also indicated. Typical focal mechanisms shown for each group.
Bathymmetry, axis of eastern Sunda trench, and position of Sumba continental fragment from Hamilton [1979].
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m.y. [Katili, 1975; Hamilton, 1979; Bowin et al., 1980; John-
ston and Bowin, 1981; Silver et al., 1983]. The collision zone
now extends eastward from about 120°E and comprises the
Banda portion of the Sunda-Banda arc (Figure 1). At the zone
of the continental-arc collision there is no oceanic plate to be
cycled through the former trench zone, and conventional sub-
duction cannot be occuring there. However, conventional sub-
duction occurs west of about 110°E, as both interface thrust-
faulting and trench normal-faulting earthquakes occur with
the subduction of oceanic lithosphere [Cardwell and Isacks,
1978; Fitch and Molnar, 1970; Fitch, 1970, 1972]. Therefore
the zone of the eastern Sunda arc, between about 115°E and
120°E, is a transition region between typical subduction at the
central Sunda arc and modified subduction at the western
Banda arc. The 1977 Sumba main shock occurred at this tran-
sition region.

Given a convergence rate of 78 km/m.y. [Weissel and
Hayes, 1974; Vogt et al., 1983], for the continental-arc col-
lision of the last 3 m.y. implies that we should see evidence of
about 230 km of lithospheric shortening between Australia
and the Banda arc. About 30 km of this shortening has re-
sulted from back arc thrusting, in progress in the South Banda
and Flores basins [Hamilton, 1979, Silver et al., 1983]. Bowin
et al. [1980] and Johnston and Bowin [1981] argue that the
remainder of compression at this tectonic front has been taken
up by thickening and uplift of the outer arc ridge, but McCaf-
frey et al. [1985] show that these processes are insufficient to
accommodate nearly 200 km of lithospheric shortening.

Seismic reflection and refraction studies show that the Aus-
tralian continental lithosphere is continuous through the outer
Banda arc [Curray et al., 1977; Hamilton, 1979], and this
lithosphere is deduced to have thrust beneath Timor
[Chamalaun and Grady, 1978; Hamilton, 1979; Bowin et al.,
1980; McCaffrey et al., 1985]. Subduction of continental litho-
sphere to depths of 100-150 km [McCaffrey et al., 1985] pos-
sibly has occurred. Such subduction is consistent with the lack
of lithospheric shortening and lack of indentation at the west-
ern Banda arc. The possibility of limited subduction of conti-
nental lithosphere previously has been considered by Molnar
and Gray [1979], Roecker [1982], and Pennington [1984].

Bowin et al. [1980] and Johnston and Bowin [1981] found
that over the last 2 m.y. the relative motion at the Timor
trough between the Australian lithosphere and the western
Banda arc has slowed to nearly zero. Thus subduction of
Australian continental lithosphere nearly has stopped. Simul-
taneously, however, the northward velocity of Australia has
not slowed [Weissel and Hayes, 1974; Vogt et al., 1983] and
the development of back arc thrusts reflects the resulting com-
pression. Yet the shallow 1977 Sumba earthquake occurred
near this zone of compression, and the origin of the large
tensional stresses causing the Sumba earthquake requires ex-
planation.

RELOCATION OF HYPOCENTERS

To interpret better the 1977 Sumba earthquake series and
because catalog hypocenters are suspect, the method of joint
hypocenter determination (JHD) was used to relocate the tele-
seismically recorded Sumba earthquakes. Data from earth-
quake catalogs of the U.S. Geological Survey and the Interna-
tional Seismological Centre (ISC) show focal depths for these
earthquakes predominantly to be 33 km for the Sunda trench
zone and 0 km for the secondary zone. The ISC catalog indi-
cates focal depths for three aftershocks to be greater than 70
km. The depths of 33 km and 0 km usually are default values
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that are assigned to shallow earthquakes when the computed
depth is above sea level. This difficulty arises from a lack of
depth phases, lack of nearby seismographic stations, and use
of a velocity model that is inappropriate for the region of
interest.

By modeling depth phases {rom long-period P wave signals,
Fitch et al. [1981] determined focal depths for five aftershocks
nedr the trench, finding four of them to be within 15 km of the
seafloor and the other at a depth of 24 km. Although D:zie-
wonski et al. [1981] determined moment tensors for the larger
Sumba aftershocks, they did not publish the corresponding
focal depths. In the present study, redetermination of focal
depths was emphasized because of the implications that these
focal depths have on the nature of rupture of the main shock
and the nature of plate bending at the Sumba earthquake
zone. Data for depth phases were read from World-Wide
Standard Seismograph Network (WWSSN) stations for many
earthquakes in Figures 2 and 3. This complete suite of the
larger Sumba aftershocks should directly reflect the primary
tectonic processes of this unusual earthquake series.

For the time interval May 1, 1977, to May 31, 1978, the
relevant arrival time data were obtained from the ISC catalog
for the zone 9.0°-12.5°S x 116.0°~120.°E and combined with
depth phase data read for this study. The earthquakes to be
relocated were divided into two main groups because the main
shock and primary aftershock series occurred in and near the
Sunda trench, whereas the secondary aftershock series oc-
curred 90-220 km north and northwest of the main sequence
and on the west side of the Sumba continental fragment. Fif-
teen well-recorded earthquakes were selected from each group
of aftershocks. The earthquakes from each of these sets were
relocated by the JHD method [Dewey, 1971; Dewey and
Spence, 19791, and the resulting data were used to estimate the
station adjustments, variances, and phase weightings of the
seismic phases P, S, pP, and PKP at each station. These JHD-
computed station adjustments and variances were then used in
a single event location method to determine the locations
given in Figures 2 and 3. The precision of a redetermined
hypocenter is estimated from 90% confidence ellipses on the
three hypocentrai coordinate pairs. Seventy-nine earthquakes
ol m, > 5.1 were relocated in the zone of the Sunda trench and
45 earthquakes of m, > 5.0 were relocated in the secondary
aftershock zone.

As a check on JHD depths over 40 km below sea level,
digital data from Seismic Research Observatory (SRO) sta-
tions were examined for four of the deepest aftershocks near
the Sunda trench. Figure 4 shows waveforms for two of these
earthquakes. The depth phases pP, sP, and swP are exception-
ally clear. The pwP phase is obscured in the coda of the sP
phase. The sP phase shows the longer period expected for that
phase, and the swP phase shows the ringing that is character-
istic of water phases. For KAAQO, pwP-pP ~ swP-sP = 5.3 s,
and for CHTO these intervals ~7.3 s. The depth phases for
the earthquakes of September 16 at 0630 and September 5 at
1117 indicate focal depths of 26 km and 28 km beneath the
seafloor (or 32 and 34 km below sea level). Similarly deter-
mined focal depths for the aftershocks of August 19 at 1528
and August 19 at 2051 are 25 km and 28 km beneath the
seafloor. The focal depths of these four deep aftershocks are
about 10 km shallower than the corresponding JHD depths. It
is concluded that the deepest aftershocks of the 1977 Sumba
earthquake are about 28 km beneath the seafloor.

The P wave first motions of the deep aftershocks are dilata-
tional. In the context of a plate being bent at the Sunda
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a. SUNDA TRENCH ZONE

GONFIDENGE CONFIDENCE
[+ 4 o
wi w
h _‘_E A h '_E
OCCURRENGE ® A w8 |pEPTH OCGURRENGE o &3 |oEPTH
TIME (GMT) DAY °S °E km | ™ | km {km TIME (GMT) DAY °g °E km [ ™ | km |km
77 819 58 1 -11.13 118.41 31 5.8 7 {20 77 825 18 9 7 ~10.97 118.86 10 5.6 51 |55
77 819 6 8 1 -11.11 118.39 6.8 7 |18 77 825 19 8 7 -10.81 119.26 12 5.4 12 |35
77 819 643 1 ~10.95 118.50 5.9 20 |3s 77 825 2140 7 -10.88 119.29 27 5.4 12 |29
77 819 74 1 -11.00 119.43 53 | 5.1 21 |37 77 826 14l 8 -11.36 117.89 L] 3-2 13 |26
77 819 714 1 -10.83 119.03 58 5.3 27 |44 77 826 826 8 -10.85 119.23 5.5 7112
77 819 1050 1 -10.96 119.18 19 5.3 16 |47 77 827 1727 9 -11.13 118.138 5.1 13 |29
77 819 1133 1 -11.06 118.65 5.4 11 |41 77 830 2110 12 -11.07 119.05 10 5.4 10 |30
77 819 1323 1 -10.86 119.09 @ 5.6 7 121 77 91 1125 14 -11.13 117.90 34 5.1 14 | 29
77 819 1332 1 -11.33 119.25 5.1 36 |95 779 1 1313 14 -11.63 117.44 1 5.3 10 | 32
77 819 1528 1 -11.22 118.18 46 5.3 12 |17 77 9 1 1351 14 -11.15 118.77 145 15-1 12 |11
77 819 1740 1 -11.31 118.01 5.2 11 [26 779 2 1036 15 -11.08 119.01 g_? 5.8 7123
77 819 1938 1 -10.80 119.12 @ 5.8 8 |25 77 9 2 1343 15 -10.84 119.51 5.4 22 122
77 819 2020 1 -10.90 119.16 5.6 7 8 77 9 4 344 17 -11.15 119.50 23 5.1 11 |24
77 819 2051 1 -11.18 118.77 44 5.2 10 |14 77 9 5 249 18 -11.15 119.15 0 5.2 67 | 80
77 819 2135 1 ~10.86 119.14 20 5.5 7 9 77 95 1117 18 -11,11 118.21 40 5.5 9114
77 820 358 2 -10.92 119.02 32 5.6 13 |36 77 9 6 1713 19 -11.15 119.60 5.3 12 )28
77 820 420 2 -11.20 118.18 0 5.5 8 |27 797 119 20 -11.08 119.52 @ 5.3 10 | 24
77 820 712 2 -11.02 119.09 5.1 16 |14 77 913 1330 26 -11.17 119.39 5.2 9123
77 820 921 2 -11.13 119.10 @ 5.7 7 |12 77 915 1348 28 -11.18 119.28 0 5.1 11 | 10
77 820 1117 2 ~11.09 119.08 5.1 12 |33 77 916 630 29 -11.13 117.98 5.3 9113
77 820 1236 2 -11.09 119.15 5.2 22 |52 77 923 557 36 -11.31 118.10 14 5.8 7 7
77 820 1916 2 -11.09 118.98 c@ 5.9 8 7 77 925 1831 38 -11.35 117.18 5.4 9122
77 820 1944 2 -10.82 119.22 5.4 20 |49 77 929 216 42 -11.32 118.21 5.3 11 | 24
77 821 212 3 -11.20 118.90 23 5.3 8 |21 7710 5 18 & 48 -11.50 117.31 27 5.4 9|24
77 821 221 3 -11.16 119.00 21 5.3 12 |15 7710 5 1851 48 -11.36 117.08 0 5.5 8|29
77 821 650 3 -11.19 118.68 20 5.2 13 |30 7710 7 1438 50 -11.17 119.32 19 5.4 9 (31
77 821 751 3 -11.12 119.17 32 5.1 11 |26 7710 7 1520 50 -11.14 119.30 21 5.1 12 | 29
77 821 929 3 -11.25 119.29 9 5.2 10 |29 771012 122 55 -11,21 119.36 17 5.6 8123
77 821 1039 3 -10.98 118.99 15 5.1 10 |25 771016 146 59 -11.36 118,11 1 5.1 11 |37
77 821 1536 3 -11.15 119.07 11 5.6 8 |27 7712 3 1250 107 -11.34 118.09 38 5.3 18 | 57
77 821 2029 3 -10.79 119.22 26 5.4 10 ]25 7712 6 1752 110 -11.29 118.15 10 5.5 8112
77 821 2037 3 -10.89 119.05 16 5.3 13 |26 78 310 1358 204 -10.80 119.19 7 5.3 13 | 43
77 823 1024 5 -11.41 117.61 21 5.5 8112 78 310 1725 204 -10.86 119.14 22 5.4 13 | 32
77 823 1542 5 -11.18 119.20 0 5.1 18 |17 78 310 181 204 -10.81 119.15 26 5.2 19 | 52
77 823 23 6 5 -11.41 118.13 14 | 5.4 11 |32 78 311 1154 |205 -10.81 119.15 14 [ 5.4 11 |32
77 824 942 6 -11.27 118.10 46 5.5 13115 78 327 85 221 -11.10 118.48 5.2 15 | 40
77 824 2217 6 -11.09 118.09 5.1 15 |18 78 410 2052 235 -11.50 116.58 @ 6.6 8|26
77 825 18 5 7 -10.90 119.23 6.0 7 120 78 422 1955 247 -10.85 118.95 5.1 14 | 60
b. SECONDARY ZONE

77 819 738 1 -10.39 117.28 28 5.4 20 |62 7710 7 2136 50 -9.98 117.25 @ 5.7 81|28
77 824 28 6 -10.32 117.82 28 5.0 14 |34 7710 7 2247 50 -10.03 117.24 5.1 12 131
77 824 19 0 6 -10.32 117.85 5.0 13 |30 7710 7 2323 50 -10.17 117.09 27 5.3 18 |35
77 825 2311 7 -10.33 118.29 5.3 10 |28 7710 8 158 51 -10.08 117.11 4 5.0 11 | 37
77 829 952 11 -10.36 118.22 5.0 13 |34 7710 8 1052 51 -10.00 117.21 39 5.2 10 | 26
77 93 1333 16 -5.99 117.81 50 5.0 15 |22 7710 8 18 8 51 -9.98 117.29 21 5.2 9 8
77 9 6 2159 19 -9.74 117.93 52 5.1 18 |21 7710 8 1859 51 -10.09 117.36 38 5.0 12 132
77 915 1113 28 -10.10 117.40 5.1 14 |17 7710 8 1930 51 -10.08 117.35 31 5.0 12133
77 916 440 29 -10.24 118.11 39 5.3 10 | 29 7710 9 10 3 52 -9.95 117.18 39 5.3 9126
77 916 1222 29 ~10.24 117.69 5.2 9 |16 7710 9 1657 52 -10.12 117.36 22 5.4 11 | 11
7710 1 1252 44 -10.12 117.40 17 5.3 8 |22 771016 21 9 59 ~9.87 117.01 %g 5.5 8|23
7710 1 20 2 44 -10.16 117.39 5.2 9 |25 771016 2122 59 -9.78 117.11 5.3 10 | 18
7710 7 445 50 -10.04 117.29 20, 5.6 7 7 771016 2313 59 -9.90 117.50 44 5.0 20 | 25
7710 7 539 50 ~-10.15 117.52 5.4 9 8 771017 953 60 -9.85 116.99 29 5.0 16 | 34
7710 7 830 50 -10.02 117.36 5.1 10 |28 771020 1135 63 -9.79 117.07 18 5.2 9 8
7710 7 1210 50 -10.00 117.29 @ 5.9 7 7 771025 650 68 -9.85 117.05 17 5.4 9 8
7710 7 1223 50 -9.99 117.35 1 5.1 20 |43 771030 150 73 -10.36 118.73 9 5.6 9138
7710 7 1650 50 -9.98 117.24 5.1 12 |32 771031 1139 74 -10.23 117.50 45 5.1 12 119
7710 7 17 1 50 -9.99 117.28 @ 5.6 8|24 78 225 610 201 -9.93 117.05 15 5.6 9 9
7710 7 1736 50 ~9.89 117.26 5.7 7 7 78 225 1412 201 -9.99 117.10 29 5.1 11 ] 29
7710 7 1758 50 -9.94 117.12 0 5.1 17 115 78 315 1446 209 -9.60 116.45 83 5.2 10| L4
7710 7 19 4 50 -10.01 117.22 23 5.5 8125 78 5 4 1811 259 -10.32 116.93 23 5.4 11128
7710 7 1910 50 -9.94 117.24 25 5.3 10 |10

Fig. 3. JHD relocated hypocenters for (a) the 79 earthquakes m, > 5.1 for the zone of the Sunda trench and (b) the 45
earthquakes m, > 5.0 in the secondary zone. Events with encircled depths are those for which focal mechanism solutions
are given. Depths are given below sea level. Last two columns are derived from projections of the 90% hypocentral
confidence ellipses and are respectively the length of semimajor axis of the epicentral confidence ellipse and the largest of
the semimajor axes of depth with latitude and of depth with longitude.

trench, these data are consistent with normal faulting above a  [Chapple and Forsyth, 1979; Forsyth, 1982; Ward, 1983]. Fol-
neutral bending surface. The depths ol these normal-faulting lowing Chapple and Forsyth [1979], these normal-faulting af-
altershocks are deeper than but in general agreement with tershocks imply the depth of the neutral bending surface to be
results for other trench zones in the circum-Pacific region at least 35-40 km below the seafloor.
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Fig. 4. Waveforms for two of the deepest aftershocks (September 16, h = 32 km and September 5, & = 34 km), showing
depth phases pP, 5P, and swP recorded at SRO stations. Angles of incidence at the stations KAAO and CHTO are shown
on the lower focal hemisphere for phases P, pP, sP, and swP. Waveform signal at lower right is the deconvolved signal of
the SRO short-period signal shown at lower left. The deconvolved signal is broadband and eliminates instrument
resonance at 1 Hz, thus better representing the signal leaving the source than the signal passed through the instrument.

A vertical section of all relocated hypocenters is shown by
pluses in Figure 5. This vertical section, striking N5°W, over-
lays a similar section of hypocenters from the ISC catalog for
the time interval 1963-1976 for the region 6.0°-
12.5°S x 108.0°-122.0°E. The zero point on the abscissa is the
epicenter of the Sumba main shock. The upper surface of the
shallow-dipping (7°N) subducted oceanic lithosphere is taken
from profile 9A of Hamilton [1979]. Depths of foci computed
in this study indicate that events in the secondary aftershock
zone are within the oceanic lithosphere rather than in the
overriding plate. A sudden increase in dip of the subducting
oceanic lithosphere occurs at a depth of about 30 km. This
slab bend is apparent in Figure 5 where the downdip extrapo-
lation of the known position of the shallow subducting ocean-
ic plate is met by the intermediate depth seismicity which
follows a smooth 45° dipping trend. The northernmost after-
shocks of the secondary zone tend to be within and downdip
of this slab bend.

SPACE-TIME DEVELOPMENT OF
THE AFTERSHOCK SERIES

The only foreshock in this data set occurred 1 hour prior to
and spatially very close to the main shock. In the zone of the
Sunda trench, 58 of the 79 events (73%) occurred by day 20
and 66 events (84%) occurred by day 50. Although the first
aftershock in the secondary zone occurred 1.5 hours after the
main shock, only 12 of the 45 events (27%) in this zone oc-

curred prior to day 50 of the aftershock series; 21 events
(47%) occurred during a 60-hour period of days 50-52. After-
shocks for days 149, with focal mechanism solutions for the
larger events, are shown in Figure 6a, and aftershocks for days
50-286, with focal mechanisms for the larger events, are
shown in Figure 6b.

Main Zone

Aftershocks during the first 4 days occurred throughout a
200-km-long zone but primarily 30-120 km east and 20-50
km west of the main shock (Figure 2). The greatest aftershock
concentration was 65-115 km east of the main shock. Very
few afltershocks occurred in a 50-km-long zone spanning the
main shock; this quiet zone is included in the 80-km-long
zone inferred as the primary rupture for the main shock
[Lynnes et al., 1985]. Following the first month, a small group
of earthquakes, including the My 6.6 event of April 10, 1978,
extended the active trench zone 120 km farther westward. This
distribution of aftershocks may indicate that following the
main shock, very little residual stress remained near the main
shock.

The easternmost Sunda trench aftershocks are near the
western edge of the Scott Plateau (Figure 1b), which is in
thrust contact with the forearc accretionary wedge [Silver et
al., 1983]. Stagg [1978] inferred that the crust of the Scott
Plateau is 23-24 km thick. Because the crust of the Scott
plateau is much thicker than the crust of the adjoining oceanic
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Fig. 5. Vertical section ol hypocenters of Figure 2, shown by pluses superimposed on vertical section of ISC hypocen-
ters, 1963-1976, for the region 6.0°-12.5°S x 108.0°~122.0°E, and for m, > 5.3, shown by circles. For each data set there
are three symbol sizes: largest symbol represents hypocenter based on greater than 110 P wave observations, intermediate-
sized symbol represents hypocenter based on 60-110 P wave observations, and smallest symbol represents hypocenter
based on less than 60 P wave observations. Sections taken along line A-A’, through the Sumba main shock and
perpendicular to the local trench axis, are shown in Figure 1b. Hypothetical fault planes that dip 45°N are drawn through
the two hypocentral groups near the Sunda trench. Oceanic crust (solid lines) dips 7°N [Hamulton, 1979] and 1s extrapolat-
ed (dashed lines) to zone where ISC hypocenters suggest a sudden increase in dip. Thickness of brittle part of this
148-m.y.-old lithosphere is taken as about 35 km [Watts et al., 1980]. This figure indicates that both the Sunda trench
aftershock groups and the aftershock group west of the Sumba continental fragment occur within the subducting oceanic

lithosphere.

lithosphere and if this plateau has subducted beneath the
trench, then the Scott Plateau could act as a rupture barrier at
the eastern side of the Sumba earthquake series. Although the
easternmost aftershocks have stress drops only of the order of
10 bars [Fitch et al., 1981] this concentration of aftershocks
probably reflects stress adjustments due to incomplete rupture
by the main shock.

Secondary Zone

Prior to day 50, there occurred strike-slip aftershocks
throughout a large sector east of the northwest trending lin-
eation but west of the Sumba continental fragment (Figure
6a). Secondary zone aftershocks were concentrated during
days 50-52 in a 30-km-long, northwest trend located about
180 km from the main shock. During the first 17 hours of day
50 (October 7, 1977), there were seven earthquakes of m, > 5.5
in this small segment. The secondary zone was active before

and after days 50-52, giving it a total length of about 70 km
(Figure 6). Focal mechanisms for earthquakes in the lineation
are consistent with right-lateral, vertical strike-slip faulting
along the trend of earthquakes. These earthquakes are within
the subducting oceanic lithosphere just west of the thick
Sumba continental fragment. A line were fitted through these
earthquakes, at the azimuth of the typical fault plane, trends
directly to the main shock epicenter (Figure 2).

FocAL MECHANISMS

Most focal mechanism solutions shown in Figure 6 are the
conditioned Rayleigh wave solutions of Fitch et al. [1981]
obtained from use of SRO and Abbreviated SRO (ASRO)
data. Focal depths recomputed by the JHD method show that
the large aftershocks having focal mechanisms are at relatively
shallow depths (Figure 3), whereas smaller but well-located
aftershocks occur to depths of 28 km into the lithosphere. The
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Fig. 6. (a) Main shock and aftershock locations with associated focal mechanism solutions for events occurring before
day 50. (b) Aftershock locations with associated focal mechanism solutions for events occurring during days 50-286. For
these figures, shaded quadrants indicate regions of compressional P wave first motions. Numbers in parentheses indicate
focal mechanisms done in this study, shown in detail in Figure 7 and described in Table 1. Unnumbered focal mechanisms

refer to those of Fitch et al. [1981]. See text.

focal mechanisms for aftershocks in and near the Sunda
trench indicate normal faulting, with a very shallow north
dipping plane and a very steep south dipping plane [Fitch et
al., 1981]. Dziewonski et al. [1981] independently determined
source parameters for five of these earthquakes near the
Sunda trench using long-period body wave data recorded on
SRO and ASRO instruments. Their focal mechanisms were
generally similar to those of Fitch et al. but have a fairly steep
north dipping plane and a very shallow south dipping plane.
Dziewonski et al. [1981] also found a normal-faulting solution
for the event of September 23 at 0557, consistent with the
first-motion solution of Fitch et al. but inconsistent with the
conditioned Rayleigh solution of Fitch et al, as shown in
Figure 6a.

In the present study a focal mechanism is given for the
Sumba main shock based on P wave first-motion data (Fig-
ures 6a and 7 and Table 1). Also, a focal mechanism was
determined for the Mg 6.6, normal faulting earthquake that
occurred nearly 200 km east of the main shock on April 10,
1978 (Figures 6b and 7 and Table 1). This focal mechanism is
well-constrained and is very similar to that of the main shock.
The main shock focal mechanism is similar to that of Given
and Kanamori [1980] based on the inversion of surface wave
data. The dips of the two planes of the main shock focal
mechanism are intermediate between those for Sunda trench

aftershocks as determined by Fitch et al. [1981] and Dzie-
wonski et al. [1981]. This implies that the true focal mecha-
nisms for the Sunda trench aftershocks may be similar to these
main shock focal mechanisms, characterized by nearly hori-
zontal T axes. The vertical section of relocated aftershock hy-
pocenters (Figure 5) is consistent with main shock faulting on
a steeply dipping plane. Generally, the causative fault of
trench earthquakes in other regions is chosen to dip in the
direction of motion of the oceanic plate [Chapple and Forsyth,
1979], and thus the north dipping fault plane is the most likely
for the Sumba main shock rupture and the nearby aftershocks.

By far the greatest number of aftershocks in the trench zone
occurred 65-115 km east of the main shock. This activity was
concentrated in two segments, one segment at the Sunda
trench and the other parallel to it and 2540 km to the north
(Figures 2 and 6a). Focal mechanisms in these two segments
indicate similar normal-faulting deformation, schematically in-
dicated by 45°N dipping lines through the vertical projections
of these two segments (Figure 5).

For the secondary aftershock zone, Fitch et al. [1981] and
Dziewonski et al. [1981] each determined focal mechanisms for
the same six earthquakes, and these results indicate that the
earthquakes occurred on vertical, right-lateral, strike-slip
faults, with P axes downdip. In the present study, focal mecha-
nisms were determined for three additional earthquakes in the
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secondary aftershock zone (Figures 6a and 7 and Table 1).
These earthquakes occurred several weeks prior to the most
active period of this zone, and two of them were located well
to the east of the lineation of epicenters. These three earth-
quakes also have focal mechanisms indicating nearly vertical,
strike-slip faulting, but in this case with T axes nearly hori-
zontal and parallel to the dip direction of the subducted plate
and with P axes directed southwest.

A focal mechanism solution also was determined for a large
(M5 6.8), shallow earthquake north of Timor, in the South
Banda basin (Figures 15 and 7 and Table 1). This earthquake,
occurring only 8 days after the Sumba main shock, was at a
geologically inferred location of back arc thrusting [ Hamilton,
1979, Silver et al., 1983]. The focal mechanism shows a steep,
south dipping thrust plane, striking parallel to the trend of the
back arc thrusting (Figures 1b and 7) and is the first seismo-
logical evidence for back arc thrusting in the South Banda
basin. This mechanism is similar to that found for the m, 5.8
Flores Basin earthquake of December 23, 1978 [McCaffrey
and Nabelek, 1984a], and together these mechanisms support
the hypothesis that the collision of Australian continental
lithosphere with the Sunda-Banda arc provides conditions for
thrusting from the north.

DISPLACEMENT AND STRESS DROP

The distribution of aftershocks may indicate that the main
shock rupture was about 200 km long and extended deeply
into the brittle portion of the oceanic lithosphere. This rupture
extended from the seafloor (h ~ 6 km), judging from the gener-
ation of a large tsunami, to a depth of about 28 km beneath
the seafloor, based on recomputed aftershock depths. As-

suming that the main shock rupture occurred on a 45°N dip-
ping fault plane and taking shear modulus p, = 4.0 x 10!
dyn/cm?, fault length L = 200 km, and fault width W = 25
(2)'/2 km, the average displacement is (u> = M {0)/uLW =9
m, and the average stress drop is (o) = 8uu)/aW = 26 MPa
(260 bars).

These estimates of stress drop and displacement will require
modification if the main shock rupture was less than 100 km
long [Lynnes et al., 1985] or if the main shock ruptured as
deep as 80-90 km [Given and Kanamori, 1980; Zhang and
Kanamori, 1985]. The latter vertical extent of rupture would
indicate an exceptionally deep neutral bending surface or re-
quire faulting on both sides of the neutral bending surface. If
the main shock rupture involved bending and the bridging of
the neutral surface, one might expect thrust-faulting after-
shocks deeper than 35-40 km, but such events have not been
observed here. Silver and Jordan [1983] and Lynnes et al.
[1985] determined that the moment release and stress drop
were concentrated at the upper, more brittle part of the litho-
sphere, consistent with the finding here that the deepest after-
shocks are normal-faulting events about 28 km beneath the
top of the lithosphere.

INTERPRETATION: SLAB PULL AND THE 1977
SumBA EARTHQUAKE SERIES

The occurrence of the Sumba earthquake shows that local
tension exceeds the compression arising from the northward
motion of the Australia-India plate. What is the origin of this
tension? The recent cessation of subduction of Australian con-
tinental lithosphere [Bowin et al., 1980; Johnston and Bowin,
19817 implies that the plate motion rate near the Sumba
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TABLE 1. Source Parameter Data for Earthquakes Shown in Figure 5
Nodal Planes Stress Axes
Magnitude 1 2 P T
Time, —
Date UT My m, Location St Dp Sl St Dp SI Tr Pl Tr Pl
Aug. 19, 1977 0608 8.3 Sunda trench 85 46 —100 279 45 —80 276 83 182 1
April 10, 1978 2052 6.6 Sunda pre- 65 38 —108 267 54 —76 222 76 347 8
trench rise

Aug. 25,1977 2311 5.3 secondary 351 70 —160 254 71 -—21 212 28 303 1
zone

Sept. 16, 1977 0440 5.3 secondary 22 8 —152 291 62 —2 250 21 153 18
zone

Oct. 1, 1977 1252 5.3 secondary 351 82 —158 258 68 —9 216 21 123 9
zone

Aug. 27,1977 0712 6.8 South Banda 78 57 40 323 57 140 21 O 290 50
basin

St, Strike, Dp, dip, and S}, slip, are given in degrees for each nodal plane. Strike is measured clockwise
from north, dip is measured clockwise from horizontal while looking in direction of strike, and slip is
measured in the plane of the fault and positive downward for the hanging wall. Tr, trend, and Pl,
plunge, are given in degrees for the axes of greatest and least compressive stress.

earthquake is too low to account for high strains of this earth-
quake by the continuous bending model of Hanks [1979].

At the central section of the Sunda-Banda arc, seismicity
exists to depths of about 650 km in the subducted Indian-
Australian plate [Rothé, 1969; Cardwell and Isacks, 1978;
Hamilton, 1979]. Taking 148 m.y. as the age of oceanic litho-
sphere at the site of the Sumba earthquake [Hamilton, 1979]
indicates a total lithospheric thickness of about 100 km [An-
derson and Minster, 1980]. Slab pull forces are proportional to
the excess mass of subducted lithosphere. Given the great age,
thickness, and depth of the subducted oceanic lithosphere at
the eastern Sunda arc, the slab pull force downdip of the
Sumba earthquake must be close to the maximum that exists
globally. The absolute magnitude of the slab pull force that is
transmitted through subduction zones must be large as the
works by Isacks and Molnar [1971], Smith and Tokséz [1972],
Forsyth and Uyeda [1975], Solomon et al. [1975], Richter
[1977], Chapple and Tullis [1977], and Carlson [1983] clearly
indicate that the negative buoyancy of subducted oceanic
lithosphere (slab pull) is the major driving force for plate mo-
tions. Thus it is apparent that very large slab pull forces can
be transmitted through the shallow subduction zone in the
region of the Sumba earthquakes.

A partial decoupling of the interface thrust zone (in the
sense of Kanamori [1971, 1977], Uyeda and Kanamori [1979],
and Ruff and Kanamori [1980]) by the slab pull lorce may
explain the absence of great interface thrust earthquakes at the
eastern Sunda arc. Also, the recent cessation of subduction of
adjacent continental lithosphere may lead to local uplilt of the
overriding plate and contribute to a partial decoupling of the
interface thrust zone. Such decoupling allows much of the
local slab pull force to be transmitted updip to the zone of
plate bending beneath the trench. Because the slab pull force
greatly exceeds the ridge push force and because the subduc-

Fig. 7. (opposite) P wave first-motion data for the six new focal
mechanism solutions done 1n this study, plotted on stereographic
projections of the lower focal hemisphere. Small symbols represent
short-period data (largely from ISC catalog) and large symbols repre-
sent long-period data (read for this study from WWSSN, SRO, and
ASRO stations). Fitted nodal planes are shown with the poles of the x
and y planes and the pressure P, tensional T, and null B axes.

tion rate is low at the Sumba earthquake zone, large, local
slab pull forces are inferred to cause large bending stresses.
The 1977 Sumba earthquake is interpreted to be caused by
these bending stresses of slab pull origin.

Stresses originating with slab pull forces would be con-
centrated beneath the trench because of the prior bending
there [McKenzie, 1969], and the Sumba earthquake may rep-
resent a reactivation of a major normal fault beneath the
trench. The subhorizontal T axes for the main shock and
other trench earthquakes and the subhorizontal T axes for the
three early aftershocks in the secondary zone are consistent
with this interpretation for the origin of the Sumba earth-
quake (Figure 6a). Taking slab pull forces to have caused the
Sumba main shock, the 9-m displacement on a 45°N dipping
fault could be achieved by about 7.5 m of extension within
and parallel to the shallow descending plate, as shown in
Figure 8.

Other regional evidence for the effects of the slab pull force
are the 1963, magnitude 7.8 earthquake occurring at 130°E at
100 km depth [Osada and Abe, 19817 and smaller,
intermediate-depth earthquakes near western Timor [McCaf-
frey et al., 1985], all of which have vertical tension axes.

The location of the secondary zone of aftershocks within the
oceanic lithosphere eliminates these aftershocks caused by a
rebound of the overriding plate, as was observed following the
1965 Rat Island earthquake [Stauder, 1968; Spence, 1977].
Although the collision of Australia with the Banda arc pro-
duces shallow compression east of the Sumba earthquake, ef-
fects of such compression within the subducted plate may be
overridden by the tensional (slab pull) forces that caused the
Sumba earthquake.

If slab pull is the primary cause of plate motions, then it
follows that slab pull is a primary determiner of subduction
rates. However, because the subduction of Australian conti-
nental lithosphere has slowed to nearly zero, it is inferred that
this lithosphere provides a very stong resistance to any mo-
tions caused by slab pull forces. The magnitudes of slab pull
forces from the central Sunda arc through the central Banda
arc may be comparable [Cloetingh and Wortel, 1985], and the
differences in subduction rates are due to differences in shal-
low resistance to subduction. Thus the observation that the
subduction rate is more rapid west of the Sumba earthquakes
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than east of them does not imply that the magnitude of the
slab pull force changes much across this zone. The right-
lateral displacement observed for the secondary zone of after-
shocks primarily is due to this differential subduction rate
(Figure 9).

Also, the secondary zone is close to the west side of the
Sumba continental {ragment [ Hamilton, 1979; Chamalaun et
al., 1982]. There may be some interaction between the subduc-
ted plate and the root of the Sumba continental fragment as
indicated by the localization beneath Sumba of moderate-
sized, thrust-faulting earthquakes [Cardwell and Isacks, 1978;
McCaffrey and Nabelek, 1984b]. This interaction may cause
further resistance to subduction and augment the right-lateral,
strike-slip displacement within the oceanic plate to the west of
Sumba.

In the model developed here, subducted lithosphere ex-
tended by slab pull forces primarily is supported at the eastern
Sunda trench. Steadily increasing tensional stresses of slab pull
origin led to the main shock. After the main shock, in this
model, a downdip propagating, Maxwellian strain pulse re-
turned the plate to a less extended state. The release of the
slab-pulled plate at its fixed end (by the main shock) is analo-
gous to the release of one end of a stretched, damped spring
with the spring then moving toward its unstretched shape.

The focal mechanisms for aftershocks that occurred in the
secondary zone after day 50 show downdip P axes (Figure 6b).
This may be caused as the suddenly released free end of the
stretched plate overshoots the plate’s equilibrium position,
leading to a downdip propagating pulse of compression strain.
A more likely explanation for the downdip P axes is that the
rapidly moving pulse of downdip plate motion is resisted by
the overriding plate, causing localized compression in the
upper part of the subducting plate. The timing of the triggered

aftershocks corresponds to the downdip velocity of the Max-
wellian strain pulse, governed by the viscosity of the lower
bounding mantle and the elastic properties of the overriding
accretionary wedge and the subducting plate. Similar downdip
strain pulses following decoupling earthquakes may also ex-
plain the downdip P axes of large, anomalous earthquakes in
the upper mantle that followed the decoupling earthquakes of
1965, Rat L. [Spence, 1977] and 1960, Chile [Astiz and Kana-
mori, 1985].

DiscussioN

Is it coincidence that the main shock location is directly
along the strike of the secondary aftershock zone? While it
would be difficult to relate the secondary zone to the main
shock by compression from the oceanic side, one may argue
that slab pull forces produced right-lateral deformation in a
preexisting zone of weakness at the location of the secondary
aftershock lineation (near the west side of the Sumba conti-
nental fragment). The resulting extension could migrate updip,
ultimately initiating tensional failure at the main shock hypo-
center.

The downdip movement of a 100-km-thick plate over the
days and weeks following the main shock could have moment
contributions far in excess of the seismic moment for the main
shock which was computed using only the initial 1000 s of
surface wave energy. If the moment of this motion of subduc-
ted oceanic lithosphere is much greater than the seismic
moment of the main shock, the corresponding global displace-
ment field could provide an excitation pulse for the Chandler
wobble, as possibly observed for the Sumba earthquake by
Gross and Chao [1985].

The same set of forces that cause plate motions may also
cause plate bending; that is, the cause of plate bending may be
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dominated by the slab pull force. Typically, the slab pull force
will be blocked by the locked interface thrust zone. However,
after a great, interface thrust earthquake the slab pull force
can propagate trenchward, sometimes producing normal-
faulting earthquakes near the trench [Stauder, 1968; Spence,
1977; Chapple and Forsyth, 1979; Hanks, 1979; Imoto, 1981].
This episodic loading of a bending moment at the trench and
outer rise system may be sufficient to sustain the geometry of
these features.

CONCLUSIONS

The unique tectonic setting of the Sumba earthquake helps
to isolate the slab pull [orce as the cause of the 1977 Sumba
earthquake series and as an important cause of plate bending
at the eastern Sunda trench. A careful analysis of depths and
focal mechanism data of the Sumba aftershocks shows that
the deepest trench events are consistent with normal faulting
to a depth of 28 km into the lithosphere. No evidence exists
here for thrust faulting, which would help establish the depth
of the neutral bending surface.

In the shallow-acting slab pull model, slab pull forces
stretched the downdip oceanic lithosphere prior to the main
shock. The locally large slab pull force has largely decoupled
the interface thrust zone. This allows tensional stresses due to
the slab pull lorce to exist updip from the decoupled interface

zone, leading to the normal-faulting earthquakes of the Sumba
earthquake series. Following the main shock, a downdip prop-
agating strain pulse returned the subducted plate to a less
extended state and triggered late aftershocks within the sub-
ducted plate.
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