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Abstract. The collision of Australia with 

the eastern Sunda and Banda arcs of Indonesia 

represents a modern example of the early stages 
of arc-continent collision. In order to obtain a 

more detailed view of the tectonics of the 

collision zone, a microearthquake survey was 
conducted around the Savu Sea, the region that 
encompasses the transition from subduction of 
Indian Ocean lithosphere on the west to collision 
or subduction of Australian continental litho- 

sphere on the east. Intermediate depth earth- 
quakes were concentrated near Pantar Island, the 
easternmost active volcano of the Sunda arc, and 
outline a northwest dipping zone that strikes 
N65øE from 70 to 150 km depth. The seismic zone 
probably marks the western edge of the collision 
zone and its more northerly strike, and the 
orientations of nodal planes from fault plane 
solutions indicate a 25 ø bend in the subducted 

slab to a depth of at least 150 km. Because the 
convergence rate and the timing of collision from 
geologic observations on Timor suggest that the 
oart of the slab now at 150 km depth was at the 
trench when Australia first collided with Timor, 
we infer that continental crust (or at least 
rifted continental margin crust) caused the bend 
in the convergent margin and has been subducted 
to 150 km depth. Fault plane solutions of several 
events show nearly vertical nodal planes that 
trend parallel to the strike of the seismic zone, 
along which a northwest-side-down sense of dis- 
placement is indicated: these events are 
concentrated at the southern (top) side of the 
seismic zone and suggest that the subducted 
lithosphere is presently detaching in the 50-100 
km depth range beneath the eastern Savu Sea. 
Fault plane solutions for earthquakes within the 
upper part of the detaching slab (70-100 km 
depth) have P and T axes whose trends lie 
parallel to the strike of the seismic zone and 
horizontal, southeast trending B axes. These 
earthquakes are interpreted as due to stresses 
caused by the bend in the subducting plate. 

Introduction 

Our understanding of the response of conti- 
nental lithosphere to the subduction process is 
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limited by the difficulty of identifying such 
interactions in the geologic record and the 
paucity of sites at which continental subduction 
is presently occurring. It is commonly believed 
that the buoyancy of continental crust would 
prevent it from being subducted [McKenzie, 1969], 
but no unequivocal evidence has been presented to 
disprove that some length could be pulled into 
the asthenosphere by the leading, subducting 
oceanic plate [Molnar and Gray, 1979]. The lon- 
gevity of continental masses compared to oceanic 
lithosphere alone tells us that continents are 
more resistant to the subduction process. Geo- 
logic structures suggest that collisions of 
continents with other continents or island arcs 

may result in continental accretion and the 
development of mountain belts rather than in 
destruction of continental crust. 

The ongoing collision of the eastern Sunda and 
Banda arcs of eastern Indonesia with the 

Australian continental shelf offers an excellent 

modern setting to study the processes of conti- 
nental subduction and collision. Subduction of 

both the Australian continental shelf and slope 
and of the Indian Ocean lithosphere as parts of a 
single plate beneath the Java trench and Timor 
trough forms a long and continuous island arc 
system on the southern perimeter of the 
Indonesian archipelago. The contrast in average 
density between Australian continental litho- 
sphere and oceanic lithosphere beneath the Indian 
Ocean could lead to large stresses near the 
boundary between them as they subduct. If 
subduction of the continental lithosphere is 
inhibited, the oceanic lithosphere may detach 
from the continental part, and this process 
should be evident in lateral variations in 

structure along the convergent margin. 
In this paper we present the results of a 

microearthquake survey conducted in 1982 in the 
region of the Australia-Sunda arc convergence 
zone where the Australian continental slope 
enters the Timor trough. The distribution of 
accurately located microearthquakes and their 
fault plane solutions have allowed a more de- 
tailed view than has previously been possible of 
the geometry of and the state of stress within 
the slab subducted beneath Timor. These obser- 

vations are valuable in understanding the 
mechanics of arc-continent collision and the 

history of convergence in the Timor area. 

Tectonic Setting 

The Indian Ocean-Australian plate is moving 
northward relative to southeast Asia and subducts 

beneath the southern Indonesian islands along the 
Java trench and Timor trough (Figure 1). From 
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Fig. 1. Tectonic map of the eastern Sunda and Banda arcs, eastern Indonesia. Dots and 
squares show positions of temporary and permanent seismograph stations, respectively. 
Solid triangles represent active volcanoes. Bathymetric contours are marked in meters. 

Java to near Sumba (119øE), the Indian Ocean 
lithosphere bends down to form the deep Java 
trench and plunges northward into the astheno- 
sphere to depths in excess of 600 km (Figure 2) 
[Cardwell and Isacks, 1978]. East of 123øE the 
floor of the trench is much shallower than to the 

west, and continental crust of the Australian 
shelf is found on the seaward side. Seismic 

refraction profiles shot in the Timor trough 
(about 9øS, 129øE) reveal depths to the Moho of 
27 km [Curray et al., 1977] and 30-40 km 
[Jacobson et al., 1979], indicative of 
continental crust. 

The islands from Java to Pantar (Figure 1) are 
part of the long, active volcanic arc that forms 
the southern perimeter of Indonesia. Between 
Pantar and Damar, the line of active volcanoes is 
interrupted for a stretch of 600 km, but it con- 
tinues east of Damar. Parallel to and south of 

the volcanic chain, a nonvolcanic outer arc 
includes the islands of Sumba, Savu, Timor, and 
Tanimbar (Figure 1). The latter three of these 
islands are extensively deformed and indicate a 
long history of convergence along the Timor 
trough. In contrast, the island of Sumba is 
relatively undeformed and is most likely an 

120 ø E 125 ø 130 ø 135 ø 

Fig. 2. Fault plane solutions for deep and intermediate depth earthquakes along the 
eastern Sunda and Banda arcs [from Cardwell and Isacks, 1978]. Shaded quadrants show 
compressional first motions. Contours to the top of the seismic zone are shown by 
heavy lines, dashed where uncertain, and are marked in kilometers. The large circles 
are lower hemisphere plots of the P (dots), T (circles), and B (crosses) axes for the 
numbered solutions, and lines through the solutions show the local orientation of the 
seismic zone. Triangles show the positions of active volcanoes, and large circles mark 
large shallow earthquakes (M • 7) since 1900. 
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TABLE 1. Data for Temporary Seismograph Stations 

Station Site 
Latitude Longitude Elevation, Clock o, 

øS øE m Operation Dates s 

Lamahala, Adonara 
Atambua, Timor 
Baun, Timor 
Camplong, Timor 
Dili, Timor 
Ende, Flores 
Hadakewa, Lembata 
Kefamenanu, Timor 
Larantuka, Flores 
Larantuka (II) 
Mali, Alor 
Maumere, Flores 
Maumere (II) 
Niki-niki, Timor 
Puntaro, Pantar 
Baranusa, Pantar 
Savu 

Soe, Timor 

8.392 123.157 

9.092 123.888 

10.308 123.667 

10.050 123.917 

8.582 125.575 

8.818 121.645 

8.383 123.537 

9.442 124.475 

8.270 122.992 

8.338 122.980 

8.143 124.582 

8.632 122.220 

8.648 122.198 

9.808 124.467 

8.463 124.073 

8.395 124.082 

10.485 121.870 

9.907 124.307 

10 Aug. 14 - Sept. 16 0.50 
350 June 30 - Sept. 15 0.08 
400 July 21 - Aug. 23 0.15 
700 July 22 - Aug. 22 0.08 
100 Sept. 2 - Sept. 16 1.00 
200 June 30 - Sept. 15 0.03 

40 July 2 - Sept. 16 0.10 
540 June 27 - Sept. 15 0.06 

20 June 29 - Aug. 3 1.00 
50 Aug. 4 - Sept. 16 0.15 
50 July 11 - Sept. 16 0.10 
55 June 25 - Aug. 3 0.06 
50 Aug. 5 - Sept. 16 0.06 

780 July 28 - Aug. 12 0.08 
100 July 8 - July 17 0.05 
200 July 18 - Sept. 16 0.05 

50 June 30 - Sept. 16 0.25 
815 June 30 - Sept. 16 0.07 

uplifted portion of the forearc underlain by 
continental or unusually thick oceanic crust 
[Chamalaun et al., 1982]. 

Several observations taken together imply that 
subduction of some continental lithosphere has 
occurred along the eastern Sunda arc. The deep 
bathymetric expression of the Java trench 
abruptly ends where the Australian shelf inter- 
sects it between 122 ø and 123øE (Figure 1). 
Bathymetric profiles across the Timor trough, 
however, show an amount of deflection of the 
Australian continental plate similar to that of 
its oceanic counterpart at the Java trench to the 
west. Seismic reflection and refraction profiles 
reveal continuity of continental crust from 
Australia to the Timor trough [Beck and Lehner, 
1974; Bowin et al., 1980; Curray et al., 1977; 
Jacobson et al., 1979; von der Borch, 1979], and 
gravity anomalies suggest that the crust 
continues to thicken beneath Timor [Chamalaun et 
al., 1976]. The high concentrations of strontium 
and lead isotopes in late Cenozoic and Recent 
lavas from volcanoes along the eastern Sunda arc 
east of 120øE suggest contamination by conti- 
nentally derived sediments [Whitford et al., 
1977; Whitford and Jezek, 1979] or continental 
crust [Morris, 1983]. These various observations 
require that the Australian shelf has underthrust 
Timor and are consistent with as much as 200 km 

of subduction of continental crust. 

Studies of the geology of Timor have led to 
conflicting interpretations, but most workers 
agree that Permian to Jurassic sedimentary rocks 
that were formerly part of the Australian 
continental margin underlie most of the island. A 
major controversy is centered on the identifi- 
cation of a series of thrust sheets of Permian to 

Pliocene rocks that now overlie the Australian 

facies rocks. Audley-Charles et al. [1974] and 
Carter et al. [1976] suggest that the thrust 
sheets have little resemblance to those of 

similar age on the Australian margin and that the 
rocks in them are of Asian origin. This inter- 
pretation places the initial contact point 
between Asia and Australia in central Timor. If, 
as is undoubtedly the case [Fitch and Hamilton, 

1974], the Timor trough is the present site of 
subduction, this scenario suggests that the 
deformed rocks of southern Timor (along with 
their continental basement) have been accreted to 
the Asian plate and that thrusting subsequently 
shifted southward to the Timor trough. Alterna- 
tively, others [Chamalaun; 1977a,b; Fitch and 
Hamilton, 1974; Grady, 1975; Hamilton, 1977] 
suggest that there are in fact similarities among 
the postulated thrust sheets, the underlying 
pre-Cretaceous rocks, and present day Australian 
continental margin rocks. The latter interpre- 
tation implies that southern Timor represents an 
uplifted accretionary prism and is consistent 
with the Timor trough being the site of past and 
present subduction. 

There are indications, however, that not all 
of the relative convergence between Australia and 
Eurasia from Java to Timor (calculated to be 
approximately 75 km/m.y. [Minster and Jordan, 
1978]) is taken up presently at the Timor trough. 
The paucity of shallow seismicity (Hamilton 
[1974], Cardwell and Isacks [1978] and this 
study) and an absence of large, underthrusting 
earthquakes beneath the forearc region near Timor 
suggest that little, or modified, motion occurs 
between the plates. On the basis of their 
calculation of sedimentation rates by correlating 
age dates from Deep Sea Drilling Project hole 262 
with sediment thicknesses from seismic reflection 

profiles, Johnston and Bowin [1981] suggest that 
points now on the seaward slope of the Timor 
trough have had fairly constant sedimentation 
rates over the past half million years. They 
interpret this as meaning that these points have 
not moved toward the higher sedimentation rates 
that they infer occur deeper in the trough and 
therefore that only a few kilometers of conver- 
gence have occurred at the Timor trough during 
this time. Bowin et al. [1980] suggest that 
convergence in the Timor region is accommodated 
instead by deformation distributed throughout the 
forearc. This view is supported by the more 
northeasterly trend of the Timor trough than that 
of the Java trench, suggesting that the trench 
south of Timor has migrated to the north relative 
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Fig. 3. Map of earthquake epicenters located by the local array. The brackets show 
the projection area of Figure 9. Events of all quality classifications are shown. 

to the Banda Sea. The deflection of the volcanic 

arc north of Timor, however, indicates that at 
least some of the convergence occurs in the back 
arc region. 

In the back arc, a long fault zone accommo- 
dates underthrusting of the back arc basin crust 
southward beneath the arc [Hamilton, 1979; Silver 
et al., !983; Usna et al., 1979]. The thrust is 
well developed north of Sumbawa, Flores, Alor, 
and Wetar but is absent or obscured between 

central Flores and western Alor [Silver et al., 
1983]. The thrust zone is associated with large 
gravity anomalies and large thrust earthquakes 
[McCaffrey and Nabelek, 1984a, b]. 

Studies of the seismicity of the eastern Sunda 
arc have revealed continuity at depths greater 
than 300 km beneath the Sunda and Banda arcs 

[Hatherton and Dickinson, 1969; Fitch and Molnar, 
1970; Fitch 1970, 1972; Hamilton, 1974; Cardwell 
and Isacks, 1978]. West of 124øE the intermediate 
depth (i.e., 70-300 km depth) seismic zone. is 
fairly well defined, but earthquakes at these 
depths are absent from 124øE to 127øE, where the 
volcanic arc is quiescent [Cardwell and Isacks, 
1978]. Fault plane solutions for shallow earth- 
quakes have been determined by Fitch [1972], 
Cardwell and Isacks [1978], Kappel [1980], and 
McCaffrey and Nabelek [1984a, b] and indicate 
thrust faulting beneath Sumba and the back arc 
region, strike slip beneath the arc and forearc, 
and normal faulting beneath the Java trench. No 
solutions have been found for shallow earthquakes 
beneath the forearc near Timor. 

An analysis of the 100-km-deep earthquake 
beneath the Banda Sea in 1963 led Osada and Abe 

[1981] to postulate a break within the subducted 
slab at about 130øE. On the basis of relocations 

of teleseismically recorded earthquakes and their 
fault plane solutions, McCaffrey [1981] suggested 
that a tear separates the continental from 
oceanic lithosphere within the subducting stab 
north of Timor (at 124øE). Tearing of the Indian 
•r•n p• • the Java trench may also have 
caused the great 1977 Sumba earthquake [Given and 
Kanamori, 1980]. The results presented here 
strongly support these interpretations. 

Data 

The data we present and use are the locations 
of approximately 460 microearthquakes and 45 
fault plane solutions obtained by an array of 
portable seismograph stations that operated for 
10 weeks on the islands surrounding the Savu Sea 
(Table 1 and Figure 1). In addition, the fault 
plane solutions and depths of two large events 
from 1970 and 1978 were obtained from the 

analysis of long-period P and SH waveforms. The 
details of the survey and data analysis are left 
to the appendix and will be summarized briefly 
here. Other results and logistical details of the 
survey are presented by McCaffrey et al. [1984]. 

The microearthquakes (Figure 3) were located 
assuming the velocity structure in Table 2 and 
calculated locations were classified as A, B, or 

TABLE 2. Velocity Models 

Earthquake Location 

Depth to Top 

of Layer, km Vp, km/s 
0 6.00 

15 6.75 

25 8.00 

85 8.10 

150 8.20 

200 8.30 

250 8.50 

300 8.70 

400 9.10 

Waveform Synthesis 

Depth to top 

of Layer, km Vp, km/s Vs, km/s 
Density, 
kg/m 3 

0 1.5 0.0 1.0 

3 6.2 3.6 2.8 

28 8.1 4.6 3.3 



McCaffrey et al.: Sunda Arc Microearthquakes 4515 

TABLE 3. Fault Plane Solutions From Microearthquakes 

Plane 1 Plane 2 P axis T axis 

No. Date 

1982 øS øE km 
Time Latitude Longitude Depth Az, Dip, Az, Dip, Az, P1, Az, P1, 

deg deg deg deg deg deg deg deg 

1 July 5 0034 9.316 121.314 127 250 60 70 30 160 75 340 15 
2 July 16 1005 8.927 123.904 106 275 55 95 35 185 80 5 10 
3 a July 16 1250 9.412 122.636 119 135 90 45 35 15 35 255 35 
4 July 16 2146 9.233 123.653 102 200 65 20 25 110 70 290 20 
5 a,b July 16 2236 7.665 124.654 359 30 60 130 73 353 34 258 8 
6 a July 17 0916 8.901 124.062 109 240 50 90 44 85 74 344 3 
7 July 18 2046 9.688 124.466 49 160 40 70 90 127 33 13 33 
8 a July 20 0629 9.240 122.433 83 70 90 250 0 160 45 340 45 
9 July 25 1125 9.231 122.920 113 210 45 69 52 141 4 41 69 

10 July 26 0846 8.436 123.430 197 160 75 285 25 234 27 96 55 
11 a July 30 1231 8.923 124.229 75 165 70 44 36 277 19 37 55 
12 Aug. 1 1632 8.967 124.102 81 130 50 352 48 241 1 333 68 
13 a Aug. 2 1049 9.057 124.034 46 85 3 265 87 175 48 355 42 
14 a Aug. 3 2102 9.228 123.691 85 50 60 230 30 140 15 320 75 
15 c Aug. 6 2040 8.102 120.522 25 50 85 141 80 5 11 96 4 
16 c Aug. 6 2046 8.180 120.643 26 30 80 122 80 346 14 76 0 
17 a Aug. 7 0600 9.082 123.817 79 170 80 350 10 260 35 80 55 
18 a Aug. 7 0615 9.231 123.742 75 190 30 22 61 108 16 307 74 
19 Aug. 7 1154 10.001 124.494 42 140 45 270 57 125 62 23 7 
20 a Aug. 7 1229 8.886 124.181 81 15 60 195 30 105 15 285 75 
21 Aug. 8 0658 8.941 124.049 97 170 35 350 55 80 10 260 80 
22 Aug. 9 0315 9.742 121.341 2 130 37 310 53 220 82 40 8 
23 Aug. 9 1052 8.055 124.001 185 20 70 290 90 243 14 337 14 
24 a Aug. 9 2143 8.882 124.094 104 350 70 247 57 213 39 116 8 
25 a Aug. 10 1956 9.021 122.965 54 140 25 288 69 177 64 28 23 
26 a Aug. 10 2148 8.897 124.218 88 15 80 195 10 105 35 285 55 
27 a Aug. 11 1028 8.939 124.100 86 85 85 201 11 166 39 6 49 
28 a Aug. 12 2139 8.063 124.003 190 150 85 59 75 15 14 284 7 
29 Aug. 15 0714 8.590 122.794 191 110 60 290 30 20 75 200 15 
30 Aug. 16 1904 8.956 124.121 90 120 35 300 55 210 80 30 10 
31 Aug. 18 1322 8.713 124.475 129 15 80 195 10 105 35 285 55 
32 a Aug. 20 1822 8.727 124.181 116 130 85 310 0 220 43 40 47 
33 Aug. 23 0938 8.679 124.398 116 50 90 230 0 140 45 320 45 
34 a Aug. 24 2036 9.018 124.032 99 145 80 325 10 235 35 55 55 
35 Aug. 27 1723 8.829 122.211 102 170 35 20 59 329 71 98 12 
36 Aug. 27 2143 8.810 123.953 111 110 80 290 10 200 35 20 55 
37 Aug. 28 1609 9.911 124.430 50 350 65 211 32 226 64 95 17 
38 a Sept. 2 1830 8.664 123.093 183 130 75 310 15 220 30 40 60 
39 Sept. 3 1529 8.961 124.074 92 165 75 345 15 75 60 255 30 
40 a Sept. 4 2111 8.586 124.005 132 220 70 26 21 138 65 306 25 
41 a Sept. 10 0732 9.113 123.880 96 240 85 143 35 118 40 358 31 
42 Sept. 10 1235 9.486 125.049 4 200 70 20 20 290 25 110 65 
43 Sept. 10 1723 8.023 124.009 191 205 65 48 27 95 68 303 19 
44 a Sept. 12 0606 8.677 123.926 118 100 60 231 41 59 62 169 10 
45 Composite 165 35 310 60 178 68 54 13 

a Better quality solutions. 
b Based on first motion polarities taken from the Earthquake Data Report 
c Based on waveform modeling from McCaffrey and Nabelek [1984b]. 

C in order of decreasing reliability. The 
criteria for rating the reliability are based on 
a series of tests and some statistical results of 

the location procedure, all described in the 
appendix. We tested for the effects on the 
locations of variations in the subset of stations 

recording the individual events, uncertainty in 
the estimate of the ratio of P to S wave 

velocities, and uncertainty in the knowledge of 
crustal and upper mantle velocity structure. 

The tests indicate that location accuracy 
depends most heavily on the number of P and S 
phases used in the calculation and the position 
of the event relative to the network. Depth 

accuracy is critically dependent on the distance 
to the closest stations and on the availability 
of S phases. The locations of class A events 
probably have relative uncertainties of 5 km in 
depth and epicenter when they occur south of 
Pantar Island (Figure 3) and of twice this value 
throughout the rest of the network. B events have 
uncertainties of twice the A events for a given 
location with respect to the network. The 
epicentral uncertainties associated with C events 
are probably similar to those of B events when 
inside the array, but depth calculations are 
usually unreliable for C-type earthquakes. 

The earthquake locations were plotted in maps, 
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Fig. 4. Lower hemisphere projections of first motions and fault plane solutions 
determined in this study. Solid dots represent compressional first motions, and open 
circles are dilatations. Large and small s•bols represent "strong" and "weak" first 
motions, respectively. Dashed lines show alternative nodal planes, and their P and T 
axes are shown by the lowercase letters. Solution parameters are listed in Table 3, 
and those with circled n•bers designate better quality solutions. Solutions 15 and 16 
were obtained from waveform modeling [McCaffrey and Nabelek, 1984b], rather than from 
the first motion data shown. 

cross sections at varying azimuths, and in stereo 
pairs to determine the three-dimensional distri- 
bution of seismicity. Here, we have chosen to 
show events of all classes A, B, and C in the 
plots to avoid biasing the view by selectively 
deleting events that may have C classifications 
because of their location with respect to the 
network. For example, there is a preference for 
the shallowest events to have a C classification 

because of the requirement for A and B events 
that a station be within two focal depths. 
Excluding C-type events would thus remove most of 
the shallow earthquakes and lead to the erroneous 
conclusion that there is little shallow seismi- 

city. In later figures the different class events 
are plotted with different size dots, with class 
A events being the largest. 

Individual fault plane solutions for 44 micro- 
earthquakes and a composite solution for one 
group of events were obtained using the polari- 
ties of P waves at local stations (Table 3 and 
Figure 4). Takeoff angles were determined using 
the P wave velocities in Table 2; the uncertain- 
ties for upgoing rays due to uncertainties in the 

structure and focal depths are only a few 
degrees. Solutions and the P, T, and B axes were 
graded according to the extent to which they are 
constrained by the first motion data. In the 
figures and tables, reliable fault plane solu- 
tions (with uncertainties in orientations of 
about 30 ø or less) are distinguished from the 
poorer ones, and only the well-constrained P and 
T axes are presented. 

The largest earthquakes to have occurred 
within the seismic zone south of Pantar in recent 

years are those of June 28, 1970, and February 
12, 1978. We inverted long-period P and SH 
waveforms for source time function, orientation 
of the double couple, and source depths of these 
two events (Figure 5 and Table 4). The velocity 
structure used to generate the synthetic seismo- 
grams (Table 2) represents an average of that 
used to locate the microearthquakes, but it 
contains fewer layers to simplify the calculation 
of response functions. The 1970 and 1978 earth- 
quakes were also relocated relative to the 
largest event recorded by the temporary network 
(event 13 in Table 3) and are presented here at 
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Fig. 5. Fault plane solutions for the earthquakes of 1970 and 1978 based on inversion 
of long-period P and SH waveforms. Details of the solutions are given in Table 4, and 
the assumed source structure is given in Table 2. Observed waveforms are shown by 
solid lines and computed waveforms by dotted lines. The tic marks on the seismograms 
enclose the data used in the inversion. The source time functions are shown on the 

time scale axes. Synthetic seismograms are scaled to the seismic moment, and both the 
observed and synthetic seismograms are scaled to a common distance and instrument 
magnification. Amplitudes of the SH waves are scaled down by a factor of 2 relative to 
the P waves. 

the relocated positions. Again, the reader is 
directed to the appendix for additional 
information on procedures. 

Results 

A notable concentration of recorded events 

lies north of western Timor (8øS, 124øE) in the 
depth range of 70-200 km (Figures 3 and 6). A 
second pocket of seismicity occurred at shallow 
depth near 8øS, 120øE but is mainly associated 
with two large events that occurred there on 
August 6. Otherwise, seismicity is scattered 
beneath both the central Savu Sea and the island 
of Timor. 

In Figure 7a the locations for 8 events are 
compared with the locations reported in 
Preliminary Determination of Epicenters (PDE) by 
the U.S. Geological Survey [1982]. There are no 
apparent correlations between differences in 
locations and numbers of stations or region. All 
differences in epicenters are less than 30 km, 
but depths could differ by as much as 50 km, with 
a tendency for PDE depths to be greater. Also 
shown are the resulting shifts in the epicenters 
of the 1970 and 1978 earthquakes when they are 
relocated relative to event 13 (Figure 7b). 

In Figure 8 all hypocenter$ are projected onto 

an east-west striking vertical plane roughly 
parallel to the eastern Sunda arc and the Java 
trench. Seismicity to a depth of 200 km is fairly 
uniform between 120øE and 123øE. The apparent 
quiescence below 200 km is probably due to the 
poor resolution of locations of earthquakes 
occurring both to the north of the array and at 
depths larger than the dimensions of the array. 

The large concentration of activity beneath 
124øE between 70 and 200 km depth is due in part 
to the sensitivity of the array for events in 
this area, but it is also reflected in the dis- 
tribution of larger earthquakes recorded tele- 
seismically [Cardwell and Isacks, 1978; 
McCaffrey, 1981]. Therefore it is not an artifact 
of the short recording period. Equally as 
striking is the pronounced quiescence in seismic 
activity east of 124.5øE and most of this seismic 
activity is shallow. Deeper, there are only two 
weñl-located (class B) events, and both are 
deeper than 300 km. The quiescence at inter- 
mediate depths east of 124.5øE is also reflected 
in longer-term seismicity patterns [Fitch, 1970; 
Fitch and Molnar, 1970; Cardwell and Isacks, 
1978]. 

The class A hypocenters from north of western 
Iimor form the narrowest zone when projected onto 
a vertical plane at an azimuth of N25øW, indica- 
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TABLE 4. Fault Plane Solutions for 

Earthquakes of 1970 and 1978 

Date 

June 28, 1970 Feb. 12, 1978 

Origin time 0130:25.6 0334:38.3 
Latitude 8.98øS 8.82øS 

Longitude 124.12øE 124.04øE 
Depth 80 km 107 km 
Seismic Moment 

(dyn cm) 117x1024 6x1024 
Plane 1 

Az 59 ø 70 ø 

Dip 80 ø 89 ø 
Plane 2 

Az 212 ø 166 ø 

Dip 11 ø 9 ø 
P axis 

Az 145 ø 151 ø 

P1 35 ø 43 ø 

T axis 

Az 335 ø 349 ø 

P1 55 ø 45 ø 

ting that the seismic zone strikes approximately 
N65øE in the 70-150 km depth range (Figure 9). 
Note that the 100-km contour (separating open 
squares and solid circles in Figure 3) is aligned 
approximately parallel to N65øE and not to the 
overall trend of the arc or to local trends of 

epicenters in this depth range west of this area 
(Figure 6). The N65øE trend, however, lies 
parallel to the Timor trough and the structural 
grain of Timor itself, suggesting that the 
surfacial bend in the arc is accompanied by a 
similar northward bend in the subducted plate to 
at least 150 km depth and possibly deeper. 

Although the nodal planes from fault plane 
solutions (Figure 10) show a variety of 
orientations in the small area near Pantar, there 
is a general tendency for reverse faulting at 
depths shallower than 100 km and for normal 
faulting below 100 km. At depths less than 100 km 
in the region south of Pantar (Figure 10, top 
right), fault plane solutions can be divided into 
two groups: those that have nodal planes that 
trend parallel to the seismic zone and those that 
have nodal planes striking north or northwest, 
roughly perpendicular to the seismic zone. Events 
in the first group (A) have similar P, T, and B 
axes and are due to either dip-slip faulting 
along vertical to steeply south dipping planes 
(southside up) or underthrusting along shallow 
north dipping planes. These solutions show T axes 
roughly aligned with the plunge of the seismic 
zone. 

The second group (B in Figure 10) is charac- 
terized by gently dipping to horizontal B axes 
that trend southeasterly and P and T axes that 
form a trend roughly parallel to the strike of 
the seismic zone but at variable plunges. These 
solutions indicate compressional and extensional 
trends in a direction parallel to the strike of 
the slab. 

Fault plane solutions for events between 100 
and 130 km depths in the Pantar region (Figure 
10, group C) show some grouping of the P axes but 

with considerable scatter in the T axes. The B 

axes tend to be aligned roughly parallel to the 
seismic zone. Farther north and deeper (Figure 
10, bottom left), solution 28 at 190 km depth and 
solution 5 at 359 km depth reveal gently north 
dipping P axes and nearly horizontal T axes. 

An interesting feature of the seismic zone is 
the suggestion of two zones separated by an 
aseismic region between depths of 100 and 200 km 
directly below the volcanic arc (Figure 9). The 
earthquakes in the upper zone are well located, 
and their separation from the other group is 
real. However, we cannot be convinced that the 
aseismic gap between the two groups is not an 
artifact of the short recording period. The 
apparent double seismic zone here is not an arti- 
fact of the projection, as the separate zones are 
at approximately the same longitude but at 
different latitudes; the upper zone is visible in 
map view in the 100-150 km depth range plot in 
Figure 6 as a second NE trending zone just south 
of 8øS, 124øE. 

Solution 45 (Figures 4 and 11) is a composite 
fault plane solution obtained from several small 
events that form the upper zone of the double 
seismic zone. This solution is not significantly 
different from those of the C group of fault 
plane solutions in the lower zone (Figure 10). In 
contrast, earthquake mechanisms from Japan 
[Hasegawa et al., 1978] have shown that the two 
zones of the double seismic zone are under 

different orientations of stress; downdip P axes 
in the upper zone and downdip T in the lower one. 
The stress differences may be due to unbending of 
the lithosphere [Engdahl and Scholz, 1977]. The 
similarity of the stress axes in both zones 
beneath Pantar indicates that unbending is not an 
important source of stress in the slab here. 

Earthquakes occurred in two depth groups 
beneath Timor: very shallow (515 km) and in the 
40-60 km depth range (Figure 9). The depths of 
the shallower events are poorly constrained, but 
short intervals between S and P arrivals from 

other smaller earthquakes at stations on Timor 
require depths as shallow as 10 km or less 
[McCaffrey et al., 1984]. The events at 40-60 km 
depth appear to be part of the projection of the 
intermediate depth seismic zone from north of 
Timor toward the Timor trough. These earthquakes 
probably occur within the Australia-Indian Ocean 
plate subducted at the Timor trough. Neverthe- 
less, a gap in seismicity between the events 
beneath Timor and the intermediate depth seismic 
zone beneath 9øS (Figure 9) keeps the inference 
of continuity unproven. 

West of 123øE hypocenters outline a northerly 
dipping zone in which there is considerable 
scatter in the locations (Figure 12). Fairly 
well-defined easterly elongated envelopes around 
the epicenters in the depth ranges greater than 
100 km can be seen in Figure 6, implying an 
easterly striking seismic zone consistent with 
the findings of Hamilton [1974] and Cardwell and 
Isacks [1978]. Therefore the scatter in Figure 12 
is probably due to the poor resolution of focal 
depths for events beneath the Savu Sea and not 
due to an inappropriate projection. 

Fault plane solutions for earthquakes beneath 
Timor and the Savu Sea (Figures 10 and 12) show 
predominantly dip-slip mechanisms, but orienta- 
tions of the nodal planes vary greatly. Solutions 
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Fig. 6. Maps of earthquakes in 50-km-depth intervals (given in lower right corner of 
each map). Different sized symbols represent different location quality 
classifications starting with class A as the largest. In the upper left box, diamonds 
show locations of seismograph stations, and triangles represent active volcanoes. 

15 and 16 north of Flores Island indicate strike 

slip at shallow depth along the arc. 

Implications for the Development of 
the Collision Zone 

Geologic observations on Timor support a 
middle Pliocene start for the collision between 

Australia and the Sunda arc and indicate uplift 
and deformation of Timor throughout the 
Pleistocene. The highly deformed Kolbano unit in 
southern Timor, consisting of bathyal radio- 
larites, calcilutites, and cherts of Cretaceous 
to Pliocene age, overlies undeformed continental 
shelf sediments [Barber, 1979]. The Pliocene 
Viqueque turbidites were deposited on top of a 
downfaulted block of the Kolbano unit, suggesting 
a middle Pliocene age for the deformation and 

emplacement of the Kolbano thrust sheet [Carter 
et al., 1976]. If the Kolbano sediments were 
originally from the Australian margin, as seems 
to be the consensus, then the above relations 
indicate a middle Pliocene collision with the 

Australian shelf. The widespread presence of the 
calcilutite rich, late Miocene to late Pliocene 
Batu Putih limestone beneath the Viqueque 
turbidites suggests a deep-water environment for 
Timor until early Pliocene time and shallowing in 
middle Pliocene. The Batu Putih limestone is 

terminated by a late Pliocene to late Pleistocene 
unconformity and contemporaneous folding in the 
south [Carter et al., 1976]. It is overlain by 
both a molasse facies that was folded and eroded 

in the early Pleistocene and middle to late 
Pleistocene flat-lying reefs now elevated above 
sealevel [Audley-Charles et al., 1974]. Since its 



McCaffrey et al.: Sunda Arc Microearthquakes 

20 

9- 

I0- 

25 

505•7b 26 
0•0N'46 

A 

200 
184 

123 
i 

358 8<--•7.__ 
;.,if;.,i 

,•P DE 
Local 

km 

8.8- 

8.9- 

9.0- 

B 

1 8 

1 70 

3 '10 km' 

I I 

124.0 124.1 

Fig. 7. (a) Comparison of locations of 
earthquakes determined by the local array data 
with those of PDE. Arrows point from the PDE 
location to that obtained with local data, and 
the numbers at either end represent the computed 
depths (N represents 33 km depth). Numbers along 
the vectors are the numbers of seismograph 
stations used in the PDE location. (b) Epicentral 
shifts relative to International Seismological 
Centre locations (solid circles) for the 1970 and 
1978 events when relocated relative to event 13. 

The shift between the PDE location and that of 
the local network is shown for event 13. 

emergence in late Pliocene time, parts of Timor 
have undergone 3 km of uplift. The rate of uplift 
for Timor and the island of Atauro is continuing 
at about 0.5 km/m.y. [Chappell and Veeh, 1978]. 

Earthquakes recorded during the temporary 
survey period reveal an east-northeast striking 
seismic zone north of Timor that dips to the 
northwest at about 45 ø . • earthquakes occur T•ese 

north and east of where the Australian conti- 

nental slope now intersects the Timor trough 
(Figure 1). The strike of the seismic zone north 
of western Timor from 50 to 150 km depth 
parallels the present structural trends of both 
Timor and the Timor trough (Figures 3 and 6). As 
it is unlikely that the slab would change strike 
after being subducted, Timor and the trough 

almost certainly have been at their present 
trends since the time the slab presently at 150 
km depth entered the trench. The distance along 
the seismic zone from the Timor trough to 150 km 
depth is approximately 300 km and hence repre- 
sents about 4 m.y. of subduction at a rate of 
75 km/m.y. By this calculation, subduction of the 
material presently at 150 km depth commenced in 
the mid-Pliocene, or at about the time Australia 
collided with the arc and Timor emerged. 

The seismic zone from 300 to 500 km depth 
north of Timor strikes east-west and continues 

beneath the Sunda arc to the west and the Banda 

arc to the east [Cardwell and Isacks, 1978]. The 
continuity of strike at depth suggests that the 
contortion in the slab in the 70-150 km depth 
range north of western Timor does not extend much 
deeper than 150 km and is therefore a consequence 
of tectonic processes over the past 6 m.y. or so. 
The timing of initial collision of the arc with 
Australia, the length of the contorted portion of 
the seismic zone, and the average convergence 
rates suggest a causal relationship between the 
bending of the convergent margin and the arrival 
of Australia. Thus we infer that the introduction 

of continental crust into the subduction zone was 

responsible for the bend in the trench, in Timor, 
and ultimately in the slab. The outstanding 
implication of this inference is that the earth- 
quakes at 150 km depth would occur within or near 
subducted Australian continental lithosphere. 

Preliminary results of an inversion for 
seismic velocities using the microearthquake data 
presented here support the case for the presence 
of continental crust as deep as 150 km north of 
Timor (S. Roecker and R. McCaffrey, unpublished 
results, 1984). In the one-dimensional case, P 
velocities are found to be typical of the crust 
and upper mantle in the 0-55 km depth range. From 
55 to 110 km depth, however, horizontally 
averaged P velocities appear to be about 10% 
lower than average mantle P wave velocities and 
about 4% lower below 150 km depth, where 
resolution is lost. A preliminary solution for 
the three-dimensional structure also shows a 

sharp decrease in velocity going from beneath the 
central Savu Sea toward Pantar and western Timor. 

We suggest the following scenario for the 
development of the collision zone. The east-west 
continuity of the deeper (>300 km) seismic zone 
north of Timor implies that in late Miocene time 
the subducting trench was oriented east-west. At 
that time, oceanic lithosphere was being sub- 
ducted beneath a forearc containing at most only 
a small continental fragment, of which a modern 
analogue may be Sumba. In Pliocene time, the 
northeast trending Australian continental slope 
intersected the trench and the buoyancy of the 
continental crust caused indentation of the 
trench axis and the arc as it forced its way 
northward. The thicker and less dense continental 

lithosphere topped by a voluminous sedimentary 
pile produced shallowing of the trench floor and 
uplift of the forearc, thus causing Timor's 
emergence. The uplift of the forearc probably was 
associated with an increased compressional stress 
across the entire arc structure, which inhibited 
further volcanism. Shortening within the forearc 
itself by thrust faulting (as is now observed 
near Savu) in the early stages of collision could 
account for part of the counterclockwise rotation 



McCaffrey et al.: Sunda Arc Microearthquakes 4521 

w 

ß 8 
ß ß 

ß 

.i . 

Timor 
ß I 

- 200 

km 

- 400 

ß 

125øE 
•øE r•8o• 

Fig. 8. Projection of all earthquakes located by the local network onto an E-W 
trending vertical plane (parallel to the arc). Large dots show the most reliable (A) 
locations, and smallest dots represent the most uncertain (C). Triangles at the 
surface show positions of active volcanoes. The depth of the earthquake at 580 km was 
taken from the PDE location [U.S. Geological Survey, 1982]. 

of both Timor and the Timor trough relative to 
the Java Trench. (The forearc near Timor is 
narrower than to the west where volcanism is 

still active.) Convergence may now be shifting to 
the back arc along the south directed Wetar 
Thrust [Hamilton, 1979; Usna et al., 1979; Silver 
et al., 1983]. 

If Australia first intersected the trench at 

3-4 Ma and if subduction has slowed since 0.5 Ma 

[Johnston and Bowin, 1981], then approximately 
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Fig. 9. Projection of earthquakes within the 
seismic zone south of Pantar (bracketed area of 
Figure 3) onto a vertical plane striking N25øW. 
The projection area is 120 km wide. Symbols used 
are as in Figure 8. The uncertainties in the 
locations of class A and B events (two larger 
symbols) are approximately 10 km or less. 

250 km (at 75 km/m.y.) of the Australian margin 
would have been thrust beneath the Timor trough. 
Both gravity data [Chamalaun et al., 1976] and 
the exposure of continental shelf sediments from 
Australia extending to the north coast of Timor 
[Barber, 1979] suggest that continental crust 
underlies the island as far as its north coast 

(or about 125 km from the Timor trough). Thus at 
least half of the estimated 250 km of subducted 

continental crust could presently form the crust 
of Timor. To account for all convergence by 
crustal thickening beneath Timor requires that 
the present crustal thickness of Timor be twice 
that of the Australian shelf entering the trench 
or at least 60 km. However, gravity values over 
Timor do not indicate such considerable crustal 

thickening with material of the density of conti- 
nental crust. Thus either the continental crust 

has in part been subducted or is imbricated with 
higher density oceanic crustal or mantle rocks 
beneath Timor. The latter explanation seems 
unlikely in view of the minor importance of 
ophiolite exposed on Timor. We suggest instead 
that a large portion of the subducted Australian 
crust is represented by the seismic zone north of 
west Timor from 70 to 150 km depth. 

In this scenario we suggest the subduction of 
at least part of the continental crust to a depth 
of about 150 km. Roecker [1982] inferred that 
continental crust was subducted to 150 km beneath 

the Hindu Kush from his observation of low P and 

S wave velocities within the seismic zone. We 

note that in an analogous tectonic setting be- 
neath the Hindu Kush, where the Indian continent 
protrudes into Asia, there are similarly a 
counterclockwise bend in the eastern end of the 

intermediate depth seismic zone, an abrupt ter- 
mination of seismicity (but at both ends), and a 
near absence of earthquakes shallower than 70 km 
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Fig. 10. Maps showing locations of fault plane solutions and their lower hemisphere 
representations. Numbers within the solutions are the event numbers in Table 3, and 
those next to the epicenter symbol are depths in kilometers. The top map shows 
solutions for events shallower than 100 km, and the bottom boxes show those deeper 
than 100 km; the right sides are for the regions south of Pantar. Shaded quadrants 
represent compressional first motions. The better quality solutions for the 
microearthquakes are represented with intermediate-sized focal spheres. Lower 
hemisphere projections of the well-constrained P, T, and B axes are shown on the right 
for the events south of Pantar. The lines on the perimeter of the projections of the 
axes show the trend of the seismic zone. Those earthquakes whose axes are in the upper 
plot (A) are shown by squares at their epicentral positions. The axes for the 1970 and 
1978 events are superimposed on crosses in the plots (with group A) and those from the 
composite solution (45) for the upper seismic zone are superimposed on pluses (in 
group C). 

depth, the approximate crustal thickness 
[Chatelain et al., 1980]. Whether or not these 
similar observations are characteristic of 

subduction of continental crust is not clear. 

The material subducted to 150 km depth beneath 
the eastern Savu Sea may have been similar to the 
present-day Scott or Exmouth plateaus that are 
rifted continental crust and extend hundreds of 

kilometers out from the western Australian 

margin. The Scott Plateau is under 1-3 km of 
water yet is associated with positive free air 
gravity anomalies [Stagg, 1978], indicating 
thinner and presumably more readily subductable 
crust than is beneath the Australian shelf. One 

such plateau may have led the way into the 
subduction zone. 

The region west of Timor, where the Scott 
Plateau is presently entering the Java trench, 
represents an earlier stage in the evolution of 
the collision zone. There the forearc is begin- 

ning to close up by internal thrust faulting 
along the Savu Thrust [Hamilton, 1979; Silver et 
al., 1983], and the arc is being deformed by 
shallow strike-slip faulting and back arc thrust 
faulting [McCaffrey and Nabelek, 1984b]. However, 
some of the deformation in this region may be due 
to subduction beneath a thick forearc (Sumba) 
rather than continental collision [Silver et al., 
1983; McCaffrey and Nabelek, 1984b]. 

The intermediate depth seismic zone south of 
Pantar terminates updip beneath the north coast 
of Timor (Figure 9) and several fault plane 
solutions (i.e., group A) for earthquakes near 
the termination show T axes that are aligned with 
the dip of the slab (Figure 10). These events 
form a very narrow zone in map view (Figure 10, 
top right), suggesting that they occur along a 
steep rather than gently dipping fault zone. In 
this case, fault plane solutions indicate a 
north-side-down sense of relative movement for 
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Fig. tt. Projection of fault plane solutions from the region north of western Timor 
onto a verticañ plane striking N25øW, the same projection as in Figure 9. Solutions 
are presented on back hemisphere projections. Vertical bars on the hypocentral symbols 
are the standard deviations in depth (ERZ). Squares show the events that we suspect 
are related to detachment (group A of Figure t0). Open circles show the positions of 
the events used in the composite solution 45. 

the fault zone. We note also that the 1970 

and 1978 earthquakes and the two largest events 
recorded in this area during the survey (event 
13, PDE mb=5.4; event 27, PDE mb=5.5) all display 
this type of faulting. We $nterpret these solu- 
tions as indicating that the slab is broken 
(detaching) along a steeply dipping fault (or 
fault system) that trends parallel to the 
northwest coast of Timor. 

The orientations of the P and T axes in the B 

group of solutions may be due to the 25 ø bend in 
the slab about an axis oriented downdip. A much 

N •ava Trench S 

f2Os 

Fig. 12. Projection of all earthquakes west of 
123øE onto a northerly striking vertical plane. 
Symbols used are as in Figure 8. Fault plane 
solutions are shown on back hemisphere 
projections. 

larger bend and similar orientations of fault 
plane solutions are observed by Fitch and Molnar 
[1970] and Cardwell and Isacks [1978] at the 
eastern end of the Banda Arc between 127 ø and 

t30øE (Figure 2). There the plate and trench 
undergo a 90 ø bend, and P axes for intermediate 
depth earthquakes are, in general, parallel to 
the local strike of the slab (Figure 2), sugges- 
ting that the bending produces compression in the 
slab. No extensional type events have been found 
on the convex side of the slab, as would be 
expected from the hypothesis that the stresses 
are generated by bending. 

In the seismic zone north of Timor, however, 
both compressional (solutions tt, 12, 17, 21, and 
34) and extensional (30 and 39) fault plane 
solutions are found (Figure t0). For a concave 
northwest bend in a northwest dipping plate, the 
reverse faulting solutions would be expected in 
the top (or northwestern) side of the plate, 
while the normal faulting events would be expec- 
ted deeper and to the southeast. Unfortunately, 
the large uncertainties in hypocentral depths 
relative to the thickness of the seismic zone 

(Figure tl) obscures the spatial relationship 
between the different type mechanisms. 

Although the P axes for the reverse faulting 
solutions north of Timor and beneath the eastern 

Banda arc (Figure 2) are aligned roughly parallel 
to the strike of the slab, the B axes are not 
aligned downdip as would be predicted by a model 
of simple flexure about an axis parallel to the 
dip direction of the plate. The observed varia- 
tions in stress orientation within the upper part 
of the slab could be explained by bending, 
however, if the subducted plate was detached as 
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Fig. 13. A simple interpretation of detachment 
of the deeper subducted lithosphere north of 
Timor. The solid line represents the configu- 
ration prior to detachment, which probably also 
exists today north of the Java trench. The dashed 
line shows the configuration after detachment has 
commenced. The large arrows show the directions 
of motion of various parts of the slab relative 
to an inert, deep mantle. Small arrows show the 
expected orientations of principal stresses 
within the postdetachment slab and the senses of 
relative motion on surfaces. The figure is drawn 
to scale with the origin at approximately 9øS. 

shown in Figure 13. Because the mantle's 
viscosity (inferred from postglacial rebound) is 
not high enough to support the slab with its 
upper end free [Davies, 1980], the upper part of 
the detached slab would sink more rapidly if it 
was detached. The lower part of the detached slab 
would remain under compression due to the weight 
of the slab above and prevent the upper part of 
the slab from sinking along the inclined path. 
Thus the upper part of the slab and hence the B 
axes would become more horizontal as it sinks. 

The sinking and increased flexure would likely 
produce varied directions for the P and T axes 
within the upper part of the slab. 

Lateral Variations in Seismicity 

East of about 124.5øE, microseismicity, like 
the distribution of larger earthquakes, is much 
lower than to the west, The seismic zone appears 
to end along a northwest trending break in the 
50-200 km depth range (Figures 3 and 6) that 
underlies the easternmost active volcano (Pantar) 
of the Sunda arc (Figure 8), suggesting a 
relationship between the seismic and volcanic 
quiescence within the collision zone. Beneath the 
stretch from Pantar to Damar, where there are no 
volcanoes, Cardwell and Isacks [1978] report only 
two earthquakes in the 71-300 km depth range and 
both occur near the extremities of the quiet 
zone: one at about 200 km depth is near Damar and 
the other is at 260 km depth beneath the northern 
part of the zone (event 37 in Figure 2 is at 387 
km depth). It is unresolvab!e whether the slab 

ends along the northwest trending break beneath 
Pantar or is merely aseismic. To the east where 
the slab undergoes a 90 ø bend beneath the Banda 
arc, however, at the same depths, seismic 
activity is very high [Cardwell and Isacks, 
1978]. 

The seismic quiescence at intermediate depths 
north of Timor might indicate that detachment is 
complete and the slab is under small deviatoric 
stress as it sinks freely. In the region of the 
Banda arc east of 124øE, with the possible 
exceptions of earthquakes in 1963 [Osada and Abe, 
1981] and 1981 [Michael-Leiba, 1984], all fault 
plane solutions for intermediate depth earth- 
quakes (Figure 2) show the P axes along strike of 
the slab, characteristic of flexure about an axis 
parallel to the dip of the slab. There are none 
that show the stress orientations usually 
observed in subducted slabs (downdip P or T axes 
and B axes parallel to strike [Isacks and Molnar, 
1971]). This suggests that bending is the major 
cause of stresses that produce earthquakes in the 
slab beneath the Sunda and Banda arcs. It follows 

that the quiescence at intermediate depths north 
of central Timor is perhaps due to the lack of a 
bend and therefore of sufficient stress to cause 

earthquakes in that area. The abrupt truncation 
of the seismic zone north of western Timor (that 
probably represents a bend in the slab) may 
indicate a tear that acts to decouple it from the 
seismically quiet portion north of central Timor. 

Summary 

The locations of approximately 450 microearth- 
quakes recorded by a local seismograph network 
are presented and used to examine the config- 
uration of the seismic zone along the 
Australia-Sunda arc convergent margin near Timor 
Island. Although the network operated for only 10 
weeks, many features of the observed seismicity 
patterns are also noticeable in the distribution 
of larger earthquakes [Hamilton, 1974; Cardwell 
and Isacks, 1978]. 

Near Pantar Island, a seismic zone between 70 
and 200 km depth suggests that the north dipping 
slab strikes N65øE, parallel to Timor and to the 
Timor trough rather than to the overall trend of 
the convergent margin which strikes east-west. 
This represents a 25 ø counterclockwise bend in 
the subducted plate. We assume that the 
contortion was produced at the time the slab was 
at the surface of the earth and not after it had 

been subducted. The length of the seismic zone 
and the rate of convergence imply that the 
present-day 150-km slab contour was subducted at 
about 4 Ma or about the time Australia collided 

with the Sunda arc and Timor was elevated above 

sea level. We infer, then, that the presence of 
buoyant Australian continental crust in the 
subduction zone produced the bend in the surface 
features and the contortion in the slab; this 
implies that the bent portion of the subducted 
slab was once part of the thick crust of the 
Australian margin. 

Fault plane solutions show considerable 
variation in orientations, but some patterns are 
observable. Several fault plane solutions from 
the southern and shallower portion of the seismic 
zone north of Timor reveal steep nodal planes 
that strike parallel to the seismic zone and 
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indicate a north-side-down sense of relative 

motion. These fault plane solutions are inter- 
preted to be due to a detachment fault within the 
subducted slab. In the same region many fault 
plane solutions show P and T axes that vary in 
plunge but lie in a near vertical plane that 
parallels the strike of the seismic zone. We 
interpret these as due to bending stresses within 
the top of the slab as it sinks. Finally, the 
tendency for regions of high levels of inter- 
mediate depth earthquake activity to be 
associated with cross slab compressional stresses 
suggests that bending about inclined axes is 
responsible for most of the earthquakes within 
the slab. This mechanism may explain the great 
lateral variation in seismicity at intermediate 
depths beneath the Sunda and Banda arcs. 

Appendix 

Field Procedures 

For 10 weeks between June and September of 
1982 we operated 15 portable seismographs on the 
islands surrounding the Savu Sea (Figure 1 and 
Table 1). In addition, we obtained records from 
the permanent short-period seismograph stations 
(MKS, WSI, and KUG) that are part of the south- 
east Asian regional network [Hodgson, 1980]. All 
temporary stations recorded on smoked paper and 
used 1-Hz vertical seismometers, while one hori- 
zontal component was used at Adonara for a short 
time. Recording speeds were 60 mm/min except 
those at Ende, Maumere, Pantar, and Kefamenanu, 
which were 120 mm/min. The permanent stations 
have 1-Hz vertical seismometers and record at 

60 mm/min using paper and ink. 
Time synchronization was obtained in the field 

by recording the broadcasted WWV time signal on 
the seismograms. Clock drift for most instruments 
was linear over long periods of time and was 
assumed to be likewise between checks. There were 

no large jumps in the time corrections, indica- 
ting that the drift is more likely due to 
maladjustment of the oscillator than to discrete 
glitches. Uncertainties associated with clock 
corrections for each station were estimated from 

the scatter of the individual measurements about 

straight-line segments through the points and are 
given as o in Table 1. The actual errors in the 
clock corrections are smaller than those cited 

because the corrections used were biased toward 

the clearer time signals. (Frequently, a second 
time signal of unknown origin was received that 
differed from WWV by 0.5 s but was easily 
distinguished from the WWV signal.) 

Data Analysis 

Using a digitizing table, we measured arrival 
times with a resolution of 0.025 s for recording 
speeds of 60 mm/min. To estimate the possible 
error caused by the variation in drum speeds, we 
measured arrival times relative to instrument 

time marks both before and after the arrivals; 
such arrival times consistently differed by 
0.05 s or less. The largest error in measuring 
the arrival times is due to the uncertainty in 
identifying the onsets of the phases, but because 
the majority of picks were made by one person (R. 
McCaffrey), we expect this error to be largely 

systematic. Systematic errors resuit in a shift 
in the origin time of the earthquake but not in 
the hypocenter. Because most of the arrivals from 
the local earthquakes were impulsive, the random 
part of the error in arrival times is probably 
less than 0.10 s. 

Earthquakes were located with the computer 
program HYPOINVERSE [Klein, 1978] using a 
layered, flat earth P wave velocity model and a 
constant P to S wave velocity ratio. The validity 
of using flat earth models for arrays of this 
size was demonstrated by Chatelain et al. [1980]. 
In determining the locations and takeoff angles 
presented here, we used P wave velocities similar 
to the average earth values of Herrin [1968] 
(Table 2) and a V•/V s ratio of 1.75 (discussed 
below). The classifications A, B, and C (in order 
of decreasing reliability) were made according to 
the root-mean-square (rms) error in the travel 
time residuals, standard deviations in the 
epicenter (ERH) and in the depth (ERZ), the 
distribution and number of stations recording the 
event, and the number of P and S phases used to 
constrain the location. The criteria for and the 

uncertainties associated with each classification 

were determined by examining the variations in 
the calculated locations of several events due to 

perturbations in the assumed velocity model, 

Vp/V s ratio, and group of stations and phases 
used in locating the event. The results of these 
tests will be discussed first. 

Subsets of the recordin• array. Because 
smaller events are normally recorded by a subset 
of the stations, relative mislocations can arise 
from differences in the number and distribution 

of recording stations. In order to examine the 
effects of a changing station geometry, we 
relocated many of the better recorded events 
several times while changing the number of 
stations and phases used in the location. For 
events south of Pantar, calculated locations are 
stable (i.e. within 10 km of one another in both 
epicentral position and depth) when five or more 
phases are used. Surprisingly, the omission of S 
phases does not significantly alter the locations 
of the events in that area. Stability for events 
southeast of Timor is obtained by having at least 
seven phases among which the presence of at least 
one S phase is crucial. For events beneath the 
Savu Sea, five phases give a stable epicentral 
location, but an S phase gives important infor- 
mation on the depth. Epicenters north of Flores 
are stable with six phases if one is an S phase, 
but depths of shallow events there can be in 
error by 50 km or so. Hypocentral locations 
southwest of Sumba are unstable with up to 10 
phases even with S phases included. In general, 
stable locations are assured throughout the area 
by at least seven phases including one or more S 
phase, and we require that our most reliable 
locations (classification A) meet this criterion. 
For the most active region south of Pantar, fewer 
phases are needed, and an S phase is not 
critical. 

•p/V s Ratio. For events with S wave 
arrivals, the calculated depth is sensitive to 
the choice of the V•/Vo ratio. For example, we 
relocated ten events using Vp/V s ratios ranging 
from 1.70 to 1.80 and found lhat the depths 
became shallower by 10-50 km without signifi- 

cantly different rms residuals. To estimate Vp/V s 
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from the arrival time data, Wadati plots were 
made for 20 events having more than eight clear S 
arrivals. A best fitting line was determined for 
the data from each earthquake and the average 
slope gave a value of 1.75 for V /V s with a 
standard deviation of 0 03, whic• maps to an 
absolute uncertainty in depth of 3-15 km. The 

error in depth due to an erroneous Vp/V s ratio is 
systematic, however, so the relative errors in 
depth will be less than this. 

Crustal structure. Thirty representative 
events were relocated using a variety of assumed 
thicknesses and seismic velocities for a crustal 

layer over a mantle halfspace (Vp=8.1 km/s). 
First, the crustal velocity was held at 6.5 km/s, 
while the Moho was placed at 20, 30, and 40 km 
depth. Second, crustal thickness was fixed at 

few degrees, but for downgoing rays the errors 
can be tens of degrees. The rays from the inter- 
mediate depth earthquakes to the local stations 
are for the most part upgoing and therefore 
reliably estimated. An inherent degree of 
uncertainty must be added to the fault plane 
solutions of the shallowest events. Although most 
of the rays were upgoing, the first motion data 
are presented on lower hemisphere plots for 
clarity. 

First motions were classified as being either 
"strong" or "weak" and are presented as large and 
small symbols in Figure 4. "Weak f' is not meant to 
imply uncertainty in polarity but rather a small 
amplitude that could be due to either a near 
nodal ray, high attenuation, or low instrument 
magnification. In fitting the nodal planes to the 

30 km, while the crustal P wave velocities of 6.0, observed data, we attempted to keep "strong" 
6.5, 7.0, and 7.5 km/s were used. These general 
combinations cover the spectrum of probable 
structures for the upper 150 km of the earth 
beneath the survey area and include models both 
faster and slower than the velocity model used in 
the locations (Table 2). For the range of 
structures, the average differences (with respect 
to the solution using the model in Table 2) in 
calculated depths and epicenters for events 
subsequently classified as A were 6 and 2 km, 
respectively. For B events, they were 13 and 
8 km. Events subsequently classified as C had 
average differences similar to those for the B 
events but with a larger standard deviation. 

We defined quality A locations to be those 
based on a minimum of seven phases including one 
S unless there are more than 10 P arrivals, with 
an rms residual of less than 1.0 s but greater 
than 0.1 s, recorded by stations in at least 
three quadrants, with at least one station at a 
distance less than the focal depth, and whose 
covariance matrix from HYPOINVERSE has horizontal 
(ERH) and vertical (ERZ) projections of the 
principal axes less than l0 km in length. The 
locations of events that meet these requirements 

probably have relative uncertainties of 5 km in 
both depth and epicentral coordinates in the 
region south of Pantar and of twice these values 
at the edges of the array. Absolute uncertainties 
due to systematic mislocations are likely larger 
than this. Events classified as B are those non-A 
events that were located with five or more phases 
(not necessarily including an S), with rms less 
than 2.0 s, recorded by stations in at least two 
quadrants, with an ERH of less than 10 km and ERZ 
of less than 30 km, and with one station at a 
distance less than twice the focal depth. The 
uncertainties in the locations of B events in 

general are twice those of A events for a given 
location. C events are those remaining, with more 
than four phases and with an rms of less than 
3.0 s. The uncertainties in locations of C events 
can vary greatly depending on which criterion the 
event fails but probably are similar to those of 
B events when inside the array. The calculated 
depths of C events probably are not reliable. 

Fault Plane Solutions 

Takeoff angles were determined using the P 
wave velocities in Table 2. The uncertainties in 
takeoff angles for upgoing rays due to uncertain- 
ties in the structure and focal depths are only a 

arrivals toward the center of quadrants while 
satisfying all polarity readings. For several 
events• two quite different solutions were 
obtained from the first motion data, in which 
case the alternative solution is shown by dashed 
lines in Figure 4. An attempt was made to grade 
the solutions based on the reliability with which 
the nodal planes were determined. The criteria 
for a good solution are that all possible 
solutions show the same type of faulting and that 
the strikes of the steeper planes do not vary by 
more than 30 ø or so. 

Although one of the nodal planes for the fault 
plane solution may be poorly constrained, there 
may be some useful information about the orien- 
tation of the P or T axes in the first motion 

data. In order to assess the consistency of the 
inferred orientations of the principal stresses, 
we examined each of the P, T, and B axes to 
determine whether or not they are constrained by 
the first motion data. For example, solution 21 
(Figure 4) has poorly constrained nodal planes 
and T and B axes, but the P axis does not change 
significantly in the alternative solution. In the 
plots of P, T, and B axes in Figure 10, only the 
well-constrained axes are used. 

Waveform Data 

For the earthquakes of 1970 and 1978, 
long-period P and SH waveforms were used to 
determine the depths and fault plane solutions by 
a formal inversion procedure. The waveforms were 
digitized at 0.5-s intervals and a least squares 
fit was made to a double-couple, point source 
model that was parameterized by strike, dip, 
slip, centroidal depth, and a variable number of 
triangular time function elements from which the 
scalar seismic moment and duration of faulting 
were derived. Because the depth estimate is 
dependent on the assumed velocity structure, we 
used a source velocity structure similar to that 
used to locate the microearthquakes (Table 2) so 
depths could be compared directly (i.e., system- 
atic errors will be similar for both groups). The 
errors in depths for the 1970 and 1978 earth- 
quakes relative to the assumed velocity structure 
are quite small (approximately 5 km). The methods 
are described in more detail by Nabelek [1984]. 

The fault plane solutions determined for the 
two earthquakes are similar to each other and to 
several of those from microearthquakes in that 
they show a steep nodal plane that strikes 
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roughly parallel to the strike of the seismic 
zone south of Pantar. The depths are also similar 
to those of the microearthquakes. We relocated 
the epicenters of the 1970 and 1978 events 
relative to event 13, the largest event recorded 
from the region south of Pantar during the 
microearthquake survey in 1982, using Herrin P 
wave travel time tables. The epicenters of the 
earlier earthquakes were recalculated using P 
arrival times at only those stations recording 
event 13 and with individual station corrections 

equal to the travel time residual at the station 
for event 13. The resulting shifts in the 
epicenters are similar to those observed between 
the PDE locations of the 1982 events and the 

locally determined epicenters (Figure 7), about 
15 km to the south. 
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