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[1] We analyze the rupture history of this earthquake, the largest thrust earthquake since
1977, primarily using broadband SH wave seismograms. We show that the earthquake
occurred on a shallow dipping thrust fault (strike 109�, dip 9�, rake 72�) with a seismic
moment of 2.7 � 1021 N m. The rupture propagated bilaterally at an average speed of
�90% of the shear wave speed, on a fault extending 180 km west and 50 km east of the
hypocenter, with very variable width ranging from 30 to 100 km at different locations
along strike. The mean slip over a 230 km � 100 km fault area was 4 m and the mean
stress drop 1.9 MPa. The slip distribution is very nonuniform over the fault, with the
largest slip of �12 m being near the hypocentral depth (�10 km). The rupture is very
complex, propagating first to the west and then, after a �15-s delay, to the east. We
interpret this delay as being due to the existence of a inhomogeneous barrier just east of
the hypocenter, which initially acted as a barrier to rupture propagation toward the east,
but subsequently failed due to stress increase on it generated by the rupture to its west and
with the rupture then continuing to propagate eastward. This barrier acted as a stress
concentrator before the earthquake, giving rise to foreshocks and was also the initiator of
rupture for this earthquake. The aftershock zone closely corresponds to the region in
which rupture occurred, the area with greatest aftershock density lying entirely within the
area of highest moment release. INDEX TERMS: 7209 Seismology: Earthquake dynamics and

mechanics; 7230 Seismology: Seismicity and seismotectonics; 8123 Tectonophysics: Dynamics,

seismotectonics; 7215 Seismology: Earthquake parameters; KEYWORDS: earthquake dynamics and mechanics,

New Guinea trench, seismotectonics, earthquake parameters
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1. Introduction

[2] Subduction zones are the most seismically active type
of plate boundary, accounting for �50% of shallow (<70
km) earthquakes with Mw > 5 since 1977. The degree of
present-day seismicity at different locations along an indi-
vidual subduction zone is very variable. Inspection of
subduction zones around the world shows that in many
places, for example, along the Indonesian arc, the Aleutian
arc and the South American arc, there are segments of
�100 km length for which little or no seismicity with mb >
5 has been detected at the plate boundary since 1964,
though this property of the seismicity does not in general
persist down-dip of these segments. Of substantially greater
length than any of these segments is the westernmost
450 km of the 1000 km long New Guinea Trench (NGT),
situated at the boundary between the Australian and Pacific
plates, in the vicinity of which almost no seismicity has
been detected from 1915 to 1995. The entire trench has a
clear expression in gravity and topography, but there is no
evidence for the existence of a slab at depth in the western

part. It has recently been shown that a great earthquake
probably occurred near the western end of the trench in
1914 [Okal, 1999], though this had not been previously
suspected. The absence of seismicity led some authors [e.g.,
Dow and Sukamto, 1984; Cazenave and Okal, 1986] to
suggest that active thrusting had ceased on this portion of
the trench, although other authors [e.g., Hamilton, 1979;
Puntodewo et al., 1994] had suggested reasons for consid-
ering some or all of the western NGT to be active. The
occurrence of the Mw = 8.2 Biak earthquake on 17 February
1996 (0600 UT, 0.9�S, 137.0�E), the largest thrust earth-
quake worldwide since 1977, within this part of the NGT
shows unequivocally that the trench is active, and has great
earthquakes. This earthquake demands a reassessment of
the tectonics of the region and provides a currently rare
opportunity to study the rupture process of a great sub-
duction zone earthquake with broadband digital data.

2. Tectonic Setting

[3] The seismicity of New Guinea (consisting of Irian
Jaya and Papua New Guinea) up till the day before the 1996
Biak earthquake is shown in Figure 1a, together with
geographic names mentioned in the paper. Cenderawasih
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Bay (CB) and a portion of the Bird’s Shoulder (BS)
represent oceanic crust which has been indented into the
continental crust of Irian Jaya [Dow and Sukamto, 1984].
This process, which accommodated >100 km of shortening,
is referred to by Dow and Sukamto [1984] as the Melane-
sian orogeny. It began not earlier than the late Miocene (<11
Ma), with the peak of deformation at around 5–7 Ma, and
has now ceased. The Caroline Basin is divided in two by the
Eauripik Rise (Figure 1a), which is known to have sub-
stantially thickened crust [Den et al., 1971], with the edge
of the rise intersecting the NGT at �139�E. East of 139�E,
the NGT is less deep and more irregular in form than to the
west, which is consistent with the subduction of the thick-
ened oceanic crust of the Eauripik Rise. The low level of
seismicity on the NGTwest of 138�E is visible in Figure 1a,
but the portion of the NGT between 138 and 139�E,
although morphologically continuous with the previously
inactive western part of the NGT, has had continuous
seismic activity since at least 1964.
[4] The NUVEL-1A global plate model [DeMets et al.,

1994] predicts a motion of the Pacific plate relative to the
Australian plate, at the NGT, of 11.1 cm yr�1, with an
azimuth of 248�. Though the Caroline Basin has been
hypothesized to form a separate present-day tectonic plate
[Weissel and Anderson, 1978], since its present-day motion
is poorly known we shall follow other authors [e.g.,
Puntodewo et al., 1994] in continuing to regard it as part
of the Pacific plate. At the longitude of the Biak earth-
quake, the NUVEL-1A plate motion vector can be
resolved into convergence at 7.5 cm yr�1 perpendicular
to the NGT, and left-lateral strike-slip motion at 8.3 cm
yr�1. Convergent and transcurrent motion are taken up
across northern New Guinea by a wide deforming zone,
revealed by a band of shallow seismicity �300 km in
width, with a strike of �110�. To the east of 138�E, a
south dipping band of seismicity extends from the NGT
250–300 km to the south and to a depth of 150 km,
clearly indicating shallow subduction. However, to the
west of 138�E, no earthquakes with mb > 5 have depths
>70 km reported by the International Seismological Centre

(ISC), showing that insufficient cumulative subduction has
occurred on the western part of the NGT to produce a
detectable slab.
[5] Using Global Positioning System (GPS) data, Pun-

todewo et al. [1994] have shown that Biak Island moved
relative to the Pacific plate at 3.3 cm yr�1 over the period
1991–1993, with an azimuth of 36� ± 20�. From this they
had inferred, prior to the occurrence of the Biak earth-
quake, that the NGT is active at the longitude of Biak
Island. The NGT is a simple linear feature from 134.5 to
139�E, with no variation in character along strike visible
in either the gravity or the topography. Examination of
seismic profiles [Bracey, 1975] within the aftershock zone
of the 1996 earthquake and at the western termination of
the NGT [Milsom et al., 1992] confirms its uniformity.
Milsom et al. [1992] have suggested that the very western
end of the NGT is inactive, but because of the occurrence
of the earthquake under study and the uniformity of the
known geophysical properties along this portion of the
NGT, it is probable that this entire portion of the trench is
active.
[6] The relocated prior seismicity of the region of the

1996 earthquake, up till the day before the earthquake, is
shown in Figure 1b. The seismicity from 1964–1997 in the
area covered by this figure was relocated for this study
using the joint hypocenter determination (JHD) method
[Douglas, 1967; Dewey, 1971, 1983], using P and S wave
arrival times reported by the ISC. These relocations are
obtained relative to the 1996 epicenter. In contrast, the large
earthquakes which occurred prior to 1964, shown in Figure
1a, are relocated in absolute geographical coordinates, using
a method similar to that described by Okal [1999].
[7] An E-W band of seismicity at �1.8�S shows the

active left-lateral Yapen fault system, which is the location
of the 1979 Mw = 7.5 Yapen Island earthquake. North of the
Yapen fault, a MS = 5.7 thrust earthquake occurred in 1972,
and the cluster of earthquakes around (1.2�S, 136.5�E)
includes many aftershocks of the 1979 earthquake. Some
of these have strike-slip and some thrust focal mechanisms
(not shown in Figure 1b). In the vicinity of the 1996

Figure 1. (opposite) (a) Tectonic setting of the Biak earthquake. International Seismological Centre (ISC) epicenters with
mb > 5 from 1 January 1964 to 16 February 1996 (the day before the Biak earthquake) are shown by circles with symbol
size increasing with mb and their color indicating hypocentral depth as shown in the key. The ISC epicenter for the 1996
main shock is shown by a red star. The range of possible locations inferred by Okal [1999] for the earthquake of 26 May
1914 is shown by the dashed line. All other earthquakes from 1 January 1913 to 16 February 1996 with magnitude �7.3
within or to the north of New Guinea and east of 144.5�E are shown, by white stars if located for this study or by yellow
stars if located by Okal [1999]. These are identified by their year of occurrence, the full dates being 13 January 1916, 29
July 1917, 3 July 1918, 26 October 1926, 20 September 1935, 26 April 1944, 2 April 1947, 22 June 1957, 26 February
1963, 10 January 1971, 12 September 1979, and 17 November 1985. Marine gravity anomaly from Hwang et al. [1998] is
shown. The NUVEL-1A Pacific-Australian plate motion vector is shown [DeMets et al., 1994]. The New Guinea Trench
(NGT), the Manus Trench (MT), the Bird’s Head (BH), the Bird’s Shoulder (BS), and Cenderawasih Bay (CB) are labeled.
The form of the Eauripik Rise is shown by simplified 3000 and 4000 m contours. (b) Relocated seismicity with 90%
confidence limits (semimajor axis of error ellipse) <30 km, from 1 January 1964 to 16 February 1996, with size increasing
with mb, and color indicating date of occurrence, according to the key. The epicenters of the large earthquakes of Figure 1a
are shown by stars, with those prior to 1964 being shown at the locations of Figure 1a and those after 1964 being shown at
their relocated positions. Harvard CMTs are shown for the 1979 Yapen earthquake, the earthquake of 17 November 1985,
and the 1996 Biak earthquake. The first-motion mechanism of Seno and Kaplan [1988] is shown for the earthquake of 4
December 1972. Biak(B) and Yapen(Y) islands, and the Yapen Fault (part of the Sorong-Yapen or Sorong fault system) are
labeled. Gravity and plate motion vector are as in Figure 1a. See color version of this figure at back of this issue.
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epicenter several events occurred from 1993–1995, which
will be discussed in section 8.2.

3. Large Earthquakes of the New Guinea Trench

[8] The historic seismicity of the immediate region of the
1996 earthquake was studied by Okal [1999]. The MPAS =
7.9 (MPAS indicates a magnitude assigned by Gutenberg and
Richter [1954]), Mw � 7.9 [Pacheco and Sykes, 1992]
earthquake of 26 May 1914, originally located by Guten-
berg and Richter [1954] at (2�S, 137�E), was relocated by
Okal [1999] to (0�S, 133�E), with an error ellipse encom-
passing a portion of the NGT. Okal [1999] has argued from
earthquake damage reports and tsunami records that the
earthquake is most likely to have occurred on the NGT,
initiating west of the 1996 epicenter (Figure 1b).
[9] A MPAS = 7.4 earthquake on 2 April 1947 was

relocated by Okal [1999] to (1.0�S, 138.1�E) on the NGT
at the edge of the region of higher seismicity (Figure 1a).
The question arises as to the the magnitude of the largest
earthquakes on the shallower and less uniform portion of the
NGT east of 139�. Earthquakes of magnitude �7, such as
the recent Mw = 7.0, 1998, Papua New Guinea earthquake
[Tappin et al., 1999], are unquestionably known to occur
here, and several larger earthquakes with catalog locations
within Irian Jaya and Papua New Guinea could potentially
have occurred on this part of the trench. We relocate all such
earthquakes with magnitude �7.3 for this study (Figure 1a).
The MPAS = 7.6 earthquake of 29 July 1917, and the MPAS =
7.9 earthquake of 20 September 1935, are both relocated to
positions within the PNG mainland, and their 90% con-
fidence ellipses (not shown) do not intersect the PNG
coastline. However, for both earthquakes, small (�1.0 m)
tsunamis are recorded [Lockridge and Dunbar, 1996], and it
is possible that they actually occurred on the NGT. The
MPAS = 7.5 earthquake of 3 July 1918 is relocated to (3.2�S,
142.5�E), on the PNG coastline, with a 90% confidence
ellipse encompassing a 300 km section of the NGT, but
there are no tsunami reports for this date [Lockridge and
Dunbar, 1996] to confirm a location on the NGT. The
remaining three large earthquakes relocated for this study
(Figure 1a) have error ellipses which do not intersect the
NGT, and have no associated tsunami reports. Thus up to
three earthquakes in the magnitude range 7.3–7.9 could
have occurred from 1913 till the present on the NGT east of
139�E.

4. Aftershocks

[10] In general, for the relocation of an aftershock
sequence using the JHD method, the main shock hypocenter

and origin time are fixed during the inversion, with the
result that all aftershock parameters are determined relative
to the main shock. Since the ISC reported depth of the Biak
main earthquake hypocenter (50 km) is probably too deep
for an event which generated a large tsunami, we allowed
the main shock depth to vary in our relocation, constraining
only its epicenter and origin time. To correctly locate the
main shock and the aftershock sequence in-depth, we
constrain the hypocentral depths of the two largest thrust
aftershocks to values which we obtain by analyzing their
body waves (discussed in section 6). Then, using this
constraint, we find the main shock to have a hypocentral
depth of 12 ± 6 km.
[11] The epicenters obtained in the relocation are shown in

Figure 2a. The relocated aftershocks mostly lie within a
�300 km long zone, extending 250 km west and 50 km east
of the hypocenter. The best located aftershocks are consistent
with a shallow south dipping fault plane. Most of the
aftershocks lie within a narrow band aligned with the
NGT, extending �25 km updip and �20 km down-dip of
the hypocenter. This band is segmented along strike, with the
highest aftershock activity extending 70 km west and 15 km
east of the hypocenter. A second region of moderately high
aftershock activity extends from 130 km to 210 km west of
the hypocenter. Extending 70 km down-dip from this main
band of aftershocks is a broad zone of low seismicity, which
stretches 130 km west of the hypocenter. It is interesting to
note that very few aftershocks occur in the region of the
cluster of previous seismicity seen in Figure 1b at (1.2�S,
136.5�E). Aftershocks occurred throughout the whole zone
from immediately after the main shock, with �300 after-
shocks located by the ISC in the first 24 hours (21 with mb >
5), and �650 in the first month (32 with mb > 5). The
frequency of aftershocks has continued to decline until the
present. Fourteen aftershocks with Mw > 5 were reported by
the Harvard centroid moment tensor (CMT) catalog [Dzie-
wonski et al., 1983–1997] in the first month, with four
having Mw > 6 and with the aftershocks displaying a variety
of mechanisms (Figure 2a). Thrust aftershocks occur at the
updip edge of the aftershock zone, along the whole length of
the rupture, normal faulting aftershocks occur in the center
and the western half of the aftershock zone, and left-lateral
strike-slip aftershocks occur predominantly in the center and
eastern half of the aftershock zone.

5. Centroid Moment Tensor

[12] We recalculate the centroid moment tensor using the
method of Dziewonski and Woodhouse [1983a] and addi-
tional data that have become available since the determi-
nation of the Harvard CMT solution. We use 253 mantle

Figure 2. (opposite) (a) Relocated aftershocks with 90% epicentral confidence ellipse semimajor axis <30 km, from 17
February 1996 to 18 March 1996, with mechanisms from the Harvard CMT catalogue identified by 6 digit dates (mmddyy).
Asterisks mark the two thrust aftershocks for which body wave modeling is discussed in section 6. The epicenters of previous
large earthquakes of interest are shown as in Figure 1b. Gravity and plate motion vector are as in Figure 1a. (b) Final moment
distribution of the preferred solution within the 1996 earthquake fault area (indicated by the rectangle), projected onto the
Earth’s surface, with the aftershock epicenters superimposed. Solid contours at intervals of 1020 N m km�2 show the final
moment distribution. Features of the source process, identified on Figures 5 and 6, are also labeled here. The main shock
epicenter, the aftershock epicenters, the locations of previous large earthquakes, and the gravity field are the same as Figure 2a.
See color version of this figure at back of this issue.
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wave traces from 96 stations well distributed in azimuth.
Our CMT has strike 109�, dip 9�, rake 82�, and M0 = 2.7 �
1021 N m. This is not significantly different from the
Harvard solution (strike 103�, dip 11�, rake 69�, and M0 =
2.4 � 1021 N m). For this earthquake, we find a very strong
tradeoff between rake and strike, which is expected for a
near-horizontal fault because simultaneously increasing rake
and strike by the same amounts keeps the strike of the near-
vertical nodal plane constant. The strike of our CMT is close
to the well-defined trench strike of �110�. Given this value
of strike, rake must be in the range 65–100�. We also
examine the trade-off between depth, dip, and moment, and
find that the dip lies in the 7–15� range and the depth is <20
km. Moment trades off with dip, with lower dips being
associated with higher moments. The dip also increases with
depth, and the associated decrease in moment (20% over the
likely centroid depth range 10–30 km for this earthquake) is
an order of magnitude larger than the increase in moment
obtained when depth is increased with fixed dip. These
properties reflect the well-known difficulty of constraining
the Mrq and Mrf components of the moment tensor of
shallow earthquakes [Dziewonski and Woodhouse, 1983b].

6. Modeling of SH Waves for Two Large
Aftershocks

[13] Two thrust aftershocks of the 1996 earthquake have
M0 > 1018 N m, both located at the northern edge of the
aftershock zone (Figure 2a). The first (17 February 1996,
1421 UT, M0 = 6.6 � 1018 N m) is located north of Biak
Island, and the second (24 February 1996, 1553 UT, M0 =
2.4 � 1018 N m) is located at the eastern end of the
aftershock zone. The SH wave traces for these two earth-
quakes were found to be very similar (after scaling to allow
for the difference in seismic moment), indicating that the two
earthquakes occurred at similar depths with similar focal
mechanisms. In contrast, the P wave data for the two
earthquakes differ markedly, with strong water reverbera-
tions being seen on most stations for the 24 February
aftershock, but generally not for the 17 February aftershock.
Given the similarity of the SH waves, we can only attribute
this difference to variations in water depth in the source
region. Since these water depths are not yet accurately
known, the P wave Green functions cannot be reliably
calculated. The variations in water depth at the source also
mean that the aftershock P waves cannot be used as
empirical Green’s functions (EGFs) for inverting the main
shock P waves. The SH waves are essentially unaffected by
these variations, and they could have been used in an EGF
method, if there had been more, and better distributed
aftershocks in depth. This method, however, would suffer
from the poor azimuthal distribution of stations with suffi-
ciently clear recordings of the aftershocks. On the other
hand, if the aftershocks had been larger, and hence better
recorded, it might then not have been possible to consider
them as effective point sources. This illustrates the general
difficulty of using the EGF method for the analysis of
teleseismic data. Instead, we use the waveform data for the
aftershocks to test the Earth structure used in calculations of
SH wave Green functions for this region. We model the
aftershock SH waves using a single 10 km � 10 km fault
(spatially point source) and a box-car shaped moment rate

function, using the PREM for the mantle [Dziewonski and
Anderson, 1981], and appropriate crustal structures for the
source and each station taken from CRUST5.1 [Mooney et
al., 1998]. We find that the aftershock SH waves can be best
fit using a centroid depth of 5–8 km for both these after-
shocks, and source durations of 9 s and 7 s, respectively, for
the first and second aftershocks, which is in agreement with
Tanioka and Ruff [1997] for the 17 February 1996 after-
shock. The fit to the data is good (not shown), and thus this
Earth structure can be confidently used for analyzing the
main shock SH waves.

7. Inversion for Main Shock Rupture History

7.1. Data Selection and Preliminary Inversions

[14] After rejecting redundant stations and those with
instrumental errors, we select 22 broadband SH traces, well
distributed in azimuth (Figure 3), in the distance range 35–
90�, and truncate records to remove ScS and SS arrivals. The
data are inverted using the method of Das and Kostrov
[1990, 1994], using 20 km � 20 km cells on a rectangular
fault and 3-s time steps in the moment rate function (mrf ).
On the basis of their study of the 1998 Antarctic earthquake,
Henry et al. [2000] suggested that for every earthquake,
synthetic testing using the actual station distribution and
artificial data for appropriate source parameters based on
preliminary analyses of the earthquake and its aftershocks
must be carried out in order to identify robust features of the
rupture history. Such tests are described in Appendix A.
From these, we find that the extent of fault slip along strike
and down dip of the hypocenter can be reliably obtained
using the available data, but the updip faulting extent must
be preassigned.

Figure 3. Stations used in body wave inversions, shown
on an azimuthal equidistant projection centered at the
epicenter, with epicentral distances of 30�, 60� and 90�
shown by circles.
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[15] The aftershocks show that the south dipping nodal
plane is the fault plane. Inspection of the P and SH wave
amplitudes and P wave first motions for the main shock
suggest that the fault plane has strike 109�, dip 9�, rake 72�,
which is close to the south dipping plane of the CMT
solution obtained in this study. This is taken as an initial
fault plane for the inversion of body waves, with an initial
hypocentral depth of 12 km, based on the JHD analysis. The
spatial extent of the parameterized source is taken to be
larger than the region where most aftershocks occur, except
that we do not allow slip updip of the aftershock zone,
based on our experience from inversion of synthetic data
(Appendix A). The source duration is taken longer than that
obtained from the preliminary moment rate function. This
means that the true spatial extent and duration are deter-
mined as part of the solution, along with all the other source
parameters such as rupture speed, slip duration on different
parts of the fault, etc., none of which were assigned a priori.
Following Das and Kostrov [1990, 1994], grids are allowed
to slip more than once, allowing a large amount of freedom

in the inversion, and is one of the main differences of this
method compared to most other methods of seismogram
inversion for this problem. Since the fault plane parameters
are not known precisely, we carry out inversions adjusting
these within a range of reasonable values. We investigate
hypocentral depths in the range 3–21 km, rakes in the range
62–82�, and dips in the range 7–15�. The best fit to the data
is obtained for a hypocentral depth of 9.5 km, and the same
fault geometry as inferred from inspection of the body
waves, with M0 = 2.4 � 1021 N m, close to our CMT
value. We also attempted to invert the data using the
conjugate nodal plane as the fault plane as an additional
test and found that the inversion placed substantial slip only
at the hypocentral depth and fit the data significantly less
well, confirming our identification of the fault plane.

7.2. Our Preferred Solution

[16] The rupture process and final moment release of the
best fit solution are spatially rough, with substantial varia-
tion in moment rate between adjacent cells. In synthetic

Figure 4. Comparison of the SH wave data (solid lines) to the synthetics (dashed lines) for our preferred
solution. All traces are scaled to a common epicentral distance of 60�, with the maximum scaled ground
displacement for each trace given in microns. The ‘1 misfit (the ratio of mean absolute error to mean
absolute data amplitude [Das and Kostrov, 1990]) is 0.30. The total number of data points is 1990, giving
the number of equations in the inversion.
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tests, smoothed solutions were found to better retrieve many
details of the rupture process, provided that the total
moment was constrained (Appendix A). Therefore our
preferred solution will be the smoothest in space and time,
with moment preassigned to the CMT value, and subject to
the constraint that the ‘1 misfit [Das and Kostrov, 1990]
should be no more than 10% greater than that of the best
fitting solution. The fit to the data for our preferred solution
is shown in Figure 4, and the rupture history is shown in
Figure 5. We assign labels to robust features of the rupture
process, identified in Appendix A and summarized in
Figure 6. These features should not be assumed to corre-
spond to independent subevents on the fault plane. Separate
mrfs for each of these four features are shown in Figure 5c,
together with the total mrf of the earthquake. Following a
weak initiation phase lasting �15 s, a strong propagating
rupture (labeled W1) extends from �20 km west of the
hypocenter �80 km further to the west, occurring from time
�15 s to �30 s after the initiation. Some weaker, diffuse
westward moment release (D1) occurs down-dip of the

Figure 5. Rupture history for our preferred solution. The fault plane used for the inversion had strike
109�, dip 9�, rake 72�. The hypocentral depth was 9.5 km, the maximum permitted fault area was 320 km
along strike by 100 km down dip, and was subdivided into 20 � 20 km cells. The moment rate function
was 66 s long, with 3 s time steps. Slip was forbidden ahead of the P wave front from the hypocentral
grid, leading to a 6 km s�1 causality constraint; this led to a system of equations with 935 unknowns. (a)
The moment rate averaged over the time period indicated to the left of each plot. The star marks the
hypocenter, and crosses mark cells forbidden to slip by the causality constraint. Features W1, W2, E1,
and D1, discussed in the text are labeled. (b) The final moment distribution. Regions approximately
corresponding to these four features are indicated by rectangular boxes; the hypocentral cell is excluded
from these regions. The key at the bottom shows the shading and contour values for both Figures 5a and
5b. (c) The moment rate function (mrf ) for the earthquake. The separate mrfs within each of the boxes
indicated on Figure 5b are also shown.

Figure 6. Schematic representation of the rupture process.
The plot boundary corresponds to the limits of the fault
plane used in the inversions. Arrows show robust features
resolved by our inversions, with approximate timings given
in seconds. The propagation direction and rupture area
(outlined in grey) of D1 are not well resolved and are shown
very approximately. The shaded region shows the location
of a barrier inferred in this study. The western edge of the
barrier is near the hypocenter, but its extent to the east or
along dip is not known.
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hypocenter from time �21 s to �39 s. A delayed eastward
propagating rupture (E1) extends 80 km east of the hypo-
center, occurring between time�30 s to�51 s. An additional
weaker rupture (W2), farther west of W1, propagates out to a
distance of�180 km west of the hypocenter from time�51 s
to �60 s. W1 and W2 lie roughly on a single front traveling
from the hypocenter with a velocity of 3.0–3.5 km s�1,
which is 85–100% of the shear wave velocity in the upper
part of the crustal model used. However, these two features
are clearly distinct in time and are also separated along strike
by a narrow region of lower slip. The eastward rupture E1
also has a velocity of 3.0–3.5 km s�1. The principal features
of the smoothed solution, discussed above, also appear on
the best fitting one but are less clearly resolved.

7.3. Extent of Rupture in Space and Time

[17] Following Das and Kostrov [1994] and Henry et al.
[2000], we explore the range of spatial and temporal extents
of the rupture, consistent with the data. The details are given
in Appendix B. We start from the smoothed solution, retain
the constraint on the moment, and search for solutions with
minimum or maximum moment within a spatial or temporal
region of interest allowing the fit to degrade slightly from
the smoothed solution. By performing many such inver-
sions, we can place limits on the spatial and temporal extent
of rupture. W1 extends to between 80 and 100 km west of
the hypocenter. W2, although low in amplitude, is necessary
to fit the data, but its exact location along strike is not well
resolved, and it could be located further to the east than in
our preferred solution. Thus, although the temporal separa-
tion between W1 and W2 is robust, it is possible that they
are spatially adjacent. E1 is not required to extend more
than 40 km east of the hypocenter, and it is possible that
almost all its moment is confined within 20 km east of the
hypocenter. The down-dip extents of E1 and W1 are found
to be less than 30 km, but the inversions cannot place a
lower limit on their widths. D1 is less well resolved than the
other features. Some moment is required at least 40 km
down-dip of the hypocenter, and D1 is found to extend only
westward from the hypocenter, with an along strike extent
in the range 60–160 km, leading to a rupture width varying
from 30 to 100 km at different locations along strike. Note
that the synthetic tests had shown that the extent of faulting
down-dip of the hypocenter is robust.
[18] Substantial variability in the details of the spatial

distribution of slip was observed over the 45 solutions
obtained during this study. In contrast, the moment rate
function (mrf ) was found to be very robust, as has been
found by us in other studies of large earthquakes [e.g.,
Henry et al., 2000; Robinson et al., 2001]. All inversions
for which the moment was constrained have mrfs which
are very similar to that of our preferred solution (Figure
5c). They show an initiation phase lasting 15 s, followed
by a rapid increase in moment release rate, peaking at 24 s
after the initiation time, corresponding principally to the
westward propagating rupture W1. Although the moment
release in the region of W1 ceases by time 36 s, the
occurrence of E1 causes the total rate of moment release to
decline slowly, and W2 produces a small second peak in
the mrf at time 50 s. Some slip continues up to 63 s, the
last time step in the mrf. Additional inversions with longer
mrfs showed that a low level of continuing slip is possible,

but does not significantly improve the fit to the data and
may entirely represent overfitting of noise. Our mrf agrees
closely up to 24 s with that of Tanioka and Ruff [1997],
obtained by them from P waves, but their mrf falls off
sharply after this time, and the moment of their main pulse
is 55% of our CMT value.
[19] Since the low moment release beyond 40 km east of

the hypocenter is not robust, we take the eastern limit of the
aftershock zone to mark the termination of rupture E1, and
obtain a total rupture length of 230 km. The down-dip
rupture width is about 100 km at the central part of the fault.
Averaging the solution over these dimensions gives a mean
slip of 4 m and a mean stress drop of 1.9 MPa. Obtaining
the slip at the hypocentral depth from the solution depends
on the down-dip width of W1, E1, and W2, which is <30
km for W1 and E1. For a down-dip width of 30 km for W1,
E1, and W2, we obtain a mean slip of 9 m over the area of
the fault where these three features are located. The mean
slip of W1 and E1 combined is 12 m, that of W2 is 4 m, and
that of D1 is 3 m.

8. Discussion and Conclusions

8.1. Relation of Rupture History to Barriers
and Aftershocks

[20] We have shown that the data for the 1996 earthquake
require an asymmetric bilateral rupture (Figures 5 and 6).
Each of the four named features of the rupture process, W1,
D1, E1, and W2, has been demonstrated to be essential to
explain the SH wave data and the seismic moment (obtained
from long-period mantle wave data). The 15-s delay
between the commencements of W1 and E1 suggests a
difference between the properties of the fault plane on the
two sides of the hypocenter, with conditions on the portion
of the fault immediately to the west of the hypocenter being
more favorable for the propagation of rupture than on the
portion immediately to the east. The latter initially acted as a
barrier to rupture propagation, and subsequently failed due
to increased stresses generated by W1. The NGT is smooth
and shows no sign of deviation along and beyond the region
of the 1996 earthquake. Thus the inferred barrier cannot be
associated with a major offset or deviation in the subduction
interface geometry, and so is identified as an ‘‘inhomoge-
neous’’ barrier [Aki, 1979]. Also, no geometric barriers to
explain the terminations of W1, E1, or W2 could be
identified. If W1 was terminated by an inhomogeneous
barrier, then the delay of �21 s between the end of W1
and the start of W2 may be due either to the jumping over
this unbroken barrier, or if W1 and W2 are actually
adjacent, to the delayed failure of the barrier.
[21] The aftershock zone closely delineates the region in

which rupture occurred, with the highest aftershock density
(that is, the largest cluster of aftershocks) lying entirely
within the region of highest moment release (Figure 2b).
This shows that aftershock zones obtained using well
located aftershocks give a good estimate of the earthquake
rupture area, and are suitable for use in development of
earthquake scaling laws [e.g., Henry and Das, 2001].

8.2. Relation to Previous Seismicity

[22] The westernmost aftershocks (Figure 2a), southwest
of the western termination of W2, form a line with azimuth
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�80�. Several previous earthquakes, from 1964 to 1995, lie
on the westward continuation of this line (Figure 1b), one of
which (22 July 1986, 1129 UT) has a Harvard CMT
mechanism with one nodal plane corresponding to left-
lateral motion with strike 84� (not shown). We suggest that
this seismicity, and the westernmost aftershocks, occurred
on a previously unknown tectonic feature with strike �80�.
[23] The final moment distribution of the earthquake is

shown in Figure 7, superimposed on the seismicity of the
previous decade. The prior seismicity within the region of
the 1996 rupture is very low, and after the termination of the
1979 Yapen earthquake aftershocks, from 1985 to 1992,
only three earthquakes can be unambiguously located
within the rupture area of the 1996 earthquake. From 1
January 1993 to 16 February 1996, seven relocated earth-
quakes occur within the 1996 fault area, and of these, four
are located within a 25 km radius of the main shock
epicenter. A simple calculation, neglecting the effect of
location uncertainties, shows that if the seven epicenters
were randomly selected from a hypothetical uniform dis-
tribution of epicenters over the fault, the probability of the
cluster occurring by chance would be 0.06%. If the calcu-
lation is restricted to the location of the earthquakes along
strike, the probability of this being a chance alignment is
0.4%. This alignment is emphasized by the last of these
foreshocks (mb = 4.5), 3 months before the main shock,
whose 90% confidence ellipse, with semimajor axis of 16

km, encompasses the main shock epicenter. The cluster
demonstrates that in the period prior to the 1996 earthquake
the epicentral region was closer to failure than the rest of the
fault, and strongly suggests that the location of the 1996
hypocenter was predetermined by the physical state of the
fault since at least 1993. This could be due either to a
greater level of stress near the epicenter, or to the epicentral
region being physically weaker. We have proposed that an
inhomogeneous barrier existed just east of the hypocenter,
which could have act as a stress concentrator, consistent
with the former possibility. We also pointed out earlier that
very few aftershocks occur in the region of the cluster of
previous seismicity seen in Figure 1b at (1.2�S, 136.5�E).
[24] The 1979 strike-slip Yapen earthquake lies �100 km

south of rupture W1. Using the length of 80 km, measured
from the aftershock zone in Figure 1b and consistent with
the scaling law of Pegler and Das [1996] and Henry and
Das [2001], an assumed fault width of 15 km, and the
Harvard CMT moment, a mean slip of 7 m for that earth-
quake can be estimated. Adding the 1979 slip vector to the
mean slip vector of W1, E1, and W2 (we exclude D1 since
the lower portion of the fault may slip aseismically between
great earthquakes) gives a combined horizontal motion of
14 m, at an azimuth of 253�, of the oceanic crust north of
the NGT relative to the continental crust south of the Yapen
fault. This is close to the azimuth (248�) of the NUVEL-1A
Pacific-Australian plate motion vector. The calculation of

Figure 7. Final moment distribution, of Figure 2b, with earthquakes from 1 January 1985 (long after the
termination of the aftershocks of the 1979 Yapen earthquake) to 16 February 1996 superimposed. Only
earthquakes with 90% epicentral confidence ellipse semimajor axes <75 km and with relocated position
north of the solid line are shown. Different symbols refer to different time periods, as shown in the key.
The locations of previous large earthquakes are the same as Figure 2a.
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the combined motion of the two earthquakes is subject to
large uncertainties, and we have neglected the effect of
deformation in the thrust belts south of the Yapen fault
[Puntodewo et al., 1994]. Nonetheless, this coincidence
shows that these two earthquakes jointly accommodate
motion in the approximate direction of the plate motion.
[25] The earthquake of 26 May 1914 was proposed by

Okal [1999] to have occurred on the NGT (see Figure 1b).
For its Mw of 7.9, the expected fault length would be �190
km, using the scaling law for subduction zone earthquakes
of Henry and Das [2001]. Okal [1999] has argued that since
the tsunami of the 1914 earthquake was recorded at Hon-
olulu, whereas that of the 1996 earthquake was not, it is
likely that the magnitude of the 1914 earthquake was at least
as great as that of the 1996 earthquake; therefore, this length
is unlikely to be an overestimate. The distance from the end
of the 1996 earthquake aftershock zone, and the termination
of rupture W2, to the end of the NGT is only 130 km. Thus
it is probable that the 1914 and 1996 ruptures overlapped.
[26] The uncertainties in the location and magnitude of

the 1914 earthquake do not allow definite conclusions to be
drawn about the relationship between the two earthquakes,
but one interesting possibility is that the 1914 rupture
extended from the end of the NGT to the termination of
the rupture W1 of the 1996 earthquake, only overlapping
with the weaker rupture W2. This would provide a possible
causal explanation for the transition from high to low slip at
this location. The subduction rate at the NGT must be less
than the convergent component of the Pacific-Australian
plate motion vector (7.5 cm yr�1), and if the motion at the
NGT occurs entirely by earthquakes similar to the 1996
earthquake, with a mean slip of 9 m, the average repeat time
of such earthquakes at any one location must exceed 120
years, and would be close to 250 years if, for example, the
rate of subduction is the same as the rate of internal
deformation south of the Yapen Fault. Thus if the 1914
and 1996 earthquakes did in fact rupture essentially the
same portion of the trench, then they have occurred much
closer together in time than the average.

8.3. Implications for the Tectonic History of the New
Guinea Trench

[27] The western 450 km of the NGT from 134.5 to
138�E is a unique section of plate boundary, which is
active along its whole length, being the site of the MPAS =
7.9 earthquake in 1914 and the Mw = 8.2 earthquake in
1996, but which had almost no recorded seismicity from
1915 to 1995 (Figures 1a and 1b). It will be interesting in
the future to monitor whether the region returns to a
similarly quiescent state. There is no slab south of this
part of the NGT, in contrast to the portion east of 138�E,
where a 250–300 km long subducting slab extends to a
depth of 150 km. Given that internal compressional
deformation has also occurred south of this location, the
subduction rate must be less than the Pacific-Australian
convergence rate, and subduction has occurred at this
location for >3.5 Ma. Since no detectable cumulative
subduction has occurred on the NGT west of 138�E,
200–300 km of convergence must have been concurrently
accommodated during the Melanesian Orogeny, which is
not inconsistent with the analysis of Dow and Sukamto
[1984], given the complexities of the reconstruction. The

western NGT probably formed after the peak of the
Melanesian orogeny, perhaps in response to the compres-
sional stresses created at this time. It is possible that the
present partition of convergence between the NGT and the
deformation belts south of the Yapen fault [Puntodewo et
al., 1994] will, over millions of years, evolve into primar-
ily interplate motion on the NGT. The contrast between the
seismicity of the NGT west of 138�E, and the portion to
the east where there has been continuous seismicity since
at least 1964, and which has had one or no earthquakes
since 1913 comparable to the 1914 and 1996 earthquakes,
could be due to the effects of the subduction of the
Eauripik Rise east of 139�E or may reflect the difference
between a subduction zone which has only recently
initiated and a mature subduction zone at which 300 km
of convergence has occurred.

Appendix A: Synthetic Tests of Body Wave
Inversion

[28] In order to identify the robust features of the rupture
history for the particular earthquake and the station distri-
bution used to analyze the actual data, we carried out about
20 inversions using synthetic data. We constructed an
artificial Mw = 8.2 earthquake analogous to the 1996 Biak
earthquake, with the same nodal planes and with similar
properties, such as the fault area, nucleation point, rupture
speed, etc., based on initial analyses of the real earthquake.
Uniform slip was assigned to the fault plane with width 40
km and length 200 km, and with rupture propagating
radially from the hypocenter at 2.5 km s�1, to fill the
rectangular fault area. Artificial analogues of the real SH
data were calculated using the same crustal structures for
source and stations to be used for the real case. A finer grid
in space and time than used for the inversion was used in
constructing the artificial data, namely, 4 km � 4 km spatial
cells and 1-s time steps. This artificial data set is then
inverted using 20-km � 20 km spatial cells and 3-s time
steps, as will be used to invert the real data. Initially, the
correct fault plane and Earth model is used in inversion, so
that the only source of error is the coarser discretization of
the problem. The parameters of 10 selected synthetic
inversions discussed here are listed in Table A1. The final
slip of the best fit inversion S1, and the inversion with
seismic moment constrained to the correct value (S2) are
shown in Figure A1. Following Das and Kostrov [1990,
1994], after the best fit solution is obtained, the fit is
allowed to degrade to a small extent (not exceeding 10%
of the misfit of the best fitting solution), and further
optimizations constraining the moment to be minimum, or
to have a smooth solution, are carried out. The solution with
minimum moment (S3) is almost identical to S2 and is not
illustrated. These solutions indicate that although the extent
of the fault is fairly accurately retrieved in both strike and
dip, that even without the deliberate introduction of errors
into the data, the inversion does not reproduce well the
uniform final slip, and demonstrates the difficulty of finding
fine details of the spatial slip distribution.
[29] For synthetic tests S4-S10, realistic noise (see foot-

notes to Table A1) is introduced into the artificial data, and
the modified traces are inverted using an incorrect fault
plane, simulating possible errors in the CMT and hypocen-
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Table A1. Synthetic Tests of Rupture History Inversiona

Depth

Solution f d l U H L CE NA n Type ‘1 Misfit M0, 10
21 N m

Artificial Model
109 9 82 . . . 12.5 . . . 1 . . . . . . . . . . . . 2.48

Retrieved Rupture Histories
S1 109 9 82 8.0 12.5 22.0 no no 1170 bf 0.04 2.74
S2 109 9 82 8.0 12.5 22.0 no no 1170 bf 0.04 (2.48)
S3 109 9 82 8.0 12.5 22.0 no no 1170 min (0.04) 2.50
S4 103 11 69 7.5 16.9 30.0 yes yes 1393 bf 0.25 3.25
S5 103 11 69 11.3 16.9 30.0 yes yes 1161 bf 0.26 2.81
S6 103 11 69 15 16.9 30.0 yes yes 926 bf 0.28 2.55
S7 103 11 69 7.5 16.9 30.0 yes yes 1393 bf 0.26 (2.48)
S8 103 11 69 11.3 16.9 30.0 yes yes 1161 bf 0.26 (2.48)
S9 103 11 69 15 16.9 30.0 yes yes 926 bf 0.28 (2.48)
S10 103 11 69 11.3 16.9 30.0 yes yes 1161 min (0.29) 1.85
aAll synthetic inversions have 1990 equations, fault planes extending 90 km to the east and 210 km to the west of the hypocenter, 20 � 20

km spatial cells, and 3-s time steps. The strike(f), dip(d), and rake(l) and the depths in km of the upper (U) and lower (L) edges of fault used in
the inversion, and of the hypocenter (H) are given. For inversions with crustal structure errors (CE), a single 33 km thick crustal layer is used
for the source and all stations; otherwise, the same crustal structures are used as are used in the analysis of the real data, taken from CRUST5.1
[Mooney et al., 1998]. For inversions with noise added (NA), the corresponding real transverse component P arrival is multiplied by 10 and
added to each artificial trace, the scale is changed by up to 10%, and the SH arrival pick is shifted by up to 1 s. The ‘1 misfit is defined in the
caption to Figure 4. The n is the number of unknowns. Types of inversions are bf, best fit; and min, minimum moment.

Figure A1. Final moment density distributions from synthetic tests for an artificial earthquake
analogous to the 1996 Biak earthquake. Labels refer to cases listed in Table A1. The edges of the plot
delimit the region which was allowed to slip in the inversion, except that for S4-S9 a thin horizontal line
marks the upper edge of the region where slip is allowed. The final moment density is given in units of
the final moment density of the input model, with contours every 0.5 units and an additional dashed
contour at 0.25 units. The input model has uniform moment release of 1 unit within the region shown by
the rectangle with heavy lines, and zero slip outside.
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tral depth, and incorrect crustal structure, with full details
listed in Table A1. The resulting values of the ‘1 misfit are
comparable to those that are later found for inversions of the
real data. Thus these synthetic tests realistically simulate the
level of potential inaccuracies in the inversion of real data.
Figure A1 shows the final slip of inversions S4-S10. In the
best fitting solution S4, the fault plane selected for the
inversion extends beyond the known rupture area of
the artificial earthquake in all directions, with the center of
the upper layer of cells being 20 km above the top of the true
source. It is seen that most of the slip in solution S4 occurs
updip of the correct location, that the extent of rupture along
strike is overestimated, and that the moment is overestimated
by 30%. In a further test, not detailed here, a similar result
was obtained in an inversion with the correct hypocentral
depth, proving that the deliberate error in hypocentral depth
of inversion S4 is not the cause of its mislocation of slip.
[30] The effect of the location of the upper bound of the

fault plane is investigated in two further tests, S5 and S6.
Inversion S5 has the center of the upper layer of cells on the
upper edge of the true source, and the slip is still located, on
average, updip of the correct location. Inversion S6 has the
center of its upper layer of cells at the hypocentral depth, so
is not able to locate any slip above the edge of the true
source. The overall extent of slip is now well obtained
although the amount of slip in the western part of the fault is
underestimated.
[31] The parameters of inversions S7-S9 are the same as

S4-S6, except that the moment is preassigned to the correct
value. Solutions S7 and S8 show an improvement with
respect to S4 and S5, but the slip is still placed too far
updip, with the amount of slip in the western part of the fault
still being underestimated. Solution S9 is very similar to S6,
as expected since the moment obtained in S6 is close to the
correct one. Collectively, solutions S4-S9 show that the
upper extent of slip cannot be constrained by teleseismic
SHwave data and must be preassigned in an inversion of real
data using a priori information. Conversely, in no inversion
did slip appear down-dip of the correct location of faulting,
showing that the down-dip extent of slip can be reliably
obtained. We also find that the extent of slip along strike can
be reliably obtained from body wave inversions, provided
that the upper limit of the fault slip can be determined a priori
and used in the inversion. The distortions of the final slip
pattern are worse for dip-slip earthquakes than for narrow
strike-slip earthquakes, such as the 1998 Antarctic earth-
quake [Henry et al., 2000], due to the freedom of possible
distortion in two spatial dimensions rather than one.
[32] Inversion S10 is carried out starting from inversion

S5, and minimizing the total moment subject to the con-
straint that the ‘1 misfit does not increase by more than 10%
over the best fit value. It is found that this underestimates
the total moment by 25%, and has low slip west of the
hypocenter. Thus the minimum moment solution does not
provide useful information on the slip-distribution for this
shallow, low-angle, dip-slip earthquake. This is in contrast
to the shallow strike-slip Antarctic plate earthquake for
which the minimum moment solution removed spurious
slip [Henry et al., 2000].
[33] Additional inversions were carried out starting from

solution S5 or S8, seeking the solutions which were smooth
in the two spatial dimensions and in time and subject to the

same limitation on misfit as before. Smoothed solutions
without a moment constraint were similar to the minimum
moment solution S10 and did not retrieve the input model
well. This is due to the imposition of zero slip at the edge of
the fault, so that one effect of smoothing is to reduce the
total moment. Our experience of inversions of both real and
synthetic data has shown that relaxing this requirement is
undesirable as it leads to rupture concentrating at the edges
of the fault. Smoothed solutions with a moment constraint
imposed produce solutions fairly similar to solution S4 (and
therefore not plotted in the paper) and to the best fit solution
for the same fault plane with moment constrained (not
shown). The distribution of slip along strike is improved,
but the slip is still systematically located updip of the true
location.
[34] In the 20 synthetic tests performed for this study,

including some not discussed here, the solution correctly
resembles a bilateral propagating rupture, with a short
duration of rupture to the east and a long duration of rupture
to the west, although there is often distortion of the rupture
fronts and the spatial pattern of moment release. The source
time function is well retrieved, indicating the robustness of
the temporal properties. Thus the SH data set available for the
1996 Biak earthquake is capable of resolving some details of
the rupture history, and determining its extent along strike
and down-dip. The upper edge of the fault must be assigned a
priori, and the preferred solution will be the smoothest
solution which has moment preassigned to the long-period
moment. The upper fault edge is assigned when analyzing
the real data from the upper limit of the aftershock zone.
[35] This exercise emphasizes the importance of only

interpreting robust features of the solution, and the appear-
ance of a high or low in slip amplitude appearing in some
place on the fault in some solutions must not be accepted
without further testing. In our study of the real data, when
we find a region of high or low moment on the fault, we
carry out additional inversions to try to remove them,
following the formulation of Das and Kostrov [1994], and
only if the data cannot be fit when they are removed they
are considered robust and accepted. Such additional inver-
sions for the real data are described in Appendix B.

Appendix B: Extent of Rupture in Space and
Time and Tests of the Robustness of the Preferred
Solution

[36] We first explore the range of spatial and temporal
extents of the rupture, consistent with the actual data for this
earthquake. We start from the smoothed solution, retain the
constraint on the moment, and search for solutions with
minimum or maximum moment within a spatial or temporal
region of interest, following the formulation of Das and
Kostrov [1994]. The fit is allowed to degrade by a small
amount (not exceeding 10% of the misfit of the smoothed
starting solution) at this step. It should be pointed out that
such increased misfits are not visible by eye on plots of
comparison of the fit of the data to the solutions seismo-
grams, and this is why such fits at these later steps of the
optimization are not shown in the paper. By performing
many such inversions, limits can be placed on the spatial and
temporal extent of rupture. Of the nearly 50 such inversions
carried out, selected ones are discussed in detail next.
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Figure A2. Final moment distributions of 12 different inversions (a) minimizing and (b) maximizing
the moment near the west end of the fault, starting from the preferred solution (Figure 5), and keeping the
moment constrained to the CMT value. The hatched region indicates the region where moment was
optimized. The top of the fault is the top edge of the rectangle and the star indicates the hypocenter.

Figure A3. Final moment distributions of 6 different inversions (a) minimizing and (b) maximizing the
moment near the east end of the fault. Same symbols and key as Figure A2.
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[37] Inversions investigating the distribution of moment
release near the western end of the fault are shown in Figure
A2. These show that W1 extends to between 80 and 100 km
west of the hypocenter, although it is possible for the region
of greatest moment release to be confined into a smaller
region. W2, although low in amplitude, is necessary to fit
the data, but its exact location along strike is not well
resolved and it could be located further to the east than in
the preferred solution. Thus, although the temporal separa-
tion between W1 and W2 is robust, it is possible that they
are spatially adjacent.
[38] Inversions investigating the distribution of moment

release near the eastern end of the fault are shown in Figure
A3. These show that E1 is not required to extend more than
40 km east of the hypocenter, and it is possible that almost
all its moment is confined within 20 km east of the hypo-
center. The down-dip extents of E1 and W1 are found to be
less than 30 km, but the inversions cannot place a lower
limit on their widths. D1 is less well resolved than the other
features.
[39] Inversions investigating the down-dip distribution of

moment release are shown in Figure A4 and show that some
moment is required at least 40 km down-dip of the hypo-
center. From Figures A3 and A4, it can be seen that D1
extends only westward from the hypocenter, with an along
strike extent in the range 60–160 km, leading to a rupture
width varying from 30 to 100 km at different locations
along strike.
[40] These tests also show that we cannot remove the

high moment release W1 and E1 and still fit the data, and
hence we accept this as being real. Nor can we increase the
moment release in W2 and D1 and still fit the data. Thus the
entire picture that we use in Figures 2b and 5–7 consists of
robust features, and only these are interpreted. It must be
pointed out that the fine details in this preferred solution
must not be interpreted physically.
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Figure 1. (opposite) (a) Tectonic setting of the Biak earthquake. International Seismological Centre (ISC) epicenters with
mb > 5 from 1 January 1964 to 16 February 1996 (the day before the Biak earthquake) are shown by circles with symbol
size increasing with mb and their color indicating hypocentral depth as shown in the key. The ISC epicenter for the 1996
main shock is shown by a red star. The range of possible locations inferred by Okal [1999] for the earthquake of 26 May
1914 is shown by the dashed line. All other earthquakes from 1 January 1913 to 16 February 1996 with magnitude �7.3
within or to the north of New Guinea and east of 144.5�E are shown, by white stars if located for this study or by yellow
stars if located by Okal [1999]. These are identified by their year of occurrence, the full dates being 13 January 1916, 29
July 1917, 3 July 1918, 26 October 1926, 20 September 1935, 26 April 1944, 2 April 1947, 22 June 1957, 26 February
1963, 10 January 1971, 12 September 1979, and 17 November 1985. Marine gravity anomaly from Hwang et al. [1998] is
shown. The NUVEL-1A Pacific-Australian plate motion vector is shown [DeMets et al., 1994]. The New Guinea Trench
(NGT), the Manus Trench (MT), the Bird’s Head (BH), the Bird’s Shoulder (BS), and Cenderawasih Bay (CB) are labeled.
The form of the Eauripik Rise is shown by simplified 3000 and 4000 m contours. (b) Relocated seismicity with 90%
confidence limits (semimajor axis of error ellipse) <30 km, from 1 January 1964 to 16 February 1996, with size increasing
with mb, and color indicating date of occurrence, according to the key. The epicenters of the large earthquakes of Figure 1a
are shown by stars, with those prior to 1964 being shown at the locations of Figure 1a and those after 1964 being shown at
their relocated positions. Harvard CMTs are shown for the 1979 Yapen earthquake, the earthquake of 17 November 1985,
and the 1996 Biak earthquake. The first-motion mechanism of Seno and Kaplan [1988] is shown for the earthquake of 4
December 1972. Biak(B) and Yapen(Y) islands, and the Yapen Fault (part of the Sorong-Yapen or Sorong fault system) are
labeled. Gravity and plate motion vector are as in Figure 1a.
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Figure 2. (opposite) (a) Relocated aftershocks with 90% epicentral confidence ellipse semimajor axis <30 km, from 17
February 1996 to 18 March 1996, with mechanisms from the Harvard CMT catalogue identified by 6 digit dates (mmddyy).
Asterisks mark the two thrust aftershocks for which body wave modeling is discussed in section 6. The epicenters of
previous large earthquakes of interest are shown as in Figure 1b. Gravity and plate motion vector are as in Figure 1a. (b)
Final moment distribution of the preferred solution within the 1996 earthquake fault area (indicated by the rectangle),
projected onto the Earth’s surface, with the aftershock epicenters superimposed. Solid contours at intervals of 1020 N m
km�2 show the final moment distribution. Features of the source process, identified on Figures 5 and 6, are also labeled
here. The main shock epicenter, the aftershock epicenters, the locations of previous large earthquakes, and the gravity field
are the same as Figure 2a.
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