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Abstract. In this study we combine Global Positioning System (GPS) velocities with
information on the style of regional seismicity to obtain a self-consistent model velocity and
strain rate field for the entire eastern Indonesia and Philippines region. In the process of
interpolating 93 previously published GPS velocities, the style and direction of the seismic strain
rate field, inferred from earthquakes with M, < 1 X 10* N m (from the Harvard centroid moment
tensor catalog), are used as constraints on the style and direction of model strain rates within the
plate boundary zones. The style and direction of the seismic strain rate field are found to be self-
similar for earthquakes up to M, = 1X 10 N m (equivalent to My, < 7.3). Our inversion result
shows the following: The Java Trench, which lacks any significant (historic) seismicity,
delineates the Australian plate (AU) - Sunda block (Sunda) plate boundary west of the island of
Sumba. East of Sumba, convergence is distributed over the back arc and Banda Sea, and there is
no subduction at the Timor Trough, suggesting that the northern boundary of the AU plate runs
north of this part of the Banda arc through the Banda Sea. In New Guinea most motion is taken
up as strike-slip deformation in the northern part of the island, delineating the Pacific plate (PA) -
AU boundary. However, some trench-normal convergence is occurring at the New Guinea Trench,
evidence that the strain is partitioned in order to accommodate oblique PA-AU motion. PA-AU
motion is consistent with NUVEL-1A direction, but ~ 8 mm yr' slower than the NUVEL-1A
estimate for PA-AU motion. The Sulawesi Trench and Molucca Sea delineate zones of high strain
rates, consistent with high levels of active seismicity. The Sulawesi Trench may take up some of
the AU-Sunda motion. Philippine Sea plate motion is in a direction slightly northward of the
NUVEL-1A estimate and is partitioned in some strike-slip strain rates along the Philippine Fault
and relatively larger trench-normal convergence along the Philippine Trench and on the Philippine

mainland in the southern Philippines and along the Manila Trench in the northern Philippine
islands. The high level of strain rate along the Manila Trench is not released by any significant
(historic) seismic activity. For the entire eastern Indonesia — Philippines region, seismicity since
1963 has taken up ~40% of the total moment rate inferred from our model.

1. Introduction

The eastern Indonesia and Philippines region is a
complicated configuration of active plate boundaries that are
readjusting in response to the collision of the Australian
continent with the Sunda block. Global plate motion models
describing the motion of the surrounding plates (e.g., NUVEL-
1A [DeMets et al., 1994]) do not define how strain rates are
distributed in this diffuse zone of deformation. However, the
recent availability of Global Positioning System (GPS)
observations in this region provides an opportunity to address
the following questions: (1) Which tectonic features delineate
plate boundaries, and what is the distribution of the velocity
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gradient tensor field within the plate boundary zones that
accommodates far-field plate motion? and (2) How does
seismic strain rate release within these boundary zones
compare with long-term total strain rates, inferred from GPS
observations? By long-term strain rates we mean the strain
rate field that accommodates plate motions over timescales
that are less than the period over which plate motions change
but a time period greater than several seismic cycles. This
long-term strain rate field may therefore contain both an
aseismic component and a seismic component, which we refer
to as.the long-term seismic strain rate field.

Both seismicity and geodetic data provide different types of
information that allow one to estimate the long-term strain
rate field within plate boundary zones. Accurate focal
mechanisms from earthquakes are available since the
establishment of the World-Wide Standardized Seismograph
Network (WWSSN) in about 1964 and are only routinely
available since the start of the Harvard centroid moment tensor
(CMT) catalog (1977 to the present). This record spans only a
small portion of the recurrence time of large events (which is
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100-200 years along major plate boundaries but could be
thousands of years in areas away from major boundaries),
which results in an incomplete sampling of the seismic cycle
of larger events and may therefore not reflect average long-
term (seismic) deformation. Nevertheless, seismicity provides
important information on the geometry of seismic zones and
on the style and localization of permanent deformation, and
seismicity has been used to infer tectonics of the different
(sub) regions [e.g., McCaffrey, 1988, 1989; Cardwell and
Isacks, 1978; Puspito and Shimazaki, 1995]. However,
seismic moments account for only 20% of the convergence
near Timor [McCaffrey, 1988] and 5-20% in the highlands of
New Guinea [Abers and McCaffrey, 1988]. This could suggest
the presence of a large amount of aseismic deformation, but
could also, owing to the shortness of the catalog, reflect an
accumulating seismic deficit that may be recovered in large
future events.

Geodetic measurements record complete deformation
(seismic and aseismic) and therefore provide the best source
for the direct estimate of the long-term total strain rate tensor
field. However, geodetic data also have shortcomings such as
the unknown contributions to the signal produced by
coseismic and postseismic deformation, which can lead to
misinterpretation of geodetic results. That is, motions may
(partially) reflect transients associated with seismic
deformation (however, when treated with care, these “artifacts”
can be modeled quite accurately and removed from the signal
[e.g., Pollitz and Dixon, 1998]). Motions measured using
GPS may also indicate elastic deformation instead of
permanent deformation. Earthquakes, on the contrary, are
always indications of permanent deformation. Elastic
deformation is more likely to be distinguished from permanent
deformation with the use of a very dense GPS network. Such a
dense network is capable of a relatively precise determination
of the velocity gradient tensor field. However, dense
distributions of GPS data are not available for many regions at
present, which can result in problems of poor spatial
resolution in the model estimate of the strain rate tensor field.
A particular shortcoming associated with the measurement of
elastic deformation is that the elastic strain rate field is
generally smeared-out in comparison with the long-term strain
rate field [Shen-Tu et al., 1999]. However, GPS observations
made over length scales several times the locking depth of
major faults or length scales spanning entire plate boundary
zones, often reflect full plate motion [e.g., Gordon and Stein,
1992; Stein, 1993], which is inferred from a 3 Ma average of
seafloor spreading rates and transform fault trends [DeMets et
al., 1994].

In this paper we estimate model long-term strain rate fields
using both GPS velocities and seismicity data. GPS data
provide most of the information in our solutions on the
velocity gradient tensor field, while mechanisms of small and
moderate-sized earthquakes are used to help constrain the
direction and style of strain in localized zones. The largest
events also provide information on the type of faulting, but
because of the brevity of the catalog, the strain tensor style
inferred from the mechanisms of the largest events does not
provide a statistically reliable estimate of the long-term,
seismic strain tensor field. Both the magnitude and style of the
long-term, seismic strain tensor field can only be inferred by
observing several seismic cycles for the largest events. We
assume that the portion of the catalog that can be determined
to be self-similar can provide information on the long-term

style of the seismic strain tensor field (but not magnitude). We
therefore conduct a test to determine the magnitude range over
which the events in the Harvard CMT catalog are self-similar.

The strength of our analysis is that we are able to combine
GPS observations from many different studies with earthquake
moment tensor information to infer one self-consistent
kinematic model for the entire region. We compare our
predicted total strain rate field with seismic moment release
from earthquakes with M > 7 since 1963. Furthermore, we
compare our predicted velocity field for the stable surrounding
plates with NUVEL-1A plate motion estimates [DeMets et al.,
1994].

2. Regional Tectonic Setting

In the southeast Asian region, four main plates meet: the
Sunda block (Sunda) and the Australian plate (AU), Philippine
Sea plate (PH), and Pacific plate (PA) (or Caroline plate)
(Figure 1). It is established that Sunda is an independent entity
from the Eurasian plate with a distinct motion [e.g., Cardwell
and Isacks, 1978; Johnston and Bowin, 1981; Simons et al.,
1999]. On the contrary, less clear evidence exists for the
suggested presence of an independent Caroline plate south of
the PH plate [Weissel and Anderson, 1978]. For the moment
this region is assumed to be part of the Pacific plate, but we
also investigate the-possibility that an independent Caroline
plate exists. Figure 1 shows the major tectonic features in this
region.

The formation of the Indonesian island arc (i.e., the Sunda-
Banda arc) is a direct consequence of the northward motion of
the AU plate relative to Sunda. At present, this involves
subduction of ~148 Ma old oceanic lithosphere [Hamilton,
1979] at the Java Trench, west of the island of Sumba. East of
Sumba, collision between Australian continental lithosphere
and the Banda arc (i.e., along the Timor Trough) and New
Guinea has been ongoing since the late Miocene [Dow and
Sukamto, 1984). This setting provides the opportunity to

study both the process of active arc-continent collision as
well as the consequence of a lateral change from subduction to

collision along the arc. The Flores and Wetar back arc thrusts
are seismically much more active than the subduction thrust
faults near the Timor Trough [McCaffrey, 1988]. This suggests
a jump in the locus of convergence from the Java Trench to the
back-arc east of 118°E, which has been recognized by others
[e.g., Audley-Charles, 1975; McCaffrey, 1988]. Since 1903
only one large thrust event has occurred at the Java Trench
(June 2, 1994, M,, = 7.8) (Pacheco and Sykes [1992] and
Harvard CMT catalog). :

In New Guinea, where the Australian and Pacific plates
interact, three distinctive tectonic zones can be found: a young
and strongly elevated fold-and-thrust belt (i.e., New Guinea
Thrust Belt), a zone of major left-lateral strike-slip faults (with
the Sorong and Tarera-Aiduna Faults being the most prominent
[e.g., Hamilton, 1979]), and the New Guinea Trench (NGT) at
which Pacific lithosphere is currently subducting. New Guinea
accommodates highly oblique convergence between the PA
and AU plates at an angle of ~60°, and earthquakes form a
distributed zone of deformation in which strain partitioning
has been recognized, involving both shortening and left-
lateral shear [Abers and McCaffrey, 1988; McCaffrey, 1996].

Another zone of strain partitioning is recognized in the
Philippines [Fitch, 1972] where the oblique convergence
between PH and Sunda is partitioned in near-trench-normal
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Figure 1. Tectonic map of eastern Indonesia and the Philippines (modified from Hamilton [1979]): LT, East Luzon
Trough; CT, Cotabato Trench; CF, Cotabato Fault; NT, Negros Trench; MS, Molucca Sea; SF, Sorong Fault; TAF,

Tarera-Aiduna Fault; PF, Palu Fault.

subduction at the Philippine Trench and left-lateral shear at the
Philippine Fault [Barrier et al., 1991]. However, recent GPS
studies [e.g., Rangin et al., 1997] show that in the northern
Philippines most convergence is taken up at the Manila
Trench, which yields low seismic activity and is of opposite
polarity from the subduction process along the Philippine
Trench. In the interior parts of the entire southeast Asian
deformation zone there are regions such as the Molucca Sea
(MS) collision zone and North Sulawesi Trench (NST) that
both undergo high seismic activity associated with
subduction. Although these regions have been studied in detail
by Silver et al. [1983] and McCaffrey, [1982], respectively,

their role in the large-scale accommodation of plate motions .

in the southeast Asia region has not been established.

3. Estimating a Self-Consistent Velocity and
Strain Rate Field

We use the method of Haines and Holt [1993] to map
seismic strain rate tensors and/or geodetic velocities into a
complete, horizontal velocity gradient tensor field within the
deformation zone. The complete, horizontal velocity gradient
tensor field can be obtained when the strain rate field is known
everywhere [Haines, 1982]. The three components of the
strain rate tensor associated with horizontal deformation on
the surface of the Earth (£gg,€p9,égp) determine a rotation
vector function W(X), which describes the velocity field u(%),

uX)=rw@E)xz (¢))]

~

where £ is the unit radial position vector on the Earth's
surface and r is the radius of the Earth. The rotation vector
function W(X) is expressed using bicubic Bessel interpolation
on a curvilinear grid [De Boor, 1978; Haines et al., 1998]. The
distribution of W(X) is determined through least squares
minimization between observed and predicted strain rates
within the grid areas shown in Figure 2. This procedure is
extensively explained and used in other papers [e.g., Holt and
Haines, 1995; Tinnon et al., 1995; Haines et al., 1998].
Figure 2 outlines the grid areas that are assumed rigid (Sunda,
AU, and PH) as well the grid boundary within the Pacific plate
that is also assumed rigid.

To obtain a model fit to the seismic strain rates, we perform
the bicubic Bessel interpolation of the observed seismic strain
rate values. The three horizontal components of strain rate
uniquely define the horizontal velocity field u(X) [Haines,
1982; Haines and Holt, 1993]. To determine self-consistent
strain rate fields associated with GPS observations, we use the
same bicubic Bessel interpolation approach, but instead of
matching strain rates to determine a continuous velocity field,
GPS observations are matched subject to the constraint of
minimal strain magnitude. A strain rate field is defined as self-
consistent when it is associated with a velocity field and, as
such, satisfies Saint Venant's compatibility relationships
[e.g., Love, 1944; Fung, 1965]. In the procedure in which GPS
velocities are matched by a model horizontal velocity field
u(%), isotropic strain rate variances are assigned, a priori, to
the strain rate tensor elements within areas. Higher variances
are assigned to the plate boundary zones whose locations are
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derived from the distribution of seismicity. Areas with higher
assigned variances have the propensity to strain at higher
rates in the fitting of GPS velocities. The isotropic variances
allow the plate boundary zones to strain in any direction
necessary to match GPS velocities.

Covariances can be made anisotropic such that the model
strain rate field will match as closely as possible the expected
directions of principal strain, inferred (in this case) from
earthquake strain rates. Likewise, the covariances can also be
constructed such that the model strain rate field matches the
style of strain (dip-slip, strike-slip, or mixed) inferred from
seismic strain rates (for more details, see Haines et al. [1998]).
A confidence level of £10° is placed on the directions of
principal strain, but if earthquake activity is low or absent,
covariances are made isotropic. It is important to note that
only the direction and relative magnitude of the principal axes
of strain rate are constrained a priori. We do not specify a
priori the sign of strain. That is, the GPS data define whether
the strain rates involve convergence or extension, or left, or
right lateral shear.

4. Seismicity Data

To obtain an estimate of the seismic strain rate and velocity
field, we use focal mechanism solutions from the Harvard
centroid moment tensor (CMT) catalog [e.g., Dziewonski et
al., 1981, 1996, and references therein] (Figure 3). This
catalog contains solutions for approximately all events with
magnitude M,, > 5.5 within a time period of more than 21
years (January 1977 to May 1998). Only events with a depth
less than 40 km are used, because we are solely interested in
lithospheric ~ deformation related to horizontal surface
motions. Almost half of the moment in the catalog comes
from only two events (Figure 4). These are the 1977 Sumba
event (M, = 8.3) and the 1996 Biak event in Irian Jaya (M, =
8.2) (Figure 3). The Biak event is a shallow thrust event along
the NGT. The Sumba event, located at the easternmost end of
the Java Trench, has a normal fault mechanism ascribed to
either breaking or bending of the downgoing slab [Stewart,
1978; Spence, 1986; Lynnes and Lay, 1988] and thus does not
reflect horizontal plate motions.
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Figure 4. Distribution of number of events and seismic moment
of the different magnitude windows for events shown in Figure 3.
Percentages are relative to the total moment and relative to the
total number of events in the entire CMT catalog for the region.
Read 1e20 as 1 X 102

4.1. Summing Earthquake Moment Tensors

A recent study in California [Amelung and King, 1997]
showed that when averaged over a regional scale, strain
released by small earthquakes follows closely the regional
pattern of tectonic deformation. This holds for all but the
largest events, indicating self-similarity over a broad range of
magnitudes. The lack of self-similarity observed for the
largest earthquakes [Amelung and King, 1997] is associated
with a time interval that is too short to sample a complete set
of events for that magnitude, rather than indicating
inconsistency between the mechanisms of small and large
events on the same fault. Hence a test of the self-similarity of
the catalog is an important step necessary when one tries to
infer patterns of the long-term strain rate field from a catalog
that is too short to contain a complete sampling of the total
magnitude range.

In order to perform a test of self-similarity of moment
tensors in the catalog, first we split the total catalog (Figure
3) into seven magnitude windows with increasing upper
moment cutoffs (Figure 4). The smallest window contains all
moments less than 1X10'8 N m, and the largest window
covers the complete catalog. Figure 4 shows that 99% of the
events in the catalog have a moment of My < 1 X 1020 N m but
contain less than a quarter of the total moment. Next we sum
earthquake moment tensors for each of the seven different
magnitude windows to infer a seismic strain rate tensor §&;
within the individual cells in the grid shown in Figure 2. The
moment tensor summation follows from Kostrov [1974]:

Z#IVTzMomi,-, )

&j=
where u is the shear modulus, V is the cell volume (the grid
area times the seismogenic thickness), T is the time period of
the earthquake record, M, is the seismic moment, and mj; is
the unit moment tensor. We use a shear modulus of 3.5 X 1010
Nm? and a 30 km thickness of the seismogenic zone. These
parameters will only have an effect on the magnitude of
deformation not on the style. The chosen value of these
parameters does not affect our model with combined GPS and
seismicity information, because then we use only the
information about the style and direction of the inferred
seismic strain rate field not the magnitude. The magnitude of
total strain rate field is provided by geodetic measurements. In
section 5 we first discuss the strain rate field based purely on
seismicity.

4.2.
Rates

There are two main sources of uncertainty when one tries to
estimate the pattern of the long-term strain rate field from
earthquake moment tensors. One source is due to the
uncertainty in the seismic moment and fault plane solution,
but a much more significant source of uncertainty is related to
the distribution of earthquakes in space and time. This
uncertainty is due to the fact that an earthquake catalog of
short duration is a random sample from the long-term pattern
of seismicity. This will influence any estimate of the long-
term strain rate field [e.g., Haines et al., 1998]. When we use
only the Harvard CMT catalog, errors in focal mechanisms are
expected to be small in comparison to errors that arise in the
estimate of the long-term strain rate field, given the short
duration of the catalog. Therefore it is sufficient to incorporate

Uncertainty Estimates in Seismic Strain
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only the uncertainty due to the short period of the catalog. We
quantify this uncertainty by assuming that seismicity follows
a Poisson probability distribution in which the moment
tensor Momij of each earthquake effectively makes a
contribution of * Mom;j to the uncertainties in the strain rates
[Shen-Tu et al., 1998].

R 2
var(Ej) = z(gliwf) . 3)

The consequence of this definition of the variance is that the
occurrence of a large number of earthquakes with fairly equal
moment tensors in a certain (grid) area will lead to small
standard errors in the strain rate relative to the total magnitude
of seismic strain rate for that area. However, the addition of
one significantly larger event for that area will dramatically
increase the size of the standard error. This measure of
uncertainty will be used when we test for the reliability of self-
similarity in the catalog.

5. Results of the Self-Similarity Test

We determine a self-consistent seismic strain rate and
velocity field, inferred from moment tensors within the four
lowest magnitude windows. The three windows with My >
5X1020 N m are dominated by a few large events (Figure 4),
which produce a solution that yields high uncertainties in the
estimate of a long-term seismic strain rate field (see equation
(3)) and that exhibits grid areas with high strain rates next to
regions with relatively little deformation. For all windows the
observed seismic strain rates are smoothed over an area with a
radius equivalent to one grid box in dimension [Haines et al.,
1998]. To quantify the self-similarity from one window to
another we calculate for each of the four lowest magnitude
windows the predicted average velocity for seven to eight
points along both the New Guinea and southern Philippines
Trenches. Given the uncertainty of the average velocity along
these trenches a predicted azimuthal range is calculated. We
choose these margins, because of the high seismic activity at
the New Guinea and Philippine plate boundary zones, which
makes a sensitivity test of the possible change of seismic
deformation from one window to another viable. On the other
hand, seismic strain rates for these windows are too small for
the Sunda-Banda arc and NST to provide a meaningful
quantification.

For the PA-AU motion, measured along the NGT, there is a
clear self-similarity for the lower three windows (Figure 5).
The azimuthal range is only a few degrees and increases only
slightly over these magnitude windows (see Figure 6b for the
complete velocity field associated with the largest of these
three windows). It is noteworthy that the estimate is close in
direction to PA-AU or Caroline-AU motions. For the window
with My < 5X1029 N m, azimuthal variations of velocity
direction along the PA-AU margin are larger and no longer
overlap with expected plate motion direction. For the
predicted PH-AU motion, measured along the southern
Philippines Trench, self-similarity clearly exists for the
lowest two windows but not for the larger ones (Figure 5).
However, predicted azimuths in the window with M, <

-1 X10%0 N m approximate PH-AU NUVEL-1A direction.

On the basis of these results, we argue that the strain rate
field from earthquakes up to My < 1X1020 N m, which
corresponds to M, < 7.3, is self-similar along the
Philippines-Sunda and New Guinea-Pacific system. That is, the

320~
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Figure 5. Error bars indicate the range of average azimuths of
velocities along the southern Philippines Trench and New Guinea
Trench estimated from seismic moment tensors for four windows
with different cutoff moment magnitude. As a reference,
azimuths of plate motion directions are given: 1, Philippine Sea-
Australia [DeMets et al., 1994]; 2, Caroline-Australia from Seno
et al. [1993] and DeMets et al. [1994]; 3, Pacific-Australia
[DeMets et al., 1994).

catalog is self-similar over 2 orders of magnitude, which
includes all but the largest 12 events. A close examination of
the slip vectors of the 12 largest events (M, > 7.3) indicates
that they do not differ significantly in style from the much
larger population of smaller events (see Figure 3) (an
exception is the Sumba event, which has an anomalous style
that has been discussed in section 4). However, we argue that
self-similarity breaks down for these large magnitudes because
the direction and style of the long-term strain rate tensor field
that can be deduced from the few large events are not
statistically reliable (equation (3)). On the other hand, the
population of similarly sized events for My < 1X102° N m is
large enough to provide a strain rate field that is statistically
viable. Thus the lowest three magnitude windows can be used
to define the expected style of the long-term seismic strain
rate field (but not the magnitude). This conclusion is based on
an average for the total region. We emphasize that when
looking at a large region with a wide variety of tectonic
activity, conclusions on self-similarity may exclude some
subregions where strain rate directions are not consistent with
expected directions, for example, in the NST region.

The strain rate field (Figure 6a) is characterized by several
types of strain:
1. low seismic strain is found along the Sunda-Banda arc.
Together with the shortage of large historic events [Pacheco
and Sykes, 1992], this low level of strain emphasizes that
little seismic deformation has occurred this century along this
arc, for both the Java Trench as well as the Timor Trough. The
only significant seismic strain along the arc can be found in
the back arc of the Timor Trough, along the Flores and Wetar
thrusts.
2. low seismic strain is found along the NST. This is,
however, only true for small, and moderate-sized events,
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Figure 6. (a) Model strain rate field from an inversion of seismic strain rate tensors inferred using events with M <
1X 1020 N m. Strain rate solutions show principal axes of the observed average strain rates from earthquakes (open
axes) and the model average principal strain rates (solid axes) for each area. (b) Model velocity field relative to
Australia (outlined by thick black line). The three large arrows indicate the direction (not magnitude) of NUVEL-
1A motions of the Pacific, Philippine Sea, and Eurasian plates relative to Australia [DeMets et al., 1994]. Error
ellipses represent one formal standard error, related to the assumption that seismicity follows a Poisson probability
- distribution. Hence the moment tensor M,m;j of each earthquake makes a contribution of * M,m;; to the

uncertainties in strain rates.

because several large thrust events have occurred along this
trench in recent times.

3) mainly pure convergent strains are found in the Philippines
and Molucca Sea region. However, a significant number of
strike-slip events are known to have occurred in the
Philippines (Pacheco and Sykes, [1992], and Harvard CMT
catalog).

4) a domination of strike-slip strain is found in western New
Guinea, and NE-SW aligned convergent strain is found in the
eastern part of the island. Convergent strain is notably absent
along the NGT.

The velocity (Figure 6b) obtained from seismic moment
tensors inferred from events with My < 1X1020 N m shows
the agreement in direction on the eastern part of the grid with
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NUVEL-1A PH-AU and PA-AU relative motions (see also
Figure 5), characteristic of all three windows below this
magnitude cutoff. The absence of any significant seismicity
along the Java Trench results in a poorly constrained motion
for Sunda.

6. GPS Data

GPS data are taken from several studies [Genrich et al.,
1996; Puntodewo et al., 1994; Simons et al., 1999; Kato et
al., 1998; Tregoning et al., 1998; Stevens et al., 1999; Yu et
al., 1999], as well as from the International GPS Service (IGS)
(epoch 1999.5), which can be downloaded from their website
at http://sideshow.jpl.nasa.gov/mbh/series.html. The
different campaigns are conducted in several (sub) regions
(Figure 2), and the GPS velocities are shown in Figure 8c. Any
station with a measurement that is reported to be affected by
coseismic deformation or that shows a weak signal related to
measurement irregularities is not used. We have taken out the
measurement for the station at the island of Palau, which
exceeds PH NUVEL-1A velocity by ~18% [Kato et al., 1998].
This station was reported to have a large uncertainty due to the
short analysis period [Kato et al., 1998].

We acknowledge that formal errors in GPS velocities
generally underestimate the “true” uncertainty and that this
problem could also differ between different- GPS campaigns
depending on the length of the observation period. An
accurate estimate of the “true” velocity uncertainty can be
obtained not only by considering “white noise” in the
analysis of the raw data but also by taking into account the
effects of time-correlated noise [Mao et al., 1999]. However
we have no access to the raw data. Therefore, we multiply
published standard errors by a conservative factor of 2, which
should on average be sufficient as a close estimate of the “true”
velocity uncertainty. The velocity of the IGS station in
Singapore, however, is given an uncertainty that is 10 times
higher than what is published, because of the short period over
which this station is operational compared to other IGS
stations that we use.

An initial inversion of the 93 GPS velocities is performed
and a model velocity field relative to Australia (as defined in
our grid, Figure 2) is obtained by a least squares fit to the data.
In this procedure the reference frames of the individual GPS
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studies are not adopted, and instead they are left to be
determined in the inversion. Following this procedure, a pole
is obtained that rotates the IGS velocities located on the AU
plate from the ITRF-96 reference frame to an Australian
reference frame. We find the pole for this rotation (34.4°S,
136.5°W, 0.64° My™") (Table 1) to be a stable result. This
pole differs from the NNR-NUVEL-1 pole for AU which is
located at 33.8°S, 146.8°W with a rate of 0.68° Myr" [Argus
and Gordon, 1991], indicating a possible discrepancy in the
NUVEL-1/1A model [DeMets et al., 1990, 1994] describing
present-day AU motion (Table 1). This discrepancy has already
been noted by others [e.g., Larson et al., 1997]. Adopting our
derived pole as a better estimate for AU-NNR motion, we use
this pole to rotate the velocities by Simons et al. [1999],
Stevens et al. [1999], Tregoning et al. [1998], and Puntodewo
et al. [1994] into an Australian reference frame. All these
studies are published in an ITRF reference frame, albeit not all
in the same epoch. Assuming that NNR-NUVEL-1 accurately
describes present-day Eurasia plate (EU) motion, as suggested
by IGS velocities, we find a (new) AU-EU pole at 14.7°N,
48.8°E, with a rate of 0.69° My, which is ~8° east of the
NUVEL-1A estimate [DeMets et al., 1994] (see Table 1). This
pole is used to rotate the two velocities taken from Kato et al.
[1998] from an Eurasian to an Australian reference. frame. The
reference frame for the velocities by Genrich et al. [1996] is
left to be determined in the inversion, because velocities in
that study were given in locally defined reference frames. The
same is done for the velocities from Yu et al. [1999], because
their velocities are referenced to only one station (Shanghai
[Heki, 1996]), and thus their EU reference frame may be
subject to some uncertainty.

7. Inversion of GPS Velocities With No
Constraints From Seismicity

In the inversion procedure the 93 GPS velocities are
matched while no a priori constraints are placed on the style
and direction of the model strain rate field. The principal axes
of the strain rate field and the velocity field for this isotropic
case are shown in Figures 7a and 7b, respectively. The absence
of constraints on the deformation results in high uncertainties
in the model velocity field within the plate boundary zones
(Figure 7b). These large uncertainties indicate that for this

Table 1. Relative Angular Velocities as Determined in This S-tudy

Plate Pair Latitude, °N Longitude, °E ®, ° Myr™!
Australia - NNR (this study) 34.4 435 0.64
Australia - NNR [Argus and Gordon, 1991] 33.8 33.2 0.68
Australia - Eurasia (this study) 14.7 48.8 0.69
Australia - Eurasia [DeMets et al., 1994] 15.1 40.5 0.69
Sunda - Eurasia (this study) 253 131.9 -0.24
Sunda - Eurasia (this study)® -29.5 139.0 -0.21
Sunda - Eurasia (this study)” -29.9 137.6 -0.21
Sunda - Eurasia [Simons et al., 1999] -31.8 134.0 -0.28

Angular velocities are for the first plate relative to the second. NNR, No-net-rotation [Argus and

Gordon, 1991].

# In this model no a priori constraints on the style and direction of the model strain rate field are

used.

® In this model the reference frame for all GPS studies used in this study are left undefined
prior to the inversion and are instead determined in the inversion procedure.
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Figure 7. (a) Principal axes of model strain rates obtained from fitting GPS velocities (see Figure 2 and text for
data sources). Open arrows indicate extensional strain rates, and solid arrows correspond to compressional strain
rates. For this solution no information about the style and direction of deformation within areas is taken into account
(i.e., the areas are considered to behave isotropically). (b) Model velocity field relative to Australia obtained from
fitting GPS velocities. Error ellipses represent 16 standard error. Open vectors indicate NUVEL-1A motions of the
Pacific and Philippine Sea plate relative to Australia [DeMets et al., 1994], as well as Eurasia-Australia motion
obtained from our derived pole of rotation for this plate pair (see Table 1).

study, with a poor site coverage at some places, the GPS data
alone do not uniquely define a reliable long-term strain rate
field. The average weighted misfit of the model velocity field

to the observed GPS velocities is given in Table 2. In some .

areas the model strain rate field (Figure 7a) has a rapid spatial
variation in style and direction from one grid area to another
(e.g., the northern Sulawesi - Molucca Sea region). There are

some clear differences between the seismic strain rate field
(Figure 6a) and the model strain rate field derived solely from
GPS observations (Figure 7a). These differences are the low
seismic strain rates along the Java Trench, Palu Fault, and
Manila Trench versus the high strain rates for these areas in
the solution obtained from the interpolation of GPS velocities
(Figure 7a). Also, GPS observations constrain a significant
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Table 2. Goodness of Fit of Model Velocity Field to Geodetic
Velocities, and Resolution of Model

Unweighted Weighted
Model®  SSM RMS SSM RMS  Resolution® (%)
A 2113 1.19 1568  0.88 80.2
B 206.4 1.16 178.7 1.00 87.2
C 1235 0.69 331.9 1.86 71.0
D 142.5 0.80 114.1 0.64 68.5

SSM is the squared misfit between the model and observed velocity
components. The average RMS misfit is calculated as the total SSM
divided by the total number of matched velocity components (2 X 89).
The four velocities on stable Australia from the International GPS
Service (IGS) are not used, because, although the model velocities at
these stations yield a perfect fit to the data, the very small uncertainties
in these data cause a misleading large misfit. This reduces the number
of velocities used in this analysis to 89. Result is shown for a case
when the SSM and RMS are weighted by variances in the observed
velocity components, and for a case when no such weighting has been
applied.

* Model A is an inversion of GPS velocities with no constraints
from seismicity. Model B is an inversion of GPS velocities using style
and direction of seismic strain rate tensors to constrain the predicted
strain rate field. Model C is the same as model B but with the original
uncertainties in the GPS observations, where in models A and B those
uncertainties were multiplied by a factor of 2 to acknowledge the
general underestimation of the “true” uncertainty by observation
uncertainties. Model D is the same as model B except that all GPS
studies were not, a priori, tied in a defined reference frame; instead,
reference frames were determined in the inversion.

® Resolution values are given by
L[5V (Voo + Vs +2Vi)l /) (Vi + Vig +2Vig)],, where the terms in
parentheses are the trace elements of the covariance matrix of the
model velocity at the position of the ith GPS observation (with
superscript m) and of the covariance matrix of the GPS velocity at that
location (with superscript o). :

component of the strain rate field in the Philippines to
involve strike-slip deformation, whereas the seismic strain
rate field for this region is mainly dominated by convergent
strain rate (Figure 6a). A detailed description of the model
strain rate field is given in section 8, when constraints from
seismicity are applied.

The velocity field shows that the predicted velocities are
generally not in agreement with the NUVEL-1A model for the
PH and PA plates [DeMets et al., 1994], within a 20
uncertainty (Figure 7b). Note that Sunda does not move in the
expected direction of EU-AU motion, which indicates the
independent motion of Sunda relative to EU.

8. Inversion of GPS Velocities With Constraints
From Seismicity

In this section we combine the strengths of the seismicity
and GPS data to obtain a best estimate of the long-term strain
rate field. The result of the self-similarity test provides some
confidence limits on the style and location of deformation,
and we use information about the style and direction (but not
the magnitude or sign) of the seismic strain rate field inferred
from earthquakes with My < 1 X 102° N m to help constrain the
model strain rate field in the inversion of GPS velocities.

As we demonstrated in section 5, it is generally not
appropriate to use the population of events with M, >
1X10%0 N m, because the number of events above this
moment is too low to provide a statistically reliable estimate

of the style of seismic strain rate. Although it is formally
correct to exclude these 12 largest events when trying to infer
the style and direction of the strain rate tensor field, for the
purpose of testing. model sensitivity we also investigate the
effects of including these events. For this analysis the
observed seismic strain rates are not smoothed. We find no
significant difference in the style and direction of the predicted
strain rate field and associated velocity field between a
solution constrained by events with My < 1X102° Nm or a
solution constrained by events in the entire catalog. In
section 8.1, however, we present results associated only for
the model in which events with My< 1X1020 N m are used to
provide a priori constraints on the style and direction of
strain.

8.1.
Field

The Model Strain Rate Field and Velocity

The model strain rate field and velocity field resulting from
bicubic Bessel interpolation of GPS velocities with a priori
constraints on the style and direction of the model strain rate
field from earthquakes with My < 1X 1020 N m are shown in
Figures 8a and 8b, respectively. Although a larger misfit
between the model and observed velocities is obtained for the
constrained case in comparison with the unconstrained case
(Table 2), uncertainties in the predicted velocity field in the
plate boundary zones (Figure 8b) are significantly lower than
those in the unconstrained case (Figure 7b). This emphasizes
the higher reliability of this estimate of the long-term strain
rate field.  This is also apparent from the strain rate field
(Figure 8a), which shows a less rapid spatial variation in
direction, style, and magnitude from one grid area to another
(e.g., the Sulawesi-Molucca Sea region) in comparison with
the unconstrained strain rate field (Figure 7a).

The velocity of PH relative to AU (Figure 8b) is closer to
the NUVEL-1A estimate than it is in the solution with no
constraints on deformation style and direction (Figure 7b). A
PH-AU velocity with an azimuth that is slightly clockwise of
the NUVEL-1A PH-AU velocity (Figure 8b) is consistent with
findings by Kato et al. [1998]. However both in this study and
in that by Kato et al. only one station is used to constrain PH
motion. Velocity directions relative to Australia are in accord
with NUVEL-1A relative motion for the Pacific plate, but
velocity magnitudes are about 8 mm yr' slower than the
NUVEL-1A estimate. The directions for PA-AU and PH-AU
relative motions are consistent with the directions in the
velocity field associated with seismic moment release with M,
< 1X1020 N m (Figure 6b). The differences in PA and PH
motion between the unconstrained and constrained cases
(Figures 7b and 8b) relate to differences in the respective
strain rate fields in the Philippine and New Guinea regions
(compare Figures 7a and 8a). For other regions (e.g., the Java
Trench, where seismic strain is low and is consequently not
used to constrain the total strain rate field), the velocity field
and strain rate field (Figures 8a and 8b) are almost identical
with the unconstrained solution (Figures 7a and 7b).

There are large, convergent strain rates south of Java, along
the Java Trench (Figure 8a), which is directly related to the
accommodation of ~70 mm yr' of shortening between Java
and the Christmas and Cocos Islands as inferred from the GPS
measurements [Genrich et al., 1996; Simons et al., 1999]. The
eastern Banda arc exhibits large convergent strain in the back
arc and Banda Sea region, and there is no indication of active
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Figure 8. (a) Principal axes of model strain rate field obtained from fitting GPS velocities. Open arrows indicate
extensional strain rates, and solid arrows correspond to compressional strain rates. Directional information of the
principal strain rates (£10° uncertainty) is inferred from the seismic strain rate tensor field associated with events for
which M, < 1 X 102° N m (Figure 6a). These events are also used to constrain the style (but not magnitude) of strain
rate tensor (corresponding to equivalent of dip-slip, strike-slip, or mixed style). (b) Model velocity field relative to
Australia obtained from fitting GPS velocities with a priori information on the style and direction of the strain rate
field. Error ellipses represent 16 standard error. Open vectors indicate NUVEL-1A motions of the Pacific and
Philippine Sea plate relative to Australia [DeMets et al., 1994], as well as Eurasia-Australia motion obtained from

our derived pole of rotation for this plate pair (see Table 1).

deformation along the Timor Trough. This is consistent with
earthquake occurrence patterns. The absence of active
deformation along the Timor Trough near the Island of Timor
has already been noted by Genrich et al. [1996] from GPS
observations. The absence of active deformation near Timor

was also noted by, for example, Audley-Charles [1986] and
Snyder et al. [1996], on the basis of seismic reflection
profiles. However, their conclusion is in disagreement with a
study by Karig et al. [1987], also based on seismic profiling,
which concluded that some active deformation is still
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Figure 8c. GPS observations (open vectors) and our predicted velocity field (solid vectors) in a Eurasia (EU)
reference frame. (We used our determined Australia-Eurasia pole of rotation (Table 1) to rotate the solution in
Figure 8b into a Eurasia reference frame). Inset gives velocities in Sulawesi on a scale twice as large as that in the
main map. Error ellipses represent 1o standard error. However, for the observed velocities these uncertainties
actually reflect 26 standard error, because prior to the inversion standard errors of GPS velocities are multiplied by
a factor 2 to acknowledge possible uncertainty underestimations in the GPS observations. The velocities for the four

IGS stations in southern Australia are not shown.

occurring there. Our result indicates a jump in convergence
along the Banda arc from the Java Trench to the back arc in the
more eastern arc, as recognized by others [e.g., McCaffrey,
1988; Audley-Charles, 1975]. This jump can also be seen in
the dilatational strain field (Figure 9a) associated with the
result in Figure 8a. Our result thus confirms the cessation of
subduction at the Timor Trough proposed by Johnston and
Bowin [1981] and Charlton [1986] and suggests that the
southern Banda arc east of Sumba is part of the Australian
plate.

Southern New Guinea shows little deformation and is
therefore, like the eastern Banda Sea and eastern Banda arc,
essentially part of the Australian plate (Figures 8a and 9). A
profound E-W striking zone of strike-slip deformation
dominates northern New Guinea, clearly seen in the shear
strain rate field (Figure 9b), with a maximum in shear strain
rate in west New Guinea between the Tarera-Aiduna and Sorong
Faults. North of eastern New Guinea, strike-slip deformation is
dominant, consistent with earthquake occurrence and the
seismic strain rate field (Figure 6a). North of western New
Guinea, along the NGT, convergence is dominant but occurs at
a relatively low rate. The partitioning of the oblique
convergence between the PA and AU plates in trench-normal
convergence and strike-slip-dominated deformation (mixed

with thrusting) south of the trench (Figures 8a and 9) is not
explicitly present in the seismicity data used to constrain the
deformation (Figure 6a). In particular it is important to note
that the principal strain rate axes along the NGT (Figure 8a)
are consistent with the mechanism of the 1996 Biak event
(M, = 8.2) [e.g., Okal, 1996] (Figure 3), although this event
was not used to constrain the style of the model strain rate
field, because of its large size. Thus the style of the Biak event
(pure thrust) was expected and consistent with the oblique
relative plate motion. On the other hand, our analysis shows
that the large magnitude of the Biak event is expected to be
rare, considering the relatively low magnitude of model strain
rate along the NGT. )

Along the Philippine Trench almost pure convergent strain
rates are present (Figures 8a and 9a). Strain rate tensors west of
the trench, however, show significantly higher convergence
than along the trench. This strain rate west of the trench also
exhibits a significant strike-slip component (Figures 8a and
9b), which indicates strain partitioning to accommodate PH-
Sunda motion. However, although numerous strike-slip events
are known to have occurred on the Philippine islands, the
significant strike-slip component is not apparent from the
seismic strain rate field for My < 1 X1020 N m (Figure 6a).
Thus GPS velocities are providing that information. Some
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Figure 9. (a) Dilatational strain rates for the solution in Figure 8a. Shade and contour interval is 20 X107 yr'.
Negative strains (compression) are contoured with solid lines, and positive strains (extension) are contoured with
dashed lines. (b) Shear strain rates (associated with pure strike-slip faulting) for the solution in Figure 8a. Shade and

contour interval is 20 X 107 yr.

convergence as well as shear is taken up along fault zones west
of the southern archipelago, like the Negros and Cotabato
Trenches and Cotabato Fault, but this is relatively minor
compared to convergence east of these trenches (Figures 8a
and 9a). For the northern Philippines, PH-Sunda motion is
accommodated primarily along the Manila Trench west of the
Philippines, with only a small amount occurring along the
East Luzon Trough (Figures 8a and 9a). The large predicted
convergence rates along the Manila Trench indicate the
importance of this trench as a zone of convergence, which is
in agreement with, for example, the independent study by

Rangin et al. [1997] based on GPS measurements as well as the
observation of active deformation along this margin inferred
from seismic profiles [Hayes and Lewis, 1984].

There are high convergent strain rates predicted for the
Molucca Sea region and along the NST. This prediction
indicates the relative importance of these regions as zones of
shortening, where the NST probably accommodates some of
the distributed AU-Sunda motion.

An interesting detail is the high predicted shear strain in
central Sulawesi (Figure 9b) in a zone that is more or less
parallel to the Palu Fault (Figure 1). From existing seismicity
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catalogs (e.g., CMT and Pacheco and Sykes [1992]),
Walpersdorf et al. [1998] inferred that no event larger than M,
= 4.5 has occurred on this fault in the last century. The
observed importance of this region in our result is consistent
with the conclusions of Walpersdorf et al.. Based on a subset
of the GPS velocities used in this study, they infer a minimum
strike-slip displacement rate along the Palu Fault of 30 mm
yr'!, which has probably accumulated to at least 3 m over the
last 100 years. Given the dimensions of the fault, this would
imply a potential M = 7 earthquake [Walpersdorf et al., 1998].

8.2. Model Sensitivity

We perform a test to determine the resolution of our model
by comparing the covariance matrix of the GPS velocities
with the covariance matrix of the model velocity field at the
locations - of the GPS observations (Table 2). The resolution
increases significantly when constraints on the style and
direction of the predicted strain rate tensor field are applied
(model B, Table 2).

We also conduct a statistical test in order to understand the
influence of the assigned uncertainty in the GPS observations.
In this test, GPS velocities are given their original standard
errors, instead of uncertainties used in our model that are twice
as large as published uncertainties. The result (model C, Table
2) indicates that GPS observations can be matched better when
original standard errors are adopted than in our preferred
model. However, if the sum of squares is weighted by the
variances in the observed velocities, a large weighted misfit
becomes apparent in model C. There is also a lower degree of
resolution in the model velocity field for model C. We also
test the effect of the constraint of reference frames. In this test
we do not constrain any GPS velocity, a priori, to a specific
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reference frame. Instead, we leave the reference frames of all
studies to be determined in the inversion. Although a better fit
is obtained to the GPS velocities for this case (model D, Table
2), we do not regard the improved fit to be significant enough
to justify a better solution. The reason for this is that some
information related to global plate motions, imbedded in the
GPS studies that are linked to global stations in an ITRF
reference frame, may be lost when reference frames are solved
for (unless the grid is sufficiently large to include many plates
on the Earth's surface). Furthermore, note also the
significantly lower resolution of the model velocity field
when reference frames are not defined a priori (model D, Table
2).

9. Total Predicted Scalar Moment Rates Versus
Seismic Scalar Moment Rates

To compare the seismic moment release rate with the
moment release rate inferred from our estimate of the total
long-term strain rate field (Figure 8a, Table 3), we compile all
events with M > 7 from 1963-1996 from the Harvard CMT
catalog and Pacheco and Sykes [1992]. As this period is too
short to capture the complete seismic cycle of the largest
events (as is also indicated by our self-similarity tests of the
CMT catalog in section 5), the comparison will only yield an
estimate of the current differences between seismic and total
strain rate and will not yield an estimate of the long-term
seismic versus aseismic strain rate.

We calculate the seismic moment release for several
subregions (Figure 10). On average, for all the active zones in
the region, the seismicity in the period of the catalog
represents only ~40% of the moment release expected on the

Table 3. Predicted Strain Rates for Specified Regions, Minimum Moment Release Rates Associated With
Horizontal Strain Rate Tensors From Our Model, and Seismic Moment Rates From Events

With M > 7 Between 1963 and 1996

Model

Area in Region Area, Strain Rate® Minimum Seismic Seismic/Model,
Figure 10 10° km? Moment Rate®  Moment Rate %
A Java Trench 7.82 16.0 235 1.6/12.1¢ 7/51¢
B Flores-Wetar Thrusts 2.24 1.6 39 1.6 41
C Banda Sea 3.78 1.9 39 0.0 0
D Sulawesi (Palu Fault) 1.29 1.7 2.2 0.0 0
E North Sulawesi Trench 1.81 1.6 2.3 4.3 187
F Molucca Sea 1.59 5.5 6.4 1.6 25
G Seram Trough 1.64 24 2.7 7.1 263
H New Guinea 493 9.4 13.0 1.9 15

I New Guinea Trench 372 7.1 7.4 7.1 96
J western Philippines 293 2.0 3.7 5.7 154
K Philippine Fault 3.64 6.9 10.7 1.6 15
L Philippine Trench 1.49 2.7 4.8 5.2 108
M Manila Trench 1.22 6.3 8.1 0.1 1
N East Luzon Trough 1.02 0.6 0.7 1.4 200

Seismic moment rates are inferred from the Harvard centroid moment tensor catalog and Pacheco and Sykes [1992]. Units
for model moment rates and seismic moment rates are 10" N m yr'.
*Strain rate is defined as the sum of dilatation strain rate and principal shear strain rate, 0.51¢,, + &, | +0.25(¢, — £,)° + &, .

Units are in 107 yr'!.

®Minimum moment rate is equal to 2uV(0.51&,, + &, | +/0.25(&,, — €) + €4 ) » Where i = 3.5x10'°N m™ is the shear
modulus, V is the volume, which is the product of the area of the region and the seismogenic depth, which is assumed

to be 30 km.

°First value is associated with a seismic catalog without the 1977 Sumba event (My, = 8.3).
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Figure 10. Areas for which a seismic scalar moment release rate
versus the minimum scalar seismic moment release rate is
calculated (see Table 3). A, Java Trench; B, Flores-Wetar
Thrusts; C, Banda Sea; D, Sulawesi-Palu Fault; E, North
Sulawesi Trench; F, Molucca Sea; G, Seram Trough; H, New
Guinea Thrust Belt; I, New Guinea Trench; J, western
Philippines; K, Philippine Fault; L, Philippine Trench; M, Manila
Trench; N, East Luzon Trough.

basis of our total deformation field. Regions with a relative
underrepresentation of seismic activity like the Java Trench
and the Banda Sea can be identified. This deficit could be
related to geodynamic processes related to the arc-continent
collision between Australia and the Banda arc and the possible
adjustment of the northern Australian plate boundary, or to the
short period of seismic data. Scholz and Campos [1995] have
suggested that relatively low coupling should exist for the
Java subduction zone owing to the slab pull force, which has a
tendency to reduce the force normal to the subduction thrust
interface. Low seismic coupling for this region was also
suggested by Pacheco et al. [1993] on the basis of the seismic
catalog for the twentieth century [Peterson and Seno, 1984;
Pacheco and Sykes, 1992}, but as was shown by McCaffrey
[1997], such conclusions are unreliable given the shortness of
seismic record. Newcomb and McCann [1987] found that
several major earthquakes occurred along the Java Trench in
the nineteenth century; however, it could be that these
earthquakes were intraplate events. Newcomb and McCann
also present evidence of active deformation in the forearc from
other geophysical data and concluded that most of the
deformation occurs aseismically.

Regions such as the NST, western Philippines, Seram
Trough, and East Luzon Trough exhibit relatively large
seismic strain. The surplus of seismic moment release along
the latter two can largely be attributed to the contribution of a
single large event for each region: the 1965 Ceram Sea event
My, = 82) and the 1968 Luzon event (M, = 7.8),
respectively. These regions with a seismic moment release
rate that is significantly larger than our predicted moment rate
emphasize once again that the seismic catalog is too short to
reflect the long-term rate of seismic strain release. )

Seismic moment release along the Manila Trench can be
attributed solely to a large strike-slip event (M,, = 7.1) that
occurred in 1972 [Pacheco and Sykes, 1992] and which may be
unrelated to the subduction process at the trench. Several large
thrust events have occurred beneath northern Philippines at

depths greater than 30 km, and it is not clear whether they can
be associated with subduction of the Manila slab. Furthermore,
the two large events that are known to have occurred along the
western margin of the northern Philippines during this century
(M =7.6 in 1934 and M = 7.2 in 1948) have no determined
mechanisms [Cardwell et al., 1980; Hamburger et al., 1983].
In part on the basis of the general low level of seismicity
along this margin, Seno and Kurita [1978] and Rowlett and
Kelleher [1976] proposed that subduction at the Manila Trench
has ceased, or at least slowed down significantly. Our analysis
shows a high predicted strain rate along the Manila Trench.
Most likely, a large portion of this strain rate is
accommodated aseismically, but given the exceptionally high
rate of strain, a significant potential earthquake hazard may
exist. However, we emphasize again that a much longer
earthquake catalog is needed to make more conclusive
inferences [McCaffrey, 1997].

10. Predicted Velocity
Motions

Field Versus Plate

Potential differences between the predicted velocity field on
the stable plates and NUVEL-1A relative motions point out
discrepancies between geodetic observations and plate
motions. These discrepancies may be caused by plate motion
adjustments over the last 3 Myr (i.e., the time interval for
which NUVEL-1A is an estimate). Alternatively, differences
between our model plate velocities and NUVEL-1A estimates
may reflect an inadequate coverage of GPS observations on the
stable portions of the PA and PH plates covered in our model.
However, we find that there is only a minor difference between
the present-day motions inferred from GPS data and the
NUVEL-1A plate motion estimate for this region (Figure 8b).

The discrepancy between EU-AU NUVEL-1A relative motion
and our predicted velocity for the western part of the grid
(Figure 8b) indicates independent motion of Sunda with
respect to stable EU, which was first proposed by Cardwell and
Isacks [1978]. Solely on the basis of the GPS observations
from the “GEODYnamics of South and South-East Asia“
(GEODYSSEA) project, others obtained a Sunda-EU pole at
32°S, 134°E at a rate of -0.28° Myr" [Simons et al., 1999;
Chamot-Rooke et al., 1997]. We also solve for the rotation
vector of Sunda as it is defined in our grid to determine the
Sunda-EU rotation pole at 25°S, 132°E, -0.24° Myr™. (Poles
of rotation are summarized in Table 1.) Although we consider
more GPS observations and use a technique different from
Simons et al. [1999] and Chamot-Rooke et al. [1997] to derive
poles of rotation, our result and their pole estimate are within
1o. Both their study and this study confirm clockwise rotation
for Sunda-EU relative motion, which results in a NE to ENE
motion of Sunda at ~16-21 mm yr" relative to EU (Figure 8c).
The difference in pole position leads to a direction that is ~4°
more northward for our predicted solution than for the GPS
observations. Earlier, Ren et al. [1997] showed that on the
basis of kinematic modeling of central and Southeast Asia
using geodetic, geologic, and seismicity data, Sunda moves
eastward relative to EU at ~10-15 mm yr", but their block
motion was about a pole of rotation far to the north (62°N,
132°E, 0.14° Myr"). The result of the high predicted
subduction rate of Sunda at the Manila Trench and the slab pull
forces that accompany this may explain, in part, the
clockwise rotation and eastward motion of Sunda relative to
EU.
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For completeness, Table 1 also contains the Sunda-EU
poles of rotation for the case where GPS velocities are inverted
without constraints from seismicity and for a case without the
a priori definition of the reference frames for the individual
GPS studies. For all cases we find a significant Sunda-EU
motion that is roughly similar.

Weissel and Anderson [1978] proposed the presence of an
independent Caroline plate. The relative velocity for Caroline-
AU motion is ~1°-4° clockwise from the direction of the
NUVEL-1A PA-AU estimate [Seno et al., 1993; DeMets et al.,
1994]. Our result agrees with the NUVEL-1A PA-AU motion
direction (Figure 8b). The 1°-4° difference between the motion
of the two plate pairs falls, however, within the 20
uncertainty. Expected Caroline-AU motion is 5-6 mm yr
faster than NUVEL-1A PA-AU motion [Seno et al., 1993;
DeMets et al., 1994]. Our model velocities at this margin are
~8 mm yr" slower than NUVEL-1A PA-AU motion. McCaffrey
[1996] concluded that on the basis of earthquake fault plane
solutions, ~PA and Caroline plate motions are
indistinguishable. Given the fact that we do not include GPS
velocities measured on the Pacific (Caroline) plate, we can not
make conclusive inferences on the existence of an independent
Caroline plate from our model velocity field.

11. Conclusions

The eastern Indonesia and Philippines region contains a
variety of complex plate boundaries. GPS and seismicity data
can provide information about the style and distribution of the
long-term strain rate tensor field in this region. We find that
the style and direction of the seismic strain rate tensor field
based on earthquakes from the Harvard CMT catalog are
roughly self-similar over at least 2 orders of magnitude, up to
My =1X1020N m. The CMT catalog is too short to obtain a
statistically reliable estimate of the relative contribution of
the largest events to the total seismic strain rate field. The
largest events (except for the 1977 Sumba, M,, = 8.3) are,
however, consistent in style with the strain rate field derived
from small, and medium-sized events. We show that GPS
measurements, by themselves, are not sufficient to provide a
reliable estimate of the style, direction, and location of the
strain rates within the boundary zones. Our best estimate of
the first-order, long-term strain rate tensor field for the entire
region combines the strengths of the GPS and seismicity data.
For our final model we use the style and direction of the strain
rate field inferred from earthquakes with My < 1 X102° N m as
a constraint in the inversion of GPS velocities for a self-
consistent velocity and strain rate field.

Predicted velocities for the stable surrounding plates are in
good agreement with the NUVEL-1A model, except for the
Sunda block, which is explained by the established idea that
Sunda is an independent entity from stable Eurasia [e.g.,
Cardwell and Isacks, 1978; Johnston and Bowin, 1981]. Our
self-consistent model strain rate field (Figure 8a) indicates
strain partitioning for the Philippines. The model shows a
significant amount of strike-slip strain rate along the
Philippine Fault. Furthermore, rates of convergence are higher
at the Manila Trench than along the Philippine and East Luzon
Trenches. This result indicates the importance of the Manila
Trench in accommodating PH-Sunda motion, which is not
evident from the relatively low level of seismicity along this
trench. Strain partitioning also occurs in western New Guinea;
however, the trench-normal component is small, and most

deformation is taken up in an E-W trending zone of almost
pure strike-slip deformation, consistent with seismicity
occurrence. The Java Trench clearly delineates the Sunda-AU
boundary, although this trench has not been associated with a
high level of seismicity in the last 100 years. East of Sumba,
Sunda-Australia motion is accommodated mostly within the
back arc of the Banda Arc and the eastern Banda Sea region.
This indicates the absence of subduction along the Timor
Trough and suggests that the southern Banda arc that lies east
of Sumba, as well as the eastern Banda Sea, is part of the
Australian plate. Along the North Sulawesi Trench there is a
significant amount of shortening in a direction similar to that
of Sunda-Australia motion, indicating that this area is part of
the diffuse plate boundary zone between Australia and Sunda.
Although seismicity delineates most of the plate boundary
zones in the region, the relative importance of some parts of
the plate boundary zones, like the Java and Manila Trenches,
is not necessarily associated with the high moment release of
large earthquakes. This could be either due to the shortness of
the catalog or due to the aseismic deformation associated with
geodynamic processes that cause decoupling.
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