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Estimation of current plate motions in Papua New Guinea
from Global Positioning System observations
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Abstract. Plate tectonic motions have been estimated in Panua New Guinea from a 20 station
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network of Global Positioning System sites that has been observed over five campaigns from
1990 to 1996. The present velocities of the sites are consistent with geological models in which
the South Bismarck, Woodlark, and Solomon Sea Plates form the principal tectonic eleménts
between the Pacific and Australian Plates in this region. Active spreading is observed on the
Woodlark Basin Spreading Centre but at a rate that is about haif the rate determined from magnetic
reversals. The other major motions observed are subduction on the New Britain Trench, seafloor
spreading across the Bismarck Sea Seismic Lineation, convergence across the Ramu-Markham
Fault and left-lateral strike slip across the Papuan Peninsula. These motions are consistent with a
8.2°Myr! clockwise rotation of the South Bismarck Plate about a pole in the Huon Gulf and a
rotation of the Woodlark Plate away from the Australian Plate. Second order deformation may also
be occurring; in particular, Manus Island and northern New Ireland may be moving northward
relative to the Pacific Plate at ~5-8 mm yr~! (significant at the 95% but not at the 99% confidence
level) which may suggest the existence of a North Bismarck Plate.

1. Introduction

Papua New Guinea (PNG) is a complex tectonic region at the
convergence of the Australian and Pacific Plates. Up to four
minor plates may be trapped in this collision in response to
the convergence of the two major plates (Figure 1). PNG is
also a region of active and dormant volcanoes and of intense
and frequent earthquake activity at all depths. At least seven
plate tectonic models based on geology and seismicity have
been proposed for the region [e.g., Johnson and Molnar,
1972; Curtis, 1973; Krause, 1973; Hamilton, 1979; Davies et
al., 1984; Taylor et al., 1991]. Whilst these models have
similarities, they also exhibit considerable differences
including the number and location of minor plates. This leaves
many questions about the location of plate margins and the
sense of motion unresolved. For example, how many minor
plates are there? Is there a North Bismarck Plate as proposed
by Johnson and Molnar [1972]7 Where is the active boundary
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between the Australian and South Bismarck Plates? Where are
the poles of rotation of the minor plates? Do present-day
motions agree with those determined from the geological
record?

Geodetic observations provide the means to answer these
questions by measuring crustal motions and deformation over
time intervals of a few years or less. It then becomes possible
to ' define the present-day kinematics of plate motions
independent of geological data. The Global Positioning
System (GPS) has proven to be a successful tool for the
determination of plate tectonic motion and deformation [e.g.,
Feigl et al., 1993; Robbins et al., 1993; McClusky et al.,
1994; Larson et al., 1997, Tregoning et al., 1994; Argus and
Heflin, 1995]. In this paper we present plate motions in the
PNG region determined from GPS measurements. The sites were
observed with GPS in four campaigns during 1990-1993 and
again in 1996. The GPS data were analyzed using the GAMIT
[King and Bock, 1996] and GLOBK [T.A. Herring, GLOBK
global Kalman filter VLBI and GPS analysis program; version
4.1, Mass. Inst. of Technol.,, Cambridge, 1997, hereinafter
referred to as T.A. Herring, 1997] software. :

Below we review the tectonics of this complex region. We
then describe the GPS surveys and our data analysis procedures.
Next we present the site velocities determined by GPS and
compute Euler poles of rotation of the minor plates. Finally,
we give a tectonic interpretation of these motions. The results
provide answers to some of the above questions by
establishing the kinematic pattern of the principal plate
motions and crustal deformation of the region.

2. Plate Configurations and Motions in Papua
New Guinea

Papua New Guinea lies within one of the more complex
tectonic regions of the world. Active plate boundaries have

12,181



12,182

TREGONING ET AL.: PAPUA NEW GUINEA PLATE MOTIONS FROM GPS

l. I
1509 1609E
CAROLINE 0 500 km
PLATE 1 ]
— 00 00 —
PACIFIC PLATE
NORTH BISMARCK
Manus L.
-
PLATE
‘. SOUTH
| )  PLATE WF
i Do, ~ SF ¢ Bougainville
N A
>
( Gui %
. Guinea Hg  EE I
l SOLOMON SEA
Troby PLATE .
l ) " Drorgy e;\as*v"éa
; » Gy CPLARK D) i Woodlak [P
PP QeaF Wi PLATE Woodlar
N, — —— Basin
— 1008 B\ L
AUSTRALIAN
PLATE Woodlark Basin Py
Spreading Centre Pockl,m%w“ ).e'lc-(,
15]0°E 16? oF

Figure 1. The map of Papua New Guinea (PNG) showing locations of major tectonic elements: AR,
Adelbert Range; BF, Baining Fault; EE, 149°E Embayment; FI, Fergusson Island; FR, Finisterre Range;
GB, Goodenough Bay; GI, Goodenough Island; GP, Gazelle Peninsula; HG, Huon Gulf; HP, Huon
Peninsula; NI, Normanby Island; PP, Papuan Peninsula; RMF, Ramu-Markham Fault; SF, Sapom Fault;

WF, Weitin Fault; and WI, Woodlark Island.

been defined on the basis of information from earthquake-
epicentre distribution and seafloor morphology, and the
locations of some of these boundaries are undisputed. From its
junction with the Trobriand Trough at ~149°E the boundary
between the Solomon Sea and South Bismarck Plates follows
the axis of the New Britain Trench east to where the trench
meets the San Cristobal Trench, southwest of Bougainville
(Figure 1). The northern margin. of the South Bismarck Plate in
the Manus Basin coincides with a spreading transform system
that is well defined by both the earthquake-epicentre locations
and seafloor morphology [Taylor, 1979; Eguchi et al., 1989].
The boundary between the Australian Plate and the oceanic
seafloor north of it is the Woodlark Basin Spreading Centre.
Other plate boundaries are not so clearly defined.

A number of different plate configurations have been
proposed (Figure 2). All models include at least two minor
plates between the Australian and Pacific Plates: the South

Bismarck and Solomon Sea Plates. Johnson and Molnar
[1972] introduced a third plate, the North Bismarck Plate
(Figure 2a), which then featured in a number of the other
models. Hamilton [1979] and Davies et al. [1984] proposed a
fourth plate, the Woodlark Plate, located in the Woodlark
Basin of the Solomon Sea (Figures 2e and 2f), while Davies et
al. [1984] speculated on the existence of a fifth plate, the
Trobriand Plate, situated east of the Papuan Peninsula (Figure
2f). These models suggest a plate configuration that could
include some or all of the following plates in addition to the
Pacific and Australian Plates: Caroline, North Bismarck, South
Bismarck, Solomon Sea, Trobriand, and Woodlark Plates
(Figures 1 and 2). Below we examine the geological
information relating to the boundaries of these plates and the
geological features comprising the Papua New Guinea region,
emphasizing those aspects that may be relevant to the
interpretation of the geodetic data.

Figure 2. The plate configurations for PNG proposed by different authors: (a) adapted from Johnson and
Molnar [1972]; (b) adapted from Curtis [1973]; (c) adapted from Krause [1973]; (d) adapted from Taylor
[1975]; (e) adapted from Hamilton [1979]; (f) adapted from Davies et al. [1984]; (g) adapted from Taylor et
al. [1991]; (h) a priori model of this paper.
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2.1. Caroline Plate

There has been some conjecture as to whether there is a
separate Caroline Plate located between the Pacific Plate and
the Phillipine Sea Plate. Weissel and Anderson [1978]
concluded that there is such a plate extending southward to the
Manus Trench and, on the basis of plate motion recon-
structions, considered the Manus and Mussau Trenches to be
active plate boundaries. Hegarty et al. [1983] and Ryan and
Marlow [1988] stated that the Caroline Plate is underthrusting
the Pacific Plate along the southern part of the Mussau Trench.
In contrast, on the basis of earthquake fault plane solutions,
McCaffrey [1996] inferred that the Caroline/Pacific plate
boundary may just be a region of stress concentration due to
the geometry of the plates and concluded that the motion of a
supposed Caroline Plate is indistinguishable from that of the
Pacific Plate. There is also little seismic activity along this
boundary. Erlandson et al. [1976] interpreted the Mussau Ridge
as an overthrust segment of crust and stated that there are no
Benioff zones. Johnson [1979] stated that the Manus and
Mussau Trenches are relatively young features and barely
active, possibly so young that subduction occurs incipiently.

2.2. North Bismarck Plate

Johnson and Molnar [1972] proposed a North Bismarck
Plate, located between the South Bismarck Plate and the Pacific
Plate. The northern boundary of this plate is considered to
correspond to the Manus Trench extending arcuately from the
Wewak Trench in the west to the Lyra Trough in the east
(Figure 1) with the southern boundary being the Bismarck Sea
Seismic Lineation.

The Manus Trench appears to have trench wall features that
are characteristic of an active subduction zone [Ryan and
Marlow, 1988]. However, it lacks the significant seismicity
and arc-type volcanism that is characteristic of rapid con-
vergence and subduction [Johnson and Molnar, 1972].
Additional data is needed, particularly along the western
segment of the Manus Trench, to determine whether the trench
now forms an active plate boundary and whether there is a need
to introduce the North Bismarck Plate in the present-day plate
models. In the absence of conclusive evidence for such a
boundary, it is possible that the Bismarck Sea Seismic
Lineation forms the southern boundary of the Pacific Plate.

2.3. Bismarck Sea Seismic Lineation

The northern margin of the South Bismarck Plate is defined
by a band of seismicity, named the Bismarck Sea Seismic
Lineation by Denham [1969], which extends from a point near
the northeastern tip of New Britain in the east to the north
coast of New Guinea in the west. The predominant focal
mechanism of this seismicity is strike-slip. Taylor [1975,
1979] divided the lineation into four main geographical
sections, each being associated with a separate transform fault
segment (Figure 2d). Motion on these transform faults is
recognized as being left-lateral. On the westernmost section (1
in Figure 2d) the fault planes are oriented east-west. This trend
continues onto the land in a series of anastomosing faults that
cut westward through the Toricelli and Bewani Mountains of
northern New Guinea [Cooper and Taylor, 1987a]. Focal
mechanisms for the second section, marked by a prominent
ridge and scarp [Taylor, 1979], indicate fault planes that are
oriented northwest-southeast. The third section, a northeast-
southwest trending section, is actively spreading. Magnetic
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anomaly data indicate that the spreading rate is in excess of
100 mm yr'! [Martinez and Taylor, 1993]. The fourth and
easternmost section also trends northwest-southeast. The
surface expressions of this boundary are the Baining, Sapom,
and Weitin Faults in the Gazelle Peninsula and New Ireland
[D’Addario et al., 1976] (Figure 1).

2.4. Eastern Margin of the South Bismarck-
Pacific Plate Boundary

The seismically active Weitin Fault [Hamilton, 1979; Mori,
1989] has been interpreted as forming the eastern margin of
the South Bismarck Plate. Mori [1989] described an Ms = 7.2
northeast dipping thrust earthquake which occurred in 1985 in
this region. Aftershock locations (mainly left-lateral strike-
slip) indicate a rupture ~50 km long in a northwest-southeast
direction. The thrust focal mechanism of the main event is not
consistent with the left-lateral transform boundary of the
plate, and so, the seismicity of the area may be indicative of a
more complex tectonic structure [Mori, 1989]. Beyond the
southern tip of New Ireland the location of this boundary is
uncertain [Davies et al., 1984; Eguchi et al., 1989; Taylor et
al., 1991].

2.5.

The New Britain Trench forms the northern margin of the
Solomon Sea Plate. It extends from its junction with the
Trobriand Trough and the seaward extension of the Ramu-
Markham Fault in the west at the 149° Embayment [Davies et
al., 1984] to the triple junction with the San Cristobal Trench
and the Woodlark Basin Spreading Centre in the east [Taylor,
1987] (Figure 1). It is characterized by its abrupt termination
at the 149° Embayment and by the 70° southward bend at
~153°E and is associated with a high level of seismicity as
illustrated in Figure 3 [Engdahl et al., 1998; Cooper and
Taylor, 1987a,b]. Fault plane solutions indicate that
convergence occurs in a direction that is generally normal to
the trench axis. Estimates of convergence at the trench vary
between 92 and 125 mm yr'! [Johnson, 1979].

New Britain Trench

2.6. Trobriand Trough

Hamilton [1979] suggested from the trench-like appearance
of the Trobriand Trough that the Solomon Sea lithosphere
subducts beneath the Trobriand Platform. Davies et al. [1984]
suggested that this trough is currently active or has recently
been active on the basis of the occurrence of Pliocene-
Quaternary arc-trench volcanism on the Papuan Peninsula as
well as seismic reflection data. More recently, Pegler et al.
[1995] showed that the seismicity distribution beneath - the
Papuan Peninsula is consistent with a southward dipping
Benioff zone. Data discussed by Davies et al. [1987] and Lock
et al. [1987] indicate that the Trobriand Trough is filled with a
thick southward dipping sediment sequence. On the inner
trench wall this sequence is deformed by thrust faults, whereas
on the outer wall normal faults dominate, indicative of
geologically recent subduction. Only the youngest sediments
onlap the frontal anticline of the inner trench wall, possibly
indicating that the subduction has recently ceased. If
subduction is occurring, estimates of the rate are between 6
[Kirchoff-Stein, 1992] and 20 mm yr'! [Eiichi et al., 1986].
Because there is no land on the Solomon Sea Plate north of the
Trobriand Trough, no geodetic estimate of convergence across
this trough is possible, and we cannot establish whether or not
this trough forms an active margin for the Solomon Sea Plate.
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Figure 3. The seismicity of the PNG region 1964-1994. Relocated earthquake events from Engdahl et al.

[1998].

2.7. Woodlark Basin

The Woodlark Basin is bounded on the northeast by the
Solomon Island arc, on the northwest by the Woodlark Rise,
and on the southeast by the Pocklington Trough. The main
features of the basin are the two topographic rises, the
Woodlark Rise in the north and the Pocklington Rise in the
south, separated by an active spreading zone, the Woodlark
Basin Spreading Centre. Shallow earthquakes define a zone of
weak activity along the northern flank of the Woodlark Rise

which has been used to argue for a plate boundary between a-

Woodlark Plate and the Solomon Sea Plate [Davies et al.,
1984] (Figure 2f). However, this interpretation is based on the
fault mechanism of a single right-lateral strike-slip earthquake
[Weissel et al., 1982] and so lacks substantial evidence.’

In the eastern Woodlark Basin, seafloor spreading is
characterized by east-west trending rift segments offset by

north-south transforms [Taylor, 1987]. The spreading center is
represented by an axial rift valley, whose width and height
decrease from east to west [Taylor and Exon, 1987]. Seismic
reflection data and magnetic anomalies clearly define the
spreading axis between 151°40'E and 157°E [Benes et al.,
1994]. From magnetic reversals, Benes et al. [1994] estimated
the half-spreading rate at 153°29.4E and 152°30E to be 26
and 20 mm yr'!, respectively. They calculated the relative
pole of rotation of the Solomon Sea Plate with respect to the
Australian Plate to be 9°30'S, 148°56'E with a rate of rotation
of 5.6° Myr'l. Spreading is occurring faster on the northern
side than on the southern side of the ridge [Weissel et al.,
1982]. From a 1993 geophysical and sidescan sonar survey,
Goodliffe et al. [1997] concluded that the spreading center axis
jumped (rather than propagated) to a new location at ~80 ka.
This implies that any pole of rotation estimated from magnetic
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reversal chronology will not necessarily represent the present-
day motions.

West of 151°E, the rift becomes less distinct. Between the
Papuan Peninsula and the D’Entrecasteaux Islands, the
boundary appears as a series of horst blocks and sediment-
filled grabens that are indicative of divergence. A diffuse zone
of shallow earthquakes trends westward between Fergusson and
Normanby Islands, and there is petrologic evidence which
suggests that rifting may be occurring there [Smith, 1976].
The cores of the D’Entrecasteaux Islands themselves are active
metamorphic core complexes [Baldwin et al., 1993] indicative
of rapid divergence over the past 4 Myr. A further zone of
earthquakes, exhibiting mainly tensional focal mechanisms,
extends west into Goodenough Bay, the Papuan Peninsula
[Ripper, 1982; Davies et al., 1984] (Figure 3) and as far west
as 148°E [Taylor et al., 1995], indicating that the plate
boundary extends at least that far to the west.

2.8. Australian and South Bismarck Plate
Boundary

The Australian and South Bismarck Plates are in collisional
contact along the Ramu-Markham Fault [Johnson, 1979]. On
the basis of the closure of South Bismarck, Pacific, and
Australian Plate Euler vectors, Taylor [1979] estimated the
relative motion between the Australian and South Bismarck
Plates at 144°E to be 65 mm yr'! in a northeasterly direction.
However, Johnson [1979] indicated that the Taylor closure of
plate vectors may not be accurate, thereby -invalidating this
estimate of the relative motion between these two plates.

Pegler et al. [1995] identified an inverted U-shaped zone of
seismicity beneath the Finisterre Range and the New Guinea
Highlands which they interpreted as a wedge of doubly
subducting Solomon Sea Plate lithosphere. This supported the
conclusions of Ripper [1982], Davies et al. [1984], and
Cooper and Taylor [1987a] that the southward dipping slab
beneath the eastern part of New Guinea is a remnant of the
Solomon Sea Plate slab which has been subducted at the
Trobriand Trough. It has been proposed [e.g., Dewey and Bird,
1970; Karig, 1972; Hamilton, 1973; Cooper and Taylor,
1987a] that subduction reversal occurred in this region,
thereby explaining the existence of both northward and
southward dipping slabs beneath the Papuan and Huon
Peninsulas. Johnson and Jaques [1980] claimed that there was
no convincing seismic evidence for a southward dipping slab
and no bathymetric evidence for an active submarine trench
north of the Huon Peninsula. They believed that polarity
reversal had not occurred but that the subducting Australian
lithosphere became vertically suspended as a result of the
continent-arc collision. Abbott [1995] claimed that there was
no southward subduction as there is evidence of sediments from
the Australian Plate in accretionary wedges in the Adelbert and
Finisterre Ranges to the north of the Ramu-Markham Fault,
indicating that in the past the Australian Plate had subducted
beneath these ranges.

Between longitudes of ~144°E and 148°E, both the
distribution of seismicity and the earthquake focal mechanisms
indicate that convergence is accommodated by thrusting of the
continental crust. Much of the deformation seems to be taken
up on the Ramu-Markham Fault which in the Finisterre Range
appears to form a north dipping thrust along which the
Finisterre block overrides the New Guinea mainland [Abers and
Roecker, 1991; Pegler et al., 1995; C. Stevens et al., Low-
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angle, mid-crustal detachment and ramp faulting in the
Markham valley, submitted to Geology, 1998, hereinafter
referred to as C. Stevens et al., 1998].

2.9. A Priori Plate Model

From the available geophysical information it appears that
the convergence of the Australian and Pacific Plates might be
accommodated by up to four microplates: North Bismarck,
South Bismarck, Solomon Sea, and Woodlark (Figure 2h).
Without geodetic data from sites located on either the Caroline
Plate or the Solomon Sea Plate we cannot resolve the questions
surrounding the existence of the Caroline Plate nor whether the
Solomon Sea Plate is being actively subducted at the Trobriand
Trough.

Whether a Caroline Plate exists or not has no effect on our
results, so we refer to all lithosphere north of the Manus
Trench as the Pacific Plate. The available geophysical
evidence indicates that at least in the recent past the Solomon
Sea and the Woodlark plates were different blocks, hence our
adoption of the Woodlark Plate in our a priori model.

3. GPS Crustal Motion Surveys
in Papua New Guinea

A total of 20 stations have been observed with GPS since
1990 as part of a geodetic network designed to measure crustal
deformation and to gain an understanding of the present-day
large-scale tectonic motions. There have been -earlier
terrestrial geodetic surveys in PNG aimed at determining
crustal motion in specific localities [e.g., Sloane and Steed,
1976], but little work has been done to establish the regional
kinematic pattern. McClusky et al. [1994] made preliminary
comparisons between baseline lengths derived from Doppler
and GPS, and C. Stevens et al. (1998) have used GPS to
monitor deformation on the Ramu-Markham Fault. Mobbs
[1997] determined preliminary velocities for some sites in
PNG, but the analysis was limited by the large uncertainties of
the estimates due to a short time interval between occupations
of the sites. The analysis in this paper is based on five GPS
surveys during 1990-1993 and 1996. The network con-
figurations varied in the surveys conducted from 1990 to 1993,
whilst in 1996 we occupied simultaneously a total of 15 of the
previously observed sites including all of the sites initially
observed in 1990. Five sites which were observed in the
D’Entrecasteaux Islands in 1991 have not yet been reoccupied
and will not be discussed in this paper. -

There are three locations in PNG where there have been
observations taken on more than one mark at the same
location: Alotau, Misima, and Guasopa. The station observed
at Alotau in 1990 was abandoned because of concerns of local
stability, and a new mark was used in subsequent occupations.
Two marks have been occupied at the other two sites as a result
of operator confusion. Both terrestrial and GPS site ties exist
between the local marks; however, because the sites have been
occupied on two or more occasions, they have been analyzed
here independently, thus providing a check on the accuracy of
the velocity estimates.

The GPS observations were made with a mixture of receiver
types (Trimble: 4000 SDT, 4000 SST, 4000 SSE ‘and 4000 SSI
and Ashtech: PXII and ZXII), and the duration of observations
varied from 12 to 24 hours per day. In addition, the global GPS
tracking network evolved considerably from just 13 sites in
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Table 1. Site Names, Site Codes, Ground Mark Identification Numbers and Velocities and Associated (16) Standard
Deviations in mm yr-! Estimated from Global Positioning System (GPS) Observations

Site Site Survey Latitude Longitude Vau oy Ve OV,
Code Identifier
Alotau ALTI PM 9377 S10°18.8' E150°27.4' - - - -
Alotau ALT2 PM 9538 S10°18.6' E150°20.3' 59.0 1.6 292 3.8
Carteret CART GS 9856 S04°47.0' E155°27.8' 19.3 24 -61.2 4.6
Guasopa GUAL1 PM 9519 S09°13.5' E152°56.6' 84.6 20 212 4.6
Guasopa GUA2 AA 595 S09°13.5' E152°56.6' 84.4 24 20.0 4.6
Jacquinot Bay JACQ PM 9515 S05°38.7' E151°30.3' -49.7 22 17.0 4.1
Kavieng KAVI PM 9513 S02°34.9' E150°48.4' 326 1.6 -62.5 2.7
Lae (Unitech) LAEl LAE! S06°40.4' E146°59.6' 62.0 20 20.6 3.1
Losuia Lous AA 583 S08°32.1' E151°07.5' 76.0 1.4 22.1 2.5
Madang MADA AA 053 S05°09.7" E145°44.9' - - - -
Madang MADI PSM15495 S05°12.7' E145°46.9' 39.9 2.0 242 3.1
Manus MANU Manus $02°03.0' E147°21.6' 28.2 1.8 -62.9 29
Secor 9522
Misima Island MISI PM 9520 S10°41.3' E152°50.0' 57.6 1.5 28.5 2.7
Misima Island MISI PM 9195 S10°41.3' E152°50.4' 56.9 2.0 26.2 3.1
Port Moresby MORE PSM15832 509726.0' E147°11.2' 56.9 1.4 29.8 25
Morobe MORO PM 9517 S07°44.5' E147°35.4' 63.9 1.8 27.1 2.9
Nuguria NUGU ‘AA 619 $03°20.1' E154°40.5' 19.3 24 -65.0 4.6
Rabaul RABL PSM23074 S04°11.5' E152°09.7' -98.3 2.4 22.0 4.6
Witu Island WITU PM 9516 S04°41.3' E149°26.1' -23.0 42 27.6 8.1
_Lae (Unitech) UNIT PM 38 S06°40.3' E146°59.9' - - - -

1990 to over 100 sites in 1996, while the number of satellites
increased from 10 to 24. Consequently, the accuracy of the
determination of the orbits of the satellites and hence the
accuracy of the GPS solutions improved with time from 1990
to 1996. Table 1 lists the PNG sites which were observed, the
actual survey mark identifier, and four character codes which
will be used in this paper when referring to particular sites.
Table 2 summarizes the history of the PNG site occupations
throughout all the GPS surveys. The site locations are shown
in Figure 6 (below). A full description of the 1990-1993
fieldwork is given by McClusky et al. [1994] and Mobbs
[1997].

4. Results

The GPS data were processed with the GAMIT/GLOBK
software [King and Bock, 1996; T.A. Herring, 1997] in a two-
step procedure resulting in velocity estimates of the PNG sites
in the International Terrestrial Reference Frame 94 (ITRF94)
[Boucher et al., 1996). We define the terrestrial reference frame
by transforming the coordinates and velocities of a free-
network solution onto the coordinates of the 13 core sites of
the International GPS Service for Geodynamics (IGS) network
[Mueller and Beutler, 1992] (Figure 4). The analysis procedure
is explained in detail in Appendix A. We found a misfit
between the velocity fields of ITRF94 and the No-Net-

Rotation-NUVEL-1A (NNR1A) global plate motion model
[DeMets et al., 1994] of 1-2 mm yr'1 and our results agree
more closely with ITRF94 (see Appendix A).

In the following discussion our estimated velocities for the
PNG sites relative to ITRF94 will be referred to as absolute
velocities in order to distinguish them from the relative
velocities of one plate with respect to another. In fact, it is
impossible to measure a truly “absolute” velocity with GPS
since there is a dependence of the GPS solution on an
externally defined reference frame. However, since ITRF% is a
combination of different space geodetic solutions™and the
NNRIA absolute plate motion model (here again, we use the
term absolute in the sense of “not relative”), we consider the
estimated GPS site velocities to represent the motions of the
sites with respect to the geocenter of the Earth and the three
coordinate axes which define ITRF94.

4.1. Accuracy of GPS Velocity Estimates

The uncertainties of velocity estimates are as important as _
the estimates of the velocities themselves, but realistic
estimates of the uncertainties are difficult to achieve. The
computed quantities are the coordinates of the sites, and the
velocity of a site may be inferred from the slope of a
regression between all coordinate estimates of a site if we
assume that the velocity at the site is constant. In reality the
velocity estimates were computed from a deterministic Kalman
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Table 2. Day-of-Year Occupations for the Papué New Guinea GPS Sites From 1990 to 1996

Site 1990 1991 1992 1993 1996
ALT2 - 222-232 - 244-245 240-247
CART - - 125-132 - 241-247
GUALI 215 231 - - 240-248
GUA2 216-219 232 - 2482
JACQ 209-217 - 125-133 - 240-247
KAVI 211-214 - 125-133 150-154 240-247
161-163
LAE1 - - - - 240-247°
LOUS 209-218 222-230 127-133 i39-14i 240-247
MADI - - - 240-245 240-247
MANU 209-213 - - 247-248 240-247
MiSI 2i5-219 221,222 - 134-138 240-243
227,228
MIS| - 223-226 - - 240
229-232 244-247
MORE 209-219 222224 125,126 134-146 240-248
226 132,133 150-154
165,166
230-248
MORO 209-219 - - 144-146 240-247
NUGU - - 125-132 - 241-247
RABL - - 125-131 - 246-248
UNIT - - - 243-245° -
WITU 209-218 - - - 240-247

& GUA2 observed simultaneously with GUA1 for only 2 hours on day 248, 1996.
Site UNIT was not occupied in 1996; a local tie was used to connect the UNIT and LAEI] sites.

filter solution in which the full covariance matrix was used.
The velocity uncertainties are therefore a function of the
accuracy of the coordinates at each epoch and the time interval
between epochs [Morgan, 1994]. It is the former that is
difficult to assess realistically. Usually, it will not suffice to
adopt the formal variances and covariances resulting from each
epoch solution since these will not reflect any unmodeled
systematic errors such as antenna centering and the reference
frame definition. Thus the resulting precision estimates are
usually much smaller than the actual level of accuracy.
Experiments in which site velocities are estimated from
long time series of coordinates indicate a scatter that exceeds
the formal precision estimates and points to a need to scale the
covariance matrices upward. Feigl et al. [1993] found it
necessary to scale their covariance matrix upward by ~(2.2)2
and obtained velocity uncertainties of 1-5 mm yr'l (10). Other
investigators found that a simple scaling of the covariance
matrix was inadequate and have suggested that the variances
should be increased by a constant amount [e.g., Hudnut et al.,
1996] or by an amount that is a function of the duration of the
experiment [e.g., Argus and Heflin, 1995; Larson et al.,

~ 1998]. In all cases the resulting velocity uncertainties were of
the order of 2-5 mm yr‘l (1o).

In the present analysis the station coordinates and
velocities were computed from a rigorous deterministic
solution (Table 1), and the precisions of the coordinates for
each epoch have been computed from the scatter of daily
coordinates for each site in a back filter solution -with
stochastic estimation of the PNG site coordinates (Figure 5 and
see Appendix A). This procedure is known to produce larger
variances than the forward deterministic process since the
daily correlation is decoupled by the stochastic modeling [see,
e.g., Tregoning, 1996]. The precision of the velocities of the
sites was then estimated from the weighted least squares fit of a
linear trend through the coordinates (Figure 6). In most cases
where there are three or more estimates of coordinates the
regression line lies within the 1o error bars, indicating that
the coordinate uncertainties are realistic. In general, the (10)
velocity uncertainties are ~2 mm yr'! for the north
components and 3-5 mm yr'! for the east components (Table
1) in agreement with the results of other investigators as
discussed above.
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Of the separate annual solutions those for the 1990
campaign are the least precise because of the smaller available
satellite constellation in 1990, the sparse global tracking
network which was operating at that time, and the quality of
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Figure 4. The location of core International GPS Service for Geodynamics sites (circles) and sites

beyond the PNG region (small squares) which were used in the computation of the Euler poles of the
Australian and Pacific Plates.

the GPS receivers used. Thus the velocity estimate of WITU,
which was observed only in 1990 and 1996, has a larger
uncertainty than that of the other sites (Table 1 and Figure 6).
Where .two different marks were occupied (Guasopa and

Figure '5. The precision of local north and east coordinate estimates of each campaign from daily

repeatability studies.
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Figure 7. The absolute GPS velocities (solid arrows) and corresponding 99% error ellipses. NNRIA
velocities (open arrows) are shown for MAD1, LAE1, MORO, MORE, ALT?2, MISI, LOUS, and GUAI
(Australian Plate) and for MANU, KAVI, NUGU, and CART (Pacific Plate).

Misima), the estimated velocities for each mark are in good
agreement and lie well within the uncertainties of the
individual determinations (Table 1).

4.2.

To test whether our estimated velocities agree with the
NNRIA plate model velocities, we compared our vectors and
uncertainties with the motion of a site when modeled by the
Euler pole for a particular plate in the NNR1A model (which
does not provide information of the uncertainties of the
estimates). We consider that if the NNR1A estimate lies within
20 (or the 95% confidence limit) of our velocity estimate, then
statistically the two vectors are not significantly different,
indicating that our estimated velocity can be considered to
represent motion of that particular plate in the NNR1A model.
Similarly, if an estimated rate of change in baseline length
between two sites i not significantly different from zero, we
conclude that the baseline length has remained “constant” or
unchanged for the ‘duration of the observations.

Figure 7 illustrates the geodetic estimates for the ITRF94
absolute site velocities and the geological predicted motions
from the NNRIA plate model. When considering the
previously mentioned discrepancies of 1-2 mm yr'! between
the two reference frames and the unpublished uncertainties of
the NNR1A model, we conclude that the velocities of MISI,
ALT2, and MORE are consistent with the motion of the

Site Motions

Australian Plate, and NUGU, CART, MANU, and KAVI are
consistent with the motion of the Pacific Plate to within ~5-
9 mm yr‘l (the 99% confidence level). This is examined
further in Table 3 where the changes in the baseline lengths
within these two groups of sites are clearly not significantly
different from zero, consistent with these sites beirig located
on the same plate. The observed velocities of the remaining
sites differ from the predictions based on the NNR1A model,
indicating that they do not lie on either of the two major
plates. Baseline lengths between some of these sites exhibit
significant variations with time, suggesting the existence of
small tectonic units between the Australian and Pacific Plates.
The velocities of the two sites in the Solomon Sea, LOUS,
and GUAL, show sigriificant differences from the motion of the
Australian Plate, while the baseline length between GUA1 and
LOUS remains constant at the 95% confidence level (Table 3).
This is consistent with the occurrence of spreadirig on the
Woodlark Basin Spreading Centre. Thé estimated full rate of
spreading between GUAL and MISI is 26.4 + 5.0 mm yr-!
while that between LOUS and ALT2 is 12.6 + 4.6 mm yr!,
suggesting that the relative pole lies to the west of the Papuan
Peninsula. No significant relative motion is evident between
GUAL1, LOUS, MORO, and LAEI, suggesting that the four sites
may lie on the same plate, the Woodlark Plate. The MORO and
LAE]1 velocities are significantly different to the Australian
Plate velocities, and there is no significant motion between
these two sites at the 95% confidence level. The baselines
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Table 3. Changes in Baseline Lengths (mm yr'!) and Associated 95% Confidence Intervals

WITU

JACQ MADI
JACQ -
MADI -0.418.0 -
WITU 13£13.6 -5.3+132 -
CART KAVI MANU NUGU
CART -
KAVI 6.448.4 -
MANU 42186 -0.146.0 ;
NUGU 1.9+8.0 -0.548.6 -0.98.6 ;
ALT2 MISI MORE MORO LAEL LOUS
ALT2 ;
MISI 04478 -
MORE -0.5+7.0 -0.746.2 -
MORO 5.316.6 4946.4 6.2+4.6 -
LAE] 8.646.6 9.86.4 6.045.0 1.845.8 -
LOUS 12.624.6 18.445.2 2452 -6.846.0 35560 -
GUAI 2.748.6 26.4£5.0 -6.548.0 -10.38.2 73182 37478

MORE-LAEl and MORE-MORO both show a small but
significant rate of divergence at the 95% confidence level but
not at the 99% level.

The velocity estimates of RABL and JACQ differ by
50 mm yr'!. Both sites are in New Britain, and this difference
is too large to be explained with rigid plate theory. On
September 19, 1994, two volcanic eruptions occurred in the
Rabaul caldera (Tavurvur and Vulcan) ~7 km from the RABL
site [McKee et al., 1995]. The RABL GPS mark is located at the
Rabaul Volcanological Observatory (RVO), which is actually
within the caldera. The eruptions occurred between the two
occupations of RABL (1992 and 1996), and we considered that

Table 4. Absolute Euler Pole Estimates

the estimate of the velocity of RABL contained a component
of local deformation due to the eruptions and excluded this site
from further tectonic interpretations. Future reoccupations of
RABL should provide further insight into this anomalous
result.

The velocities of MAD1, JACQ and WITU are significantly
different from either the Australian or Pacific Plate velocities
(i.e., residual velocities >20 mm yr‘l). The baseline lengths
between the three sites remain constant with time, consistent
with these sites being located on a small plate which is
rotating in a clockwise direction.

KAVI has been occupied during four different campaigns,

Plate Latitude Longitude Rate Pole Error Ellipse
(@) “) ¢ Myr'h) Omax Omin Azimuth
() () )
Australia® 31.6 413 0.620.01 2.89 1.36 293
Pacific? -61.4 105.0 0.63+01 2.80 1.13 54
Woodlark® -0.7 128.4 1.78£0.30 420 0.65 289
South Bismarckd 6.7 8.15+0.30 022 0.15 358

-31.7

Rotation is in an anti clockwise direction about the pole. The error ellipses of poles are described by the one
sigma semi-major and semi-minor axes of each error ellipse and the clockwise angle from north of the semi-

major axis.

2 Pole position based on the velocities of KARR, YARL, COCO, XMAS, SMIT, TIDB, TOWN, HOB1, and

DARW.

b pole position based on the velocities of KOKB, PAMA, CART, NUGU, KAVI, MANU, and CHAT.
€ Pole position based on the velocities of LOUS, GUA1, LAE1, and MORO.
4 Pole position based on the velocities of JACQ, WITU, and MADI.
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Figure 8. The location of Euler poles: (a) Australian Plate,
(b) Pacific Plate, and (c) Australian-Pacific relative pole. Our
GPS estimate, NNR1A, NUVEL-1A [DeMets et al., 1994]
(Figure 8c), and ITRF94 as well as the poles determined by
Larson et al. [1998] (LARSON) and Argus and Heflin [1995]
(A&H) are plotted. The 95% error ellipses are shown where
available.

and its velocity is well determined. It does show some
northerly motion relative to the Pacific Plate (Figure 9 below).
However, the discrepancy lies within the 99% error ellipse of
the velocity, and changes in the baseline lengths between this
site and NUGU, CART, and MANU are not significantly
different from zero. The MANU velocity also shows some
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northward motion relative to the Pacific Plate, although this
falls within the 95% error ellipse. It is possible that this
spatially concurrent motion is indicative of a block movement
northward relative to the Pacific Plate, but our resolution is not
sufficiently precise for us to make a definitive statement. We
conclude that to within our measurement uncertainties, KAVI
lies on the Pacific Plate.

Mobbs [1997] concluded that MANU and KAVI were located
on the Pacific Plate and that MORE, ALT2, MISI, MORO,
GUAL1, UNIT, and LOUS were located on the Australian Plate to
within the uncertainty of the measurements (1o level of ~+15
mm yr'!). By analyzing additional GPS data we have improved
the accuracy of the velocity estimates which has led to a more
detailed velocity field for the PNG region and has shown that
MADI1, MORO, LAE1, LOUS, and GUA1 are not moving with
the Australian Plate. '

4.3. Euler Pole Estimates

Using our velocity estimates for the PNG sites as well as
other IGS sites, we computed Euler poles for the Australian,
Pacific, Woodlark, and South Bismarck Plates (Table 4), with
only the first two of these plates being contained in the
NNR1A model. Figure 8 compares these poles with the NNR1A
estimates. Differences are minor and change the velocity
predictions at the sites by less than the uncertainties of
the velocities (for example, differences of 2.8 mm yr'1 north
and 0.4 mm yr'! east for YARI, 2.1 mm yr'! north and
1.5 mm yr'! east for TIDB). We compute the relative
convergence between the Australian and Pacific Plates in the
PNG region to be 98 mm yr-! at a bearing of 18° which is
slightly slower than the NUVELI1-A estimate of 103 mm yr-!
at a bearing of 17° [DeMets et al., 1994]. Larson et al. [1998]
also computed Euler poles for the Australian and Pacific Plates
using GPS-derived velocities from sites with more than 2 years
of continuous observations. Their estimate of the position of
the Australian pole agrees with our estimate, but the location
of their Pacific pole is quite different in longitude (see Figure
8b). Since we used more sites giving a wider geometrical
distribution across the Pacific Plate, our determination of the
Pacific Plate Euler pole is more reliable.

Geodetic determinations of the poles of these two plates
from GPS [Argus and Heflin, 1995] and from the velocities of
sites in ITRF94 are also illustrated in Figure 8. The 95%
confidence interval error ellipse of our Australian-Pacific
relative pole overlaps the error ellipses of the NUVEL-1A
[DeMets et al., 1994], the ITRF94, and the Argus and Heflin
[1995] determined relative poles for these two plates.
However, the solution is significantly different to the relative
pole of Larson et al. [1998] (Figure 8c).

The velocities of LOUS, GUA1, MORO, and LAE1 can be
modeled to within their uncertainty by a rotation about a
single Euler pole (Figure 9). Similarly, the motions of MADI,
JACQ, and WITU can be modeled by a clockwise rotation about
a pole located in the Huon Gulf. Since the geometrical
locations of these three sites are well separated in azimuth
relative to the pole of rotation, the pole for the South
Bismarck Plate is more precisely determined (by a factor of 2)
than all the other poles we have estimated, hence the relative
error ellipses of the South Bismarck Plate with respect to all
other plates are small, ~4 times smaller than the relative error
ellipses for the models of Argus and Heflin [1995] and
NUVELLI [DeMets et al., 1990]. The size of the error ellipse
Australian/Woodlark relative pole is consistent with the
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Figure 9. The residual GPS vectors with respect to our predicted motions using Euler poles in Table 5.

uncertainties of relative poles of other investigators. This is
due to the geometry of the geographical locations of sites on
the Woodlark Plate rather than to inferior estimates of the site
velocities.

4.4. New Plate Model

We propose a five-plate model to represent the present-day
kinematics of the PNG region (Figure 10): Australian, Pacific,
Solomon Sea, Woodlark, and South Bismarck Plates (although
we cannot distinguish between the Solomon Sea and Woodlark
Plates with our data). The three minor plates accommodate the
convergence of the two major plates, the Australian and Pacific
Plates. The Australian Plate extends as far north as the
southern part of the Papuan Peninsula (including the Port
Moresby, Alotau, and Misima sites), while the islands of
Nuguria, Carteret, Manus, and northern New Ireland are on the
Pacific Plate. Madang, Witu, and Jacquinot Bay are located on
the South Bismarck Plate and Lae, Morobe, Losuia, and
Woodlark Island are located on the Woodlark Plate. Our GPS-
observed velocities fit this five-plate model at a 95%
confidence level (or <8 mm yr-!) with the exception of KAVI
(as discussed above).

5. Discussion

In the recent past the Solomon Sea Plate has subducted
beneath the Australian and South Bismarck Plates at the
Trobriand Trough and the New Britain Trench. Subduction is
still occurring on the New Britain Trench, but activity has
virtually ceased on the Trobriand Trough with recent
geological convergence estimates ranging from ~6 [Kirchoff-

Stein, 1992] to 20 mm yr'! [Eiichi et al., 1986]. The oceanic
lithosphere south of the Trobriand Trough has an absolute
velocity of ~80 mm yr'! with an azimuth of ~14° (at 153°E),
so we infer that the Solomon Sea Plate is now moving at a
similar rate.

The Australian/South Bismarck continent-arc collision
occurred at ~3-4 Ma, while the Woodlark Basin Spreading
Centre has been active for about the last 4 Myr [Benes et al.,
1994]. The block north of the Woodlark Basin Spreading
Centre (which we have referred to as the Woodlark Plate) was
once a part of the Australian Plate but is now in the process of
separating from it. Continental rifting is propagating
northwestward into the Papuan Peninsula with a small rate of
divergence occurring across the Owen Stanley Range. There is
no definite boundary between the Woodlark and Australian
Plates on the Papuan Peninsula further northwest of ~T48°E
because in this region the two plates have not yet begun to
separate. .

Below we compare our model derived from geodetic data to
the geological and seismic data of the region and show that it
is consistent with all three types of data. We use our Euler
poles to determine current motions at the plate boundaries and
to compare these to estimates obtained from geology and
seismicity.

5.1. Definition of Plates

5.1.1. South Bismarck Plate. We define the South
Bismarck Plate to be bounded by the Bismarck Sea Seismic
Lineation in the north and the New Britain Trench in the south.
The eastern boundary is ill defined, although there are a number
of left-lateral faults in the region which may be the
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Figure 10. The proposed tectonic boundaries and relative Euler poles based mainly on the GPS data. The
error ellipses plotted on the Euler poles represent the 95% confidence level.

continuation of the lineation. Clearly, though, the boundary is
west of the islands of Nuguria and Carteret. The western
boundary is a continent-island arc collision occurring on the
Ramu-Markham Fault and beneath the Finisterre Range. The
plate extends at least as far westward as Madang, but without
further geodetic measurements we cannot define the western
end of the South Bismarck Plate. We presume that this is
somewhere near Wewak, where the Wewak Trench begins.
Geologically, the western limit of the continent-arc collision
would be the Adelbert Range northwest of Madang.

5.1.2. Solomon Sea/Woodlark Plates. As already
mentioned above, we distinguish between the Solomon Sea
and the Woodlark Plates only on the basis of the seismic and
geological evidence [e.g., Pegler et al., 1995; Cooper and
Taylor, 1987a]. If the Solomon Sea Plate exists in the form of
a doubly dipping slab beneath the Finisterre Range and Papuan
Peninsula as shown by Pegler et al. [1995], then clearly the
Trobriand Trough has been an active subduction zone in the
past. Hence, in the past the Solomon Sea Plate and the
lithosphere to the south of the Trobriand Trough belonged to
different plates. We distinguish between the Solomon Sea
Plate and Woodlark Plates on the basis that there was relative
motion in the recent past and choose to retain the Trobriand
Trough as the southwestern boundary of the Solomon Sea
Plate. The northern and eastern boundaries are the New Britain
and San Cristobal Trenches.

The Woodlark Basin Spreading Centre forms the southern
boundary of the Woodlark Plate. The boundary becomes a
continental rift zone with divergence across the Papuan
Peninsula as far west as 148°E. It then becomes a left-lateral
shear zone with a small compressional component increasing
westward. The deformation in this area is probably diffuse and
widely distributed.

5.1.3. 1Is there a North Bismarck Plate?. We find
no conclusive evidence for a North Bismarck Plate at the 99%
confidence level, although the spatial conformity of the
residual motion of MANU and KAVI relative to the Pacific
Plate suggests that there may be some differential motion
between these sites and the Pacific Plate but of a magnitude
(<8 mm yr-1) that is below our current resolution. This would
be consistent with the existence of a North Bismarck Plate
with slow convergence occurring at the Manus Trench.
Alternatively, the residual motion at KAVI (significant at the
95% confidence level) might be a localized effect associated
with the very active spreading segment of the Bismarck Sea
Seismic Lineation located southwest of the northern tip of New
Ireland.

5.2. Motion at Plate Boundaries

5.2.1. Solomon Sea-South Bismarck Plates. We
cannot unequivocally solve for relative motion at the New
Britain Trench because our GPS measurements cross both the
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Figure 11. The predicted motion of the Solomon Sea Plate relative to the South Bismarck Plate at the
New Britain Trench (open arrows) and motion of the Pacific Plate relative to the South Bismarck Plate in
southern New Ireland (solid arrow). Shallow earthquakes (0-50 km) shown north of 5°S indicate the most
likely boundary between the South Bismarck and Pacific Plates. Earthquakes south of 5°S are dominated by
subduction-related events and are omitted. Numbered segments of the Bismarck Sea Sesimic Lineation are
indicated [Taylor, 1979]. BF is the Baining Fault; SF is the Sapom Fault; and WF is the Weitin Fault.

Trobriand Trough and the New Britain Trench. If we assume
that the pole for the Woodlark Plate also represents the motion
of the Solomon Sea Plate, the computed rate of subduction. on
the New Britain Trench varies from 80 mm yr'! in the west to
150 mm yr-! in the east (Figure 11). The motion is slightly
oblique, at an angle of 20° to the trench at the western end, but
becomes normal eastward along the trench. It becomes very
oblique at the eastern end where the trench turns sharply
southward, but the overriding plate in this region is not the
South Bismarck Plate, and hence our relative Euler pole will
not be valid here.
~ Abers and McCaffrey [1994] computed a set of slip vectors
from earthquakes in the PNG region and showed that the
azimuths of these vectors on the New Britain Trench do not
vary smoothly, rather they show a discontinuity at 149°E
where they change suddenly from ~20° to 0°. They claimed
that an additional 50 mm yr'! of right-lateral shear is required
in order to accommodate this slip vector discrepancy and that
the motion of the plates cannot be represented by a single
relative pole. Pegler et al. [1995] noted that this is a
consequence of two different plates being involved in the
collision with the South Bismarck Plate. Our prediction
disagrees with the slip vector azimuths of Abers and McCaffrey
[1994] as far east as 151°E, at which point our predicted
convergence also becomes normal to the trench. This

difference may result from localized deformation within the
subducted slab, or it may be that slow subduction at the
Trobriand Trough renders our Woodlark/South Bismarck
relative pole inappropriate for predicting motion at the
western end of the Solomon Sea/South Bismarck plate
boundary.

5.2.2. South Bismarck-Pacific Plates. The
boundary between the South Bismarck and Pacific Plates
probably stretches from the Wewak Trench in the west.to the
triple junction with the New Britain Trench in the east. This
boundary is a transform fault along the western sections of the
Bismarck Sea Seismic Lineation which then becomes a very
fast spreading center just west of New Ireland, and finally turns
into a left-lateral strike slip zone through southern New
Ireland. The expected relative motion in southern New Ireland
(4.5°S, 153°E) is 130 mm yr™! at a bearing of 316° (Figure
11), parallel to the many strike slip faults in this region which
may accommodate this motion. Figure 11 shows the shallow
earthquakes (0-50 km) which have occurred in this region
between 1964 and 1994 and the faults which have been
identified in the region. These distributions suggest that the
motion at this boundary must be partitioned across a number of
left-lateral faults.

The expected spreading on the third segment of the
Bismarck Sea Seismic Lineation is 141 mm yr'! in a direction
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Figure 12. The predicted motion of the South Bismarck Plate relative to the Australian Plate at the

Ramu-Markham Valley Fault.

of 297° (orthogonal to the spreading axis) which is the fastest
relative motion across any boundary in the whole. PNG region.
Our estimate of this motion is in agreement with Taylor
[1979], who estimated the spreading to be ~130 mm yr'! on
the basis of the magnetic anomaly data.

5.2.3. South Bismarck-Australian Plates. The
collision between the Australian and South Bismarck Plates is
accommodated in the Finisterre Range, the New Guinea
Highlands, and the Markham Valley, although the boundary
between the plates is probably the Ramu-Markham Fault.
Assuming that the total collision is taken up on this fault, the

Table 5. Relative Euler pole estimates

predicted pattern of convergence is essentially frontal
becoming more oblique toward the west but with a significant
reduction in magnitude (Figure 12). Because the relative pole
of rotation of the Australian/South Bismarck Plates (Table 5)
is very close to the collision zone, any small change in
position of either the pole or the assumed collision zone will
cause significant changes in the azimuths of the relative
motion across the boundary, whilst the magnitude will remain
unchanged. We conclude that there is ~29 mm yr'! of
convergence occurring between the two plates at 145°30'E,
increasing to 50 mm yr'! at 147°E. This is consistent with the

Plates Latitude Longitude Rate Pole Error Ellipse : -
) ) ¢ Myr‘l) 0;max Gﬂmin Azimuth

( () ()

Australia- -10.8 145.2 1.86+0.03 2.01 1.58 74

Woodlark .

South Bismarck- -4.5 144.6 7.9840.02 0.49 0.48 5

Australia

South -5.7 144.8 9.83+0.02 0.51 0.40 61

Bismarck-

Woodlark

South Bismark- -10.2 146.9 8.4610.02 045 045 1

Pacific

Pacific- 61.4 6.8 1.01£0.02 2.38 228 84

Australia

Rotation of the second plate relative to the first plate is in an anti clockwise direction about the pole. The error
ellipses of the poles are described by the one sigma semi-major and semi-minor axes of each error ellipse and the
clockwise angle from north of the semi-major axis.
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Figure 13. The predicted motion of the Woodlark Plate with respect to the Australian Plate at the
Woodlark Basin Spreading Centre and the Papuan Peninsula. The solid arrows represent the residual GPS
vector relative to the Australian Plate. The open arrows represent the predicted relative motion using our
estimate of the Australian/Woodlark relative Euler pole. The 95% error ellipses are plotted. The active
volcanoes on the Papuan Peninsula are indicated with triangles.

geological evidence for the Finisterre terrain being
amalgamated with the Australian Plate from the northwest to
the southeast in the last 3 Myr [Abbott et al., 1994].

5.2.4. Woodlark-Australian Plates. - Spreading is
well defined on the Woodlark Basin Spreading Centre, and our
model predicts a half-spreading rate of 12 mm yr-! at 153°E,
increasing to 40 mm yr'! at 156°E (Figure 13). This is about
half the rate determined from magnetic reversals by Benes et
al. [1994]. Their relative pole position (9°30'S, 148°56'E) is
locatéd to the east of our estimate (Table 5), but they do not
provide any estimate of uncertainty of their polé position or
rotation rate. If there is a significant difference between the
rate estilmates from a history of magnetic reversals and from
recent GPS measurements, then this indicates that the rate of
spreading is slowing down or has slowed in recent times. This
would be a significant finding since in most cases there has
been very good agreement between estimates of motion from
geological and geodetic information [see, e.g., Robbins et al.,
1993; Argus and Heﬂin,’ 1995; Larson et al., 1998].

A slowing down of spreading on the Woodlark Basin
Spreading Centre might indicate that the spreading was a
temporary response to structural tensions rather than long-
lived forces in the lithosphere. Goodliffe et al. [1997] showed
from sidescan and multibeam bathymetry surveys that the
whole spreading center reoriented synchronously at ~80 ka and
suggested that such a reorientation could be caused by a large
and rapid change in local plate motions. If a reorientation
occurred, the spreading rates before and after such an event will

not necessarily be the same, and owing to the lack of magnetic
reversals in the past 200 kyr, it is not possible to determine a
change in spreading rate from magnetic anomalies. Goodliffe
et al. [1997] estimated that the reorientation occurred at
~80 ka, assuming that the estimate of the rate of spreading
from magnetic anomalies was valid both before and after the
reorientation. Assuming that the spreading rate estimated from
the magnetic anomaly data represents the motion prior to
reorientation and that our estimated rate of spreading in the
past 6 years represents the motion after the reorientation, we
estimate that the reorientation occurred at ~170 ka.

The Woodlark Basin Spreading Centre terminates in the
west at the Papuan Peninsula but continues northwestward as a
continental rift with recent volcanism in this region—being
clearly related to continental rifting [Benes et al., 1994]. Our
model predicts that the extensional forces in the peninsula will
change to strike-slip at ~148°E, which coincides with the area
where the volcanism ceases. Further to the northwest, the
forces become compressional. We cannot unequivocally
determine from our geodetic results where the western end of
the Woodlark Plate is located, but the boundary must lie
between Port Moresby and Morobe. Our model suggests that
there is ~10 mm yr'! of left-lateral slip occurring in the Owen
Stanley Range, which gradually becomes orthogonal
divergence across the Woodlark Basin Spreading Centre further
to the east. Active left-lateral strike-slip faults have been
mapped striking NW-SE on the Papuan Peninsula [Davies et
al., 1984] which could accommodate this motion. Further
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observations on a more dense geodetic network are required
across the Papuan Peninsula in order to detect and model the
deformation pattern.

6. Conclusions

We have estimated site velocities with respect to ITRF9%4
using GPS observations spanning 1990-1996. We conclude
that there are three microplates trapped in the convergence
between the Australian and Pacific Plates. We have estimated
poles of rotation of the Pacific, Australian, South Bismarck,
and Woodlark Plates and have studied the relative motions
across the plate boundaries using these poles. Subduction is
occurring on the New Britain Trench at a rate of ~100-
130 mm yr-!, convergence of 20-50 mm yr-! occurs between
the Australian and South Bismarck Plates, and the rate of
spreading on the Woodlark Basin Spreading Centre is about
half of the rate determined by Benes et al. [1994] from
magnetic reversals.

This research identifies a number of interesting areas where
future investigations using GPS can provide new information.
What is the localized deformation pattern of the collision of
the Australian/South Bismarck Plates? Where and how is the
predicted strike-slip motion in the Papuan Peninsula
accommodated? Did local deformation occur at Rabaul as a
result of the 1994 volcanic eruptions? How is the
130 mm yr! of relative strike-slip motion between the South
Bismarck and Pacific plates accommodated? Is there relative
motion occurring between northern New Ireland and the Pacific
Plate or is this a local effect resulting from the close proximity
to the Bismarck Sea Seismic Lineation? Will the eastern tip of
the Huon Peninsula show very small absolute motion as a
result of being located ~60 km from the pole of the South
Bismarck Plate? Is the spreading on the Woodlark Basin
Spreading Centre slowing down, or did it slow to a different but
constant rate when the spreading center reoriented at ~170 ka?
Future GPS campaigns will address these and other issues raised
in this paper.

Appendix A: GPS Data Analysis

We describe below some pertinent issues of the analysis of
the GPS phase observations using the GAMIT/GLOBK
software. Further explanations can be found in, for example
Herring et al. [1990], Feigl et al. [1993], King and Bock
[1996], and T.A. Herring (1997).

Carrier phase measurements were used in the GAMIT
software to estimate 15 orbital parameters per satellite (using
the parameter force model of Beutler et al. [1994]), three site
coordinates and thirteen residual tropospheric delays per
station, phase ambiguities (we did not resolve the ambiguities
to integer values), and Earth orientation parameters.
Depending on the amount of available global tracking data,
the data were processed either in a single-network solution per
day (1990-1993) or separately as global and regional networks
(1996).

The output from a GAMIT solution includes the full
variance-covariance matrix of all the parameters and provides
the input for the GLOBK Kalman filter in which either multiple
GAMIT solutions for a single day, an entire campaign, many
years of data, or all of the above are combined. We estimated

12,199

satellite orbital elements, Earth orientation parameters, and
site positions and velocities in GLOBK. Vertical velocities
were estimated; however, because of unresolved modeling
errors such as antenna phase center variations, we have
restricted the discussion in this paper to horizontal velocities.
Parameters can be represented in the filter as either linear
functions of time or as stochastic variables where variations
are modeled as random walk functions with the characteristics
of white noise. The corrélation between consecutive estimates
of 4 parameter can be controlled: zero noise results in a
deterministic estimate of the parameter whereas a large amount
of stochastic variation makes each estimate independent of
those which precede or follow it [see, e.g., Herring et al.,
1990; Feigl et al., 1993; Tregoning, 1996; Hudnut et al.,
1996]. Stochastic estimation can be used to generate daily
estimates of parameters, allowing studies of repeatabilities of
site coordinates to be made.

Combining separate GPS solutions with a Kalman filter has
important advantages for estimating satellite orbits and for
defining the terrestrial reference frame. It has been shown that
finite length multiday arcs improve the accuracy of the orbit
estimation (and hence station coordinates) by using the orbital
dynamics of the satellites as additional information to
constrain the orbits [Beutler et al., 1987; Lichten and Border,
1987; Davis et al., 1989, Beutler et al., 1996]. We utilized this
feature when processing the 1990 to May 1992 solutions by
filtering together many daily solutions which refer to the same
initial osculating orbital elements, resulting in estimates of
the orbit based on many days of data. Because of the small
fiducial tracking network operating for this period, we
processed all regional and global data simultaneously in daily
solutions.

By July 1992 the distribution of sites in the IGS network
had significantly improved, and we chose not to estimate
multiday arcs for the post July 1992 solutions. We processed
global and regional data simultaneously in the 1993 solutions;
however, with the current number of IGS global tracking sites
it is no longer computationally efficient to process all
available data simultaneously, and so we processed the 1996
global and regional data separately and used the filter to
estimate a single set of orbital elements from all global and
regional solutions of a single day. We used the 1996 daily
global analyses computed at the Scripps Orbit and Permanent
Array Center, Scripps Institution of Oceanography [Bock et
al., 1993].

Another important feature of the Kalman filter relates to the
definition of the terrestrial reference frame. The tracking sites
which define this system have evolved with time and were not
operational in the earlier PNG campaigns for which the global
tracking data relied on older (now mostly inoperative) tracking
sites. Thus there was a need to project back in time the current
knowledge of the definition of the terrestrial reference frame
via the coordinates of intermediate tracking sites. This is
possible in the computations performed by the Kalman filter
using the information contained in the estimates of the
parameters and the covariance matrices. We can therefore
compute the whole solution relative to ITRF94 even though
not all of the input GAMIT solutions contain observations at
sites with well-determined ITRF94 coordinates.

We combined all the data spanning 1990-1996, solving for
coordinates and velocities of all “sites without initially



12,200 TREGONING ET AL.: PAPUA NEW GUINEA PLATE MOTIONS FROM GPS

imposing any reference frame on our solution. We then
transformed our loosely constrained network into an
externally defined terrestrial reference frame (in this case
ITRF94). There are two main advantages of this approach: it is
computationally efficient when testing for the effects of
different external reference frames on site velocities, and the
solution is free of any external constraints or possible
distortions until the last step of the procedure.

The data which were filtered in GLOBK included more than
just the data of the PNG surveys. We also analysed the
Australasian data used by Tregoning [1996] in determining the
subduction rate across the Java Trench and all available data
during the GPS IERS and Geodynamics experiment (GIG'91)
[Blewirt, 1993]. It was initially thought that this additional
data was necessary to maintain a consistent reference frame
from 1990 to 1996 by providing station overlaps in the
transition from the original global tracking configuration to
the current IGS network. However, our computations have
shown that the same velocity field for PNG is generated
without the additional data. This indicates that the PNG data set
alone is sufficiently strong such that additional fiducial
tracking data is not necessary to stabilize the velocity
solution. Nonetheless, we have retained the additional data in
the analysis as it allowed us to compute velocities of many
additional sites on the Australian Plate and also to solve for
plate motion vectors and relative poles bétween the Australian
Plate and the microplates in PNG.

Appendix B: Reference Frames

Inherent in a GPS analysis for large-scale crustal

deformation is a terrestrial reference frame, realized by the.

coordinates and velocities of tracking sites on the surface of

Table A1l. Corrections to International GPS

the Earth. This becomes particularly important when
combining data from many years in order to solve for site
velocities. The definition of the terrestrial reference frame
must be consistent and free of error in all of the data sets to be
combined. If this is not the case, intercampaign biases will be
introduced which will corrupt the site velocity estimates [see,
e.g., Larson et al., 1991].

A reference frame is fundamentally defined by an origin of a
coordinate system, three orthogonal axes, and a scale. The
realization of such a reference frame is via the three-
dimensional coordinates of points on the surface of the Earth
[Lambeck, 1988]. Hence different coordinate sets for the same
points on the Earth effectively define different terrestrial
reference frames. The International Terrestrial Reference Frame
(ITRF) is an evolving reference frame whose accuracy is
improving as new space geodetic measurements are added, and
the differences between successive frames reflect the
improvements in the accuracy of the frames rather than
showing the time evolution of the coordinates. ITRF94 is a
particular set of coordinates and velocities which refer to
January 1, 1993, but can be transformed into another epoch by
the addition of the velocity component. Many of the sites in
the IGS global tracking GPS network have coordinates
determined in ITRF94, and 13 of these sites are considered to
be "core" or fundamental sites of the coordinate system (Figure
4 above). The coordinates and velocities of the core IGS sites
have formal uncertainties of about 1-3 mm, and 1-3 mm yr!
in ITRF94 and changes in coordinates between different ITRF
reference frames are of the order of 5-10 mm. As in most
aspects of GPS data analyses, the formal uncertainties are
overly optimistic, but our tests on the terrestrial reference
frame and its stability indicate that all 13 core stations have
position uncertainties under 20 mm (16) with nine of these
stations having uncertainties under 10 mm (10).

Service for Geodynamics Core Station

Velocities Using ITRF94 Velocities and NNR1A a priori Velocities for the Core Stations

Site Code ITRF94-GPS NNR1A-GPS
Vi Ve Vi Ve
Algonquin, Canada ALGO -1.8 2.1 33 3.1
Fairbanks, Alaska FAIR -0.4 1.0 -1.6 22
Goldstone, United States GOLD -1.9 2.5 -1.5 2.0
Hartebeestoek, South Africa HART -0.7 2.5 -1.3 -6.3
Kokee Park, Hawaii KOKB 0.8 0.0 2.1 -1.8
Kootwijk, Netherlands KOSG 0.1 0.4 1.1 1.8
Madrid, Spain MADR 0.6 -1.3 -0.3 0.6
Santiago, Chile SANT -1.0 -0.6 -23 -0.5
Tidbinbilla, Australia TIDB 25 -0.7 33 0.1
Tromso, Norway TROM 0.4 04 35 0.6
Wettzell, Germany WETT 2.1 4.6 2.3 6.0
Yaragadee, Australia YAR1 -1.8 -1.3 -1.5 2.2
Yellowknife, Canada YELL -0.5 0.3 -0.7 1.8
Mean -0.1 0.4 0.5 0.6
Sigma of a single obs 14 1.9 22 3.0

Units are mm yr'!.
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The GAMIT and GLOBK processing procedure produces a

free-network estimate of a poiyhedron of giobai GPS sites that
is only loosely oriented with respect to any terrestrial

reference frame. The pnnrrhn.ates of this free network represent

the locations of the sites with respect to each other, and the
velocities show the deformation of the network as a result of
tectonic motion. We aligned the free network with ITRF94 by
computing seven-parameter Helmert transformations (three
translations, three rotations, and one scale) on the coordinates
and velocities of the 13 core IGS sites into ITRF94. The
resulting scale factors are statistically insignificantly different
from zero (10 confidence interval), indicating that the scale of
our network is consistent with the scale of the ITRF94 which
is based on VLBI, SLR, and GPS data. In order to minimize

ffant tha + lantrinal nhagca
unmodeled systematic effects in the antenna electrical phase

center and residual atmospheric delay errors the height
component was downweighted such that the transformation
was based on the horizontal component of the solutions.

(X) tha alda nd 1a
Ve tested the effect of us‘.ng the oider and iess accurate

- reference frames (ITRF 92 and 93) by estimating the Helmert
transformations for each of the three coordinate sets. The
postfit root-mean-square (rms) of the coordinate trans-
formations were 27, 15, and 5 mm for ITRF 92, 93, and 94,
respectively, and the shape of our free global network clearly
fits ITRF94 better than the earlier reference frames. The mean
adjustments to ITRF94 velocities at the core IGS sites after the
Helmert transformation are <1 mm yr-!, with a 16 standard
deviation of a single observation of 1.4 mm yr-! and 1.8
mm yr-! for north and east, respectively (Table Al). This is
within the quoted formal uncertainties of the ITRF94 core site
velocities, and so, we can assume that our network is not
significantly different from ITRF94.

We also computed the changes in the core station velocities
using the ITRF94 values as a priori station coordinates and a
priori velocities as predicted by the NNRIA plate motion
model (Table Al). The mean corrections from this solution
were <1 mm yr! but the actual estimates for the core station
velocities returned to our original values; that is, the velocity
estimates are independent of the a priori values used. The 1o
standard deviations increased to 2.2 mm yr'! and 3.1 mm yr'!
for north and east, respectively. This indicates that there is a
difference between the velocity field of ITRF94 and NNRIA, a
difference which is larger than the uncertainties of the core
station velocities. Our site velocities agree more closely with
the velocities of ITRF94 than with the NNR1A velocities.
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