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ABSTRACT
Satellite Doppler and GPS measurements have been
used to determine plate tectonic motion in Papua
New Guinea (PNG). A network, which straddles
most of the plate boundaries of the region, was
first observed with Doppler receivers in 1981 and
many of these sites were recently reobserved with
GPS in three successive field campaigns carried out
in 1990,1991and 1992. The measurements indicate
that the deformation of the crust in PNG, between
the Australian and Pacific plates, is characterized
by the rapid motion (> 10 cmlyr) of two small
plates, a Solomon Sea/Woodlark plate and the
South Bismarck plate, and that the majority of
movement occurs along the Bismarck Sea seismic
lineation as strikeslip motion, across the New
Britain Trench as convergence and across the
Woodlark Basin spreading system as extension.
Current rates of motion generally agree with those
obtained from geology.

INTRODUCTION
Papua New Guinea (PNG) is a region of intense and
frequent earthquake activity; for example, from
1900 to 1985, there have been four magnitude 8 and
well over 60 magnitude 7 earthquakes along the
Bismarck arc alone, between 146" and 156"E
longitude (Mori, 1989). There are seven active and
13 dormant volcanoes in the region. Bouguer gravity
anomalies range from about -180 to 200 mGal and
the minimum free-air gravity anomalies reach about
-300 mGal, while magnetic anomalies exceed 1200
nT in amplitude (Johnson, 1979). The region
occupies a unique position on the global geoid - at
the crest of a bulge which is higher than any other
part of the geoid. PNG is also a region of large
predicted plate-tectonic motions. Here the major
Australian and Pacific plates converge. The region
includes two, and possibly as many as six, minor
plates sandwiched between these major plates.
There are at least six, perhaps many more, plate
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FIGURE I
Tecionic setting of Popuo New Guineo ond lhe northwestern port of lhe

Solomon lslonds. Boining Foult IBF), Gozelle Peninsulo (GP), Ghìzo Ridge
(GR), Goodenough Boy {GB), Monus microplote IMM), Milne Boy {MB),
Moresby Trons[orm {MT), RomuMorkhom Fouìt (RMF}, Simbo Tonsform
(ST), Sopom Foult(SF), Weiiin Foult (WF),149'E Emboyment (EE).

boundaries. Many of them are zones of convergence
with different components of strike-slip motion;
several are ridge-transform zones where new
seafloor is being created. Predicted rates of plate
tectonic motion range from about 1 cm/yr across
the Manus Trench to about 13 cm/yr across the
New Britain Trench (Figure 1).

Numerous plate tectonic models have been
proposed for PNG (eg. Johnson & Molnar, 1972;
Curtis, 1973; Krause,7973; Taylor, 1975; Hamilton,
1979;Davies et a1.,1984; Taylor et a1.,1997).Many
aspects of these models remain unresolved despite
decades of intensive research into the tectonics of
this region (compare Figures 2(a)-(C)below). How
many minor plates are there? Is there a North
Bismarck plate or is the Bismarck Sea seismic
lineation in the Manus Basin the southern boundary
of the Caroline plate? Is the Woodlark Rise a plate
boundary as is indicated by seismicity or is the
southern boundary of the Solomon Sea plate
coincident with the Woodlark Basin spreading system?
Where is the boundary between the Solomon Sea and
Australian plates? Is it at the Trobriand Trough or
does it lie within or near the Papuan Peninsula? What
happens to the northeætern margin of the South
Bismarck plate to the south of New lreland? Is there a
triple junction near here? Where are the poles of
rotation of the minor plates? Do current motions
agree with those determined from geology? Is the
motion smooth or jerky? Geodetic observations

reported in this paper are now able to answer some of
these questions.One of the major areas of progress in
satellite geodesy that has made this possible is the
Global Positioning System (GPS).

The writers have determined plate tectonic motion
across the plate boundary complex which makes up
the PNG region. A satellite Doppler survey aimed at
establishing a framework of stations for future crustal
movement surveys was carried out in 1981 (Morgan,
1981;Angus-Leppan et a1.,7983). This survey was
probably the most accurate Doppler satellite survey
ever done. Special precautions were taken to ensure
that the field measurements were of the highest
quality. The 15-station network, which straddles most
of the principal tectonic elements of the region, was
not reobserved with Doppler after five years or so, as
was intended in 1981; nor was the data optimally
reduced at the time. Stolz (1989)first proposed the
reoccupation of four of these sites with GPS as a
proof-of-concept exercise for determining plate
tectonic motion in the region. This four-station
network and seven additional sites of the original
Doppler network were subsequently reobserved in
three successive GPS campaigns. Also, the 1981data
was reduced in a rigorous short-arc adjustment
procedure to produce baselines which are accurate to
about 5-7 parts in l0z (McClusky 1993) which
corresponds to25-40 cm for the average line length
of the network. The GPS baselines are accurate to
within a few parts in 108 corresponding to a few
centimetres over these lengths. In this paper, The
Doppler and GPS measurement campaigns and the
data reduction methods are described. The Doppler
and GPS measurements and the GPS measurements
made at different times are then compared to produce
a pattern of present-day plate tectonic motions for
PNG. Finally, a preliminary interpretation of these
motions is given.

PTATE CONFIGURATIONS AND MOTIONS IN
PAPUA NEW GUINEA
PNG lies within one of the more tectonically complex
regions of the world. At least seven plate tectonic
models have been proposed for the region, using
earthquake-epicentre patterns and seafloor
morphology to define active plate boundaries, first-
motion studies of earthquakes to determine
directions of relative motion, and sphericalgeometry
to calculate velocity vectors. A general picture of
plate configurations and relative motions has
emerged from these studies, but there are some
striking differences in interpretation, caused mainly
by the complex tectonic interactions occurring in the
region and the incomplete geological record. Johnson
(1979) shows four of the existing plate tectonic
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FIGURE 2
Seven inlerpretotions of the distribution of plote boundories in
Popuo New Gulneo ond port of the Solomon lslonds: (ol

modi[¡ed fromJohnson ond Molnor {]922), doshed orrow
indicotes spreoding, {b) modified from Curtis {1923), lc} modified
from Krouse ll9z3], (d) modified from Toylor ll975l, {e) modilied
from Homilton ll9zq), (f) modified from Dovìes etol 11984), ond
lg) modified from Toylor etol ll99l).
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models for PNG (see Figure 2);those proposed by
Johnson & Molnar (1972), Curtis (1973), Krause (1973)
and Taylor (1975). Other versions are given by
Hamilton (1979), Davies et al. (7984) andTaylor et al.
(1991) (Figure 2). At least two minor plates, the South
Bismarck and Solomon Sea plates, are shown
between the larger Australian and Pacific plates in
all models. Johnson & Molnar (1972) show a third
plate, the North Bismarck plate, to the north of the
South Bismarck plate, while Hamilton (1979)and
Davies et al. (1984) give yet a fourth plate, the
Woodlark plate,located in the Woodlark Basin of the
Solomon Sea (Figure 2). Davies et al. (1984) speculate
on the existence of a fifth plate, the Trobriand plate,
situated between the Papuan Peninsula and the
Trobriand Trough, in the Solomon Sea. A sixth plate,
the Manus microplate (see Figure 1), which is much
smaller than the other minor plates in the region and
is located in the Manus Basin of the Bismarck Sea, is
identified by Taylor et al (7986).

Johnson (1979)gives estimates of the relative rates
of motion between the minor plates in PNG (see
Figure 1). Motion between the Australian and Pacific
pñtes is roughly west-southwestwards, ranging from -
ãbout 9-14 cm/yr. Relative motion between the South
Bismarck and Solomon Sea plates is nearly
orthogonal to the boundary between them, the New
Britain Trench, at very high rates of convergence in
the east, decreasing westward. Calculated rates are 6-
12 cm/yr. Movement between the Solomon Sea plate
and Pacific plate also is nearly orthogonal to the NE
boundary of the former at a very high rate of
convergence, in the range of 7-Il cm/yr. Movement
between the Australian and Solomon Sea plates is
generally in a west-northwestwards direction at a rate
óf 3-lcm/yr. The Australian and South Bismarck

olates are in relative motion at a rate of 3-9 cm/yr in
â nearly northerly direction. Motion between the
South Bismarck and Pacific plates is about 8-13
cm/yr,roughly east. Spreading between the North
Bismarck and South Bismarck plates, in the Bismarck
Sea is estimated to be of the order of 10 cm/yr in a
northwesterly direction (Taylor et al., 1986)'

SATETLITE CRUSTAT MOTION SURVEYS IN
PAPUA NEW GUINEA

1981Doppler Campaign

A regional satellite Doppler survey aimed at
establishing a framework of widely spaced but
accurately positioned stations that could be used in
future crustal motion surveys in PNG was performed
in 1981 at the behest of the Australian Bureau of
Mineral Resources. Morgan (1981) describes the
modelling studies which were done to determine (1) a
suitable network of sites, and (2)the optimum
observing strategy. Angus-Leppan et al. (1983)
describe the 15-station network which was
subsequently observed by the Australian Division of
National Mapping (now AUSLIG)between 23 April
and 26 May,1981 (Figure 3). Four stations, Jacquinot
Bay, Lablab, Ulamona and Witu, are located on the
South Bismarck plate and two, Guasopa (Woodlark
Island) and Losuia (Kiriwina), on the Solomon Sea,
Woodlark or Trobriand plate, depending on which
plate model is preferred, with a third, Morobe, close to
the Australian plate boundary. There are three
stations, Misima, Port Moresby and Robinson River, to
the west and south of the South Bismarck plate, on
the Australian plate. Two stations, Kavieng and
Manus, are located on the North Bismarck plate, if it
exists, and a third, Emirau, may be close to the
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boundary of this plate with the Pacific plate. Pinally,
there are two stations, Cafteret and Nuguri4 on the
Pacific plate to the east (but see below). This network
spans all of the major tectonic elements of the region.

Table 1 shows the survey program as executed.
Losui4 the base station, observed continuously for
the duration of the campaign which was carried out in
three phases. During the first phase (Figure 3(a)),
which lasted 13 days, instruments 2 and 3 were
located at Kavieng and Carteret while instruments 4
and 5 were successively moved to occupy Ulamona
Nuguria, Jacquinot Bay, Morobe and Witu. The second
phase (Figure 3(b)) began on day 14 and lasted 15
days.lnstrument 4 was moved to Port Moresby, while
instruments 2, 3 and 5 each occupied a series of
stations, Emirau, Lablab, Manus, Jacquinot Bay, Witu
and Morobe. In addition to Losuia, three of the
stations which were occupied in the first phase,
Jacquinot Bay, Witu and Morobe, were reoccupied in
the second phase to provide a tie between the two
subnetworks so created. The third phase (Figure 3(c)),
which began on day 29, lasted six days. Losuia,
Misima, Guasopa, Port Moresby, Morobe and Robinson
River observed during this phase. Here stations
Losuia, Morobe and Port Moresby provided the tie to
the other subnetworks.

The equipment for the survey comprised two
dual-frequency JMR-14 and three dual-frequency
JMR-I Doppler receivers, plus a spare dual-frequency
JMR-1unit, and one caesium and one rubidium
frequency standard. The atomic frequency standards
were used to calibrate and set the crystal oscillators in
the receivers before and after the survey and to
provide the 5 MHz reference frequency for the two
JMR-14 receivers during the survey. The caesium
oscillator was permanently located at Losuia while the
rubidium standard accompanied instrument 5 (Table 1).

The receivers were maintained in a powered-up
state for the entire survey to reduce the effect of
oscillator variations on the Doppler measurements
over a satellite pass (Morgan,1981). Whilst on site,
data was recorded around-the-clock and, where
possible, the satellites were observed down to the
horizon. Temperature, pressure and relative humidity
readings were taken manually at the commencement
of each satellite pass. Table 2 shows the number of
satellite passes which were collected at each site
during the campaign. The minimum observing period
at each site was three days except at Robinson River
where it was two days. The receiver on Emirau,
instrument 2,failed on day 24 of the survey (Phase 2)
and the replacement unit malfunctioned whilst on
Lablab and Misima. However, enough quality data was
collected at these sites to permit accurate position
determinations relative to the other sites which were

FIGURE 3
Three phoses of the l98l Popuo New Guineo Doppler crusiol motion
survey: io) Phose l, 23 April - 5 Moy; lb) Phose 2,6-20 Moy; ond {c)
Phose 3, 2l-2ó Moy. Sites loined by l¡nes were observed simultoneously.
Corteret (CA), Emirou {EM), Guosopo IGU),locquinot Boy (lB), Kovieng {KAJ,
toblob {tt), Losuio ([O), Monus (MAl, Mlslmo (Ml), Morobe {MO), Nugurìo
{NU), PortMoresby {PM), Robinson River {RR}, Ulomono (UL), Witu lWl).

Ihe AUSTRALIAN Surveyo. September 1994



STATION
PASEJ

NUMBER
A Ô I I I Þ F ñ

REJECTED (7O) NUMBER
I tqtrF)(2)

Losuro 5 33 277
Joouinot Bov 128 I 3 l ó5
Witu 137 6 35 óó
Morobe 126 8 33 ó l

Robinson R¡ver ¿ó 30 12
Kov¡eno t77 zz 33 BO
Emirou t07 RÁ 30 1 7
Lob Lob 33 21 Jô A

Misimo (9520) 5ó 20 35 25
Corterel (AAóló) t55 25 32 ó5

Monus 127 z4 3ó 5 l
Guosopo (9519) ó5 25 32 28
Ulomono 87 t 9 3 t À a

Nuourio 47 l 9 32 ¿J

Port Moresþy (9518) 267 l ó Q À 133

(l) Ephemeris incomplete or unreodoble.
(2) Moximum elevotion ongle < 10", or RMS ronge residuol > l5 cm, or
> 3 losses of lock on sotellite for two consecutive 2 minute integroTion
intervols, or observed from one s¡te only, or corrections to orbitol
stote veclors too big'

TABTE 2. Pott Stolistics for l9B1 Popuo New Guineo Doppler

Crustol Motion SurveY

observed at the time. A number of solar storms
occurred in April, 1981. Ionospheric magnetic
disturbances from23-27 April were high, coinciding
with the beginning of the campaign. For the
remainder of the iurvey, however, the ionosphere was
mainly quiet, though interspersed with short periods -
of unietiled activiiy. This resulted in several losses of
lock, particularly at low elevation angiles, around
meridian crossing, and near sunrise and sunset.

GPS Compoigns

1990

Eleven of the 1981 Doppler sites were reobserved
with GPS in three successive surveys carried out in
July-August 1990, April1991and May 1992 and
several ñew stations were established at these times
to serve as reference points for the PNG Seodetic
survey and future GPS crustal motion surveys in the.
regioñ. Figure 4 shows the sites which were occupied.
Põrt Moresby, Misima, Guasopa, Losuia, Morobe,
Jacquinot Bay, \.Vitu, Kavieng and Manus were
reobserved in 1990 (Figure 4(a)). Two new sites,
Alotau and Madang, were established at this time. The
PNG National Mapping Bureau (NMB)occupied
Manus, Misima Kávieng, Guasopa, Alotau and Madang,
while the Australian GPS Consortium (GPSCO)
observed Port Moresby, Morobe, Losuia Jacquinot
Bay and Witu. Figure 5 shows the 1990 Australian
GPS survey team and the equipment which was taken
to PNG. The 1981and 1990 Port Moresby sites were
not the same. In 1981, a site adjaceñt to the Port
Moresby seismic station was occupied, while in 1990

FIGURE 4
GPS networks observed ln Pcpuo New Guineo: (o) 1990, (b) 199ì, ond (c)

1992. Alotou (AL), Bunomo (BU), Corteret{CA), Guosopo {GU), Hoins (HA),

Jocquinot Boy (lB), Kovieng (KA), Losuio (LO), Monus IMA), Modong {MD),

Misimo (Ml), Morobe (MO), Nugurio (NU), PortMoresbv (PMl, Roboul

{RA), Ulomono (UL), Urosì (UR), Wori (WA),Wiru {WI), Worolumo (WT)'
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STATION

JULY 
']990 AUGUST ]9M

281 29 30 3 01 02 03 ñÁ 0ó o)

)ort Moresbv (NMB Tower
,/onus
(ov¡eno

vlisimo

ìuosooo (9519)

ìL rôsôocr fAA595) 1ìÌl

\4odono

\lolou (9377)
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ÏABIE 3. Execution of l99O Poouo New Guineo GPS Compoion

the GPS tower at NMB in Waiganiwas used. The
seismic station and GPS tower, which are separated by
about 4 km, were connected by a GPS tie survey, which
was carried out over a?-day period prior to the
commencement of the 1990 GPS campaign. Also, the
Misima antenna was set over the wrong mark and the
instrument on Guasopa was moved to a different site
from that occupied in 1981 after the first day, on
account of operator concern over possible multipathing
effects. The 1981 and 1990 Guasopa sites, which are
separated by only a few metres, were connected in 1990
by conventional survey methods and again in 1991 with
GPS. The tie on Misima, a distance of about 700 m, was
determined with two GPS receivers in October 1990
over an eight-hour observing session.

The measurements for the 1990 campaign were
taken between 28 July and 7 August. Table 3 shows
the survey as executed. Four dual-frequency Trimble
4000 SST (codeless)and three dual-frequency Trimble
4000 STD receivers were used. The observations were
made at night to reduce ionospheric effects on the
GPS measurements. There were no equipment
malfunctions during the survey. Generally, the
satellites were observed for about nine hours on each
day, commencing at around 8 pm localtime. All visible
satellites above 15'elevation angle were included. Data
was recorded at l5-second intervals, on the GPS-
second for the 4000 SST receivers and close to the
GPS-second for the 4000 STD receivers (see below).
Automatic meteorological data logging equipment,
which recorded temperature, pressure, relative
humidity and wind speed at five-minute intervals, was
used at Losuia, Morobe, Wtu and Jacquinot Bay. This
equipment recorded continuously overthe entire
campaign. At the other sites, te¡perature, pressure

and relative humidity were obtained manually,
approximately on the hour, during the 9-hour observing
session. However, this meteorological data wæ not used
in the data reductions (see below). During the period of
the campaign the signals transmitted by the GPS
satellites were degraded under the U.S. Defense
Department's policy of "Selective Availability" (SA).
Applied only to the Block II satellítes, SA degrades the
quality of (1)the broadcæt orbital information, (2)the
broadcæt value of the satellite clock offset, and (3) the
satellite oscillator frequency. Ionospheric activity during
the survey ranged from low to moderate.

1991

Port Moresby (NMB GPS tower), AlotaU Losuia,
Guasopa (44595 and 9519) and Misima (9515 and
9520) were again observed with GPS in 1991. Five new
sites, Wataluma (Goodenough Island), Urasi, Bunama
(Normanby Island), Haines and Wari, which were
originally established in 1975 and observed by the
Australian Army with satellite Doppler receivers, were
also resurveyed at this time (Figure 4(b)). These
results willbe discussed elsewhere. GPSCO observed
Alotau, Misima, Hains, Urasi, Wariand Wataluma.
NMB observed Port Moresby and Losuia, and Arman-
Larmer Surveys, of Port Moresby, observed Guasopa
and Bunama. The mark at Alotau (9377), which was
observed by NMB during the 1990 campaign, was
found to be unstable. A different mark (Alotau 9538)
was used in 1991, located at Alotau airport. Alotau
9377 and 9538, which are separated by about 10 km,
were tied with GPS. This tie survey was carried out
over one day prior to the commencement of the main
campaign.

Table 4 shows the 1991 GPS survey as executed. The
measurements were made between 10 and 20 August.
Alotau (9538) wæ observed for 11 days, Losuia and
Misima (9520) for eight days, and Wari for six days.
Bunama, Wataluma, Urasi and Haines were each
observed for five days, while Port Moresby was
observed for four days. Misima (9195) wæ observed for
three days. Guasopa (9519) and Guasopa (44595) were
effectively observed for only one day, since the
instrument which was located there malfunctioned on
four of the five days for which it wæ used to occupy
this site. The tie at Alotau wæ observed over five days
with two receivers. The tie at Misima wæ observed
over three days and that at Guæopa for one day. Only
one receiver was available at Guasopa and Misima Here
the receiver was swapped around between the original
and tie marks thereby obtaining the tie indirectly via
the crustal motion network which was observed (Table
4). Seven dualf-requency Trimble 4000 SST (codeless)
receivers were used in all. With the exception of the
unit at Guasop4 the instruments generally performed
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TABIE 4. Executlon of 199ì Popuo New Guineo GPS Compoìgn

normally. All visible satellites above 15' elevation angle
were observed for about 17 hours on each day,
commencing at around 3 p.m. local time. Data was
recorded at 15-second intervals on the GPS-second.
Automatic meteorological data logging equipment wæ
used to record temperature, pressure, relative humidity
and wind speed at five-minute intervals, at Alotau,
Wataluma Uræi and Misima- At the other sites,
temperature, pressure and relative humidity were
obtained manually, approximately on the hour. Again,
this data was not used in the reductions. Ionospheric
activity during the survey ranged from low to moderate.

1992

Port Moresby (NMB GPS tower), Losuia Jacquinot
Bay, Kavieng, Nuguria and Carteret were observed in
1992 (Figure a(c)). A new site, at the Rabaul

TABTE 5 Execulion of ì992 Popuo New Guineo GPS Compoign

Volcanological Observatory, was established at this
time to serve as a reference point for future crustal
motion surveys in the East New Britain and New
Ireland regions. NMB observed Port Moresby and
Losuia, while GPSCO observed the other sites. Figure
6 shows some of the 1992 survey team. The 1992
mark on Carteret was not the same as that used in
1981. The original ground-mark there had been built
out and a new mark established by NMB on a previous
visit to the island was used. The antenna on Carteret
was placed on a 15 m tower to reduce multipathing
and to obtain an unobstructed view of the GPS
satellites. The 1981and 1992 marks on Carteret,
which are separated by about 30 m, were connected
by ground-survey during the 1991 campaign, with an
orientation being provided by a sun azimuth.

The meæurements for thel992 campaign were
obtained between 4 andl? May. Table 5 shows the
survey as executed. Seven dual{requency Trimble 4000

FIGURE 5 thu l99O Austrolìon GPS crustol motìon survey teom ond the equipmenr token to PNG. Simon McElroy, Art Stolz,
Mortin Hendy, Allon Grohom, Simon McClusky (left to rightl.

. ' . . . 1 :
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SST (codeless) receivers were used during the survey.
The receiver on Losuia failed at the beginning of the
campaign and was replaced with the one previously
located at Port Moresby on 6 May. The receiver located
at Rabaul wæ subsequently shifted to Port Moresby on
11 May. The receiver on Losuia experienced intermittent
tracking problems on the L2 frequency on most days of
the campaign. Nuguria and Carteret also experienced
tracking problems on the L2 frequency at various times
throughout the survey. The remaining receivers
performed normally with one exception, Jacquinot Bay.
Rain there accompanied by lightning on 7 May wæ
particularly heavy and may have caused the sporadic loss
of lock on some satellites which occurred on both the Ll
and L2 frequencies on that day. The other sites were
mainly dry for the duration of the campaign, A major
ionospheric storm occurred on 8 May and continued
until 11 May with magnetic disturbances on 10 May being
particularly severe. However, since the days for which the
tracking problems occurred at the various sites were not
generally the same and did not generally coincide with
the recorded dates of the magnetic disturbances, it is
not presently clear to the authors whether these were
the result of the storm. SA wæ activated on the Block-ll
satellites during the campaign. Allvisible satellites above
15" elevation angle were observed for about 12 hours on
each day, commencing at around 7 p.m. localtime. Data
wæ recorded at l5-second intervals on the GPS-second.
Atmospheric pressure and wet and dry bulb temperature
readings were taken manually approximately on the hour
but, æ already mentioned, these meæurements were not
used when processing the data

DATA PROCESSING
Satellite Doppler

Many software packages have been developed to
process Doppler observations. One of the more
sophisticated of these is the SAGA program developed
by D.C. Brown at DBA Systems Inc. in Melbourne,
Florida USA. Brown (i969)and Brown & Trotter (1969)
describe the basic algorithms used in this software.
SAGA uses the short-arc method of adjusting a
preliminary orbit to account for systematic orbit and
other error sources. In the short-arc method a small
portion of an orbit, normally the part over which the
satellite was tracked, is remodelled and recomputed as
a part of the geodetic parameter estimation process.
Generally, the broadcast ephemeris is used to obtain
starting values for a new orbital arc. An improved arc is
then determined by numerical integration methods
using a particular gravity field model, a clock model, a
model for the atmospheric delay and allavailable
observations from the participating network of
stations. In addition to solving for site cgordinates and
estimating corrections to the initial components of the

orbital state vectors for each satellite pæs, the
software can be used to determine systematic errors
such æ residual atmospheric zenith delay parameters,
satellite and receiver oscillator offsets and drift rates,
receiver clock synchronization errors, frequency
departures of the satellite oscillators from a nominal
value, and initial range ambiguity terms. Any
combination of fixed, free or constrained station
positions is allowed by the program. SAGA also takes
into account correlations in the Doppler observable.

SAGA was used to process the 1981JMR Doppler
observations. The software was written specifically for
the Geoceiver instrument and this was first modified
to accept Doppler and ephemeris data output by the
JMR receivers. The data was then subjected to several
strict editing criteria before processing it with the
software. Table 2 gives the number of passes which
were rejected at each site and the reason why this was
the case. A large portion of those which survived the
data editing process were observed from at least 3-4
stations at the same time, with a smaller percentage
being observed from all five sites.

Prior to adjustment the Doppler observations were
corrected for tropospheric refraction. Geodetic
parameter estimation was then carried out in two
steps. Firsf to obtain suitable starting coordinates for
Step 2 of the computations, a single adjustment
solution was carried out using all data, for (i)the
coordinates of all sites, (ii) corrections to the
components of the orbital state vector for each
satellite for each pass, (iii)the appropriate number of

FIGURE ó Sor" of the field oorrv for the 1992 GPS
cruslol motion survey. Front row: Vic Mocorno,
Wohun Nohu, Loino Modongo, Piten Nomo, Arl
Stolz. Bock row: Roger Horvey,John Oo, Sìmon
McClusky, Simon McElroy, Wesley Lorotung,
John Gill i lond (left to r¡sht).
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range ambiguities for each satellite for each pass, (iv)
the combined satellite and receiver clock offsets and
drift rates for each satellite for each pass, (v) the
departures of the satellite oscillators from the
reference frequency for each satellite for each pass,
(vi) station clock biases for each site except Losuia
and (vii) residual tropospheric delays for each site for
each pass. Since all orbit parameters and station
positions are adjusted the solution will be non-unique.
Therefore, and to maintain the NWL-10D coordinate
system of the broadcast orbital elements (Jenkins &
Leroy, 1979) which were used as starting elements,
the station positions and orbital state-vectors were
constrained. An observational weight was assigned
correspondingto aZ cm range accuracy which is
equivalent to about 10% of the wavelength of the
Doppler observable. Also, to reduce the effect of
systematic errors on the result, particularly orbit
errors, considerable care was exercised to ensure that
a balance of north-going and south-going passes was
maintained. Further attention was given to try to
balance these passes both to the east and to the west
of the station. These computations were repeated in
Step 2 except for holding fixed the coordinates of
Losuia obtained in Step 1. Finally, as a test on the
repeatability of the solution, the passes acquired at
each site were numbered sequentially. The data was
then split into odd and even numbered passes and
separate adjustments carried out on each subset using
the same constraints and weights adopted in Step 1.

Below, the Doppler and GPS bæeline meæurements
are differenced to deduce by how much the lengths have
changed since 1981. For this, the scales of the two
techniques should be the same. They willnot be the same,
however, because of different values adopted for the
parameters used to define the NWL and WGS reference
systems. Three methods of overcoming this problem come
to mind, (i)recomputing the orbits of the Doppler
satellites with the same constants and in the same
reference system used for the GPS satellites, (ii) solving
for the appropriate transformation parameters from
common sites, and (iii)constraining the length of one line
to the same value in both systems. Unfortunately, the
global Doppler tracking data was unavailable; nor could
the transformation method be used as the sites are in
relative motion. So, one line of the Doppler solution,
Morobe-Losuia which wæ observed during a1l three
phæes of the Doppler survey (see Figure 3), wæ forced to
agree with the average value of the daily determinations
obtained for the 1990 GPS survey. That is, it was æsumed
that these two sites lie on the same plate and that little
intra-plate deformation occurred between 1981 and 1990.
The results (see below) show that this æsumption is
correct, at leæt to within meæurement uncertainty.

G P S

The Bemese GPS analysis software developed at the
University of Bern (Switzerland) was used for GPS
parameter estimation (Beutler et a1.,I985; Gurtner ¿f
al., I9ïS;Rothacher, 1992). The program allows any
combination of fixed and free stations.In addition to
solving for site coordinates, the software can be used to
estimate corrections to six Keplerian elements and two
radiation pressure coefficients for each satellite, and any
number of atmospheric zenith delay parameters,
ionospheric model coefficients and cycle ambiguity
terms. Tropospheric effects on the GPS obervables may
be accounted for in a variety of ways. The Saastamoinen
(1972) tropospheric zenith delay model wæ chosen with
the delay for other directions varying approximately
with the cosecant of the elevation angle.

The data was first processed one day at a time to
æsess the repeatability of the baseline measurements.
The broadcast orbit parameters were used together
with the C/ A-code pseudoranges to determine
corrections to the receiver clocks. The next step
involved removing cycle-slips and deleting outliers from
the phase data The Bernese software uses a
triple-difference algorithm for detecting and repairing
cycle-slips. In a preliminary analysis the residuals of a
triple-difference solution for station coordinates are
examined. Generally, the broadcæt orbital elements are
adequate for this, though an iterative process may be
required for lines which are long enough for errors in
these a priori orbits to impede cycle-slip detection
(Davis ¿f aL,I989). However, for the 1990, i991and
1992 surveys we used high-accuracy orbits generated
at the University of Texas at Austin, Center for Space
Research (UTICSR)or the Institute of Geophysics and
Planetary Physics, Scripps Institution of Oceanography,
La Jolla California (Scripps) These orbits were
sufficiently good that no iterations were necessary.

As mentioned above, a mixture of Trimble
4000SST and 4000STD receivers was used during the
1990 campaign. The SST receivers can be set to
record data exactly on the GPS-second but this
feature is not available on the STD units and although
these instruments also record at GPS-second, they do
so at some variable instant between 0 and 256 msec
after the GPS-second. The use of different receivers
can cause problems when they form a baseline as it is
not possible to record data at precisely the same time.
Being able to do this is of advantage, particularly
during adverse ionospheric conditions and when SA is
activated, as was the case for these campaigns. It is to
be noted that these effects are largely removed by
differencing the data (I{ing et al.,\985;Feigl et al.,
1991; Rocken & Meertens, 1991) which implies the
need for common observationalepochs. The problem
was overcome by preprocessing the two networks
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created by the SST and STD receivers separately
(Table 3)and subsequently linking them along the
shortest baseline, Port MoresbyMorobe (Figure 4(a)).
For the 1991 and 1992 surveys, only SST instruments
were used and this problem did not arise.

When no detectable cycle slips remained in the
data the coordinates of the free sites for each day,
ambiguity parameters for each satellite for each
independent station pair, and an average correction to
the a priori value of the zenith atmospheric delay for
each station for each day were determined in a least
squares adjustment. The double-differenced
ionosphere-free linear combination of the Ll andL?
frequencies (I\ing et al.,Ig85) was used in these
computations and all data down to the elevation cut-
off angle of 15' was included. For the 1990 survey, the
orbital parameters and coordinates of the Morobe site
were held fixed at the values furnished by UTICSR
precise orbit solution. UT/CSR orbits for the 1991and
1992 surveys were not available and therefore Scripps
orbits were used. Also, it was hoped to determine the
effect on baseline measuTement of using less accurate
orbital data (eg. broadcast orbits) and to see whether
the results so obtained could be improved by
relaxation methods. Therefore, the computations were
repeated, (i) holding fixed the broadcast orbits, and (ii)
solving for improvements to the latter along with the
other parameters of the problem.

Morobe was not occupied in 1991 and 1992 and
here the coordinates of the Losuia site were held
fixed as determined during the 1990 survey. Resolving
ambiguities can strengthen the solution significantly
but this was not attempted since previous
investigators found that a network of mixed line
lengths, including some short ones, is necessary to be
able to resolve ambiguities reliably (Dong & Bock,
1989). The requisite mixture of lines was not at hand
for any of these campaigns.

RESUTTS
The results of the analyses of the Doppler and GPS
measurements are now presented. Two methods have
been commonly used to assess the accuracy of GPS
geodetic network solutions. The first is a standard
least squares estimate of the variance of unit weight,
on2.lf both the model and adopted standard deviations
aie appropriate then the expected value of ofr will be
unity and if ofr departs significantly from this then all
covariance matrices are scaled by this factor. In the
second method, the formal errors are ignored, but an
estimate of precision of the solution is obtained from
the repeatability or scatter of daily solutions, or some
other adopted interval. Such a test basically reflects
the level at which dominant error sources reoeat from

day to day. Still other approaches include the use of
covariance analysis or systematic investigations of the
influence of expected error sources 0n the estimates
of position. Additional evaluations can be conducted
by comparing results with those determined by
satellite laser ranging or VLBI. Unfortunately, no
precise positioning results from these techniques are
available within PNG and the daily scatter was used to
assess the quality of these results.

The above remarks also apply to the Doppler
technique. One notable difference with GPS is,
howeve¡ that there are far fewer observations. For
example, compaTe the total of approximately 42 000
Doppler counts which remained after editing the 1981
data and the 75 000 GPS measurements acouired on
each day of the 1990 GPS survey. Thereforg many
satellite passes, taken over several days or even
weeks, are needed to achieve results that approach
the statistical confidence of those obtained from the
GPS surveys. Clearly, daily solutions cannot be
performed to assess measurement quality. To
determine repeatability results obtained from the odd
and even numbered passes were compared. As a test
of the accuracy of the solution, the major sources of
error of the Doppler method were considered and the
adjusted parameters were examined to see whether
their effects had been eliminated or significantly
reduced by the modelling and processing methods
used (see below). In practice, this is very close to the
method of covariance analvsis mentioned above.

l98l Doppler Survey

The positions for the determined sites of the 1981
Doppler survey and their formal errors are shown in
Table 6. The coordinates, which are given in terms of
latitude,longitude and height, refer to the NWL-10D
ellipsoid and reference coordinate system (Jenkins &
Leroy 1979). As expected, the longitudes (or the EW
component of the bæeline)are less precisely

TABTE ó. NWL IOO Coordìnotes for Sites of ì98ì Doppler
Survey

stAi loN o o ñ È t Þ ñ l
(m)

LOSUTO -04 32u/,434 t-rx t5 t  u /  3u .25 ì FIX 9ì ,23 FIX

Jocqulnot Boy -05 38 42,898 0. tó l5r 30 19.00ó o.21 158.ó4 0.ró
-04 4t 18.02ì 0.21 149 2608.162 0.25 89.05 u,2u

Mofobe -o7 4431.857 0.1  I 147 3522.422 0,23 63.¿9 o.20
Robhson R¡ver t u  t u  I  t . / ü o.a9 laE Á9 28.121 0.8ó 88.09 0,óì
Kovleng -o2 34 53.274 o.24 150 ¿8 2ì.950 0.30 84.62 o,23

Emlrou .0r 38 34.804 o.72 149 57 33.072 o.92 t24.42 0,E9

Lob LoÞ -o5 4325.749 0.51 148 03 44.O28 0,ó9 100,5ó 0.40
Mlslmq -10¿r r7.5r4 0.25 r52 50 20,82ó 0,30 88.51 0,25

Corterel {J4 4/ LÀl,U tó u,2ð t5b2/ 4A,5I]/' u.3E E0,35 o.24

N4onus -020302.528 0.30 147 2l  31 .O77 0,33 132,12 0.30

Guosopo -09 r3 30,ìó7 o.2l 152 ú 36.174 0.31 84,85 U .  I E

Ulomono -05 00 05.ó rE rJ.4u t5 l  t450.133 0.55 92.57 0.31
Nugurio -o32007.676 0.41 1U AO27.497 0.54 75.1ó 0.37
Port Moresby L D 2 4  t / , 2 1 U,2U t4/ w 34,426 Í).24 14E,0ó o.2
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determined than the latitudes but only slightly so for
this special survey. If the results for Robinson River,
for which only 12 passes survived the editing criteria
(Table 2), and for Emirau and Lablab, both of which
experienced instrument malfunctions are ignored, the
mean position error, taken as the square root of the
sum of the squares of the formal errors of the
Cartesian coordinates, ranges from 0.21-0.56 m (see
McCluskey (1993)). Jacquinot Bay, with a mean position
error of 0.21 m, is the most precisely determined point
relative to the fixed site, while the least precisely
determined sites are Ulamona (0.53 m) and Nuguria
(0.56 m). The average mean error, not including
Robinson River, Emirau and Lablab, is 0.35 m.

The principal sources of error in Doppler geodesy
are: (1) the oscillators in the satellites and in the
receivers; (2) higher-order ionospheric effects
neglected in computing first-order effects from
measurements taken at two frequencies; and (3) orbit
error due to unmodelled drag effects and
uncertainties in the gravity field. Anderle (1986)
discusses the effect of these error sources in some
detail. Higher-order ionospheric effects and orbit
errors can produce systematic differences in the
results computed at different locations or times.
These differences are largely eliminated by computing
relative positions of neighbouring sites from
observations made at nearly the same time. The effect
of residual orbit error can be further reduced by
maintaining a rough balance of north-going and

south-going passes both to the east and to the west
of the sites. Imperfections in the satellite and receiver
oscillators cause systematic errors during a satellite
pass, but the errors will average out after alarge
number of passes (>50)have been acquired. Finally,
residual oscillator errors can be controlled throush
careful calibration.

McClusky (1993)gives the differences between the
positions independently determined from the odd and
even numbered passes and those determined from all
data, together with the formal errors for each solution
(see also Stolz et al. (I99a)). The variances of unit
weight for each solution are close to unity and agree at
the 950/o confidence-level indicating that repeatabilty is
good and that, therefore, the formal errors (Table 6)
provide realistic estimates of accuracy. McClusky (1993)
also gives the corrections to the a prioriNWL-7DD
components of the orbital state-vector for the Doppler
satellites used, the combined satellite and receiver
oscillator offsets from the nominal reference frequency
for each receiver and satellite pai¡ and the combined
satellite and receiver oscillator offsets from the
nominal frequency, for (i) the caesium oscillator which
was used on Losuia, (ii) the roving rubidium oscillator,
(iii) a well-behaved crystal oscillator, and (iv) the crystal
oscillator which did not perform welland subsequently
failed. The orbit errors oscillate about a mean value
which roughly equals zero, indicating that balancing the
north-going and south-going passes both to the eæt
and to the west of the sites has been effective and that

] 990 GPS RESULTS

STATION NO.

DAYS

LATITUDE o

(mm¡

LONGITUDE
o ,

o

(mm)

HEIGHT

(m)

o

(mm¡

Morobe I -07 44 31,6623 FIX 147 3522.9759 FIX 8r,ó05 FIX

Port Moresby (9518) -09 2417.3359 22 147 09 34.9772 3ó 146,451 ó0
Losuio I -08 3207,2704 46 t5r 07 30,8204 43 87.070 88

Witu 9 -04 4l  17,8580 39 149 26 08.7687 4 1 86,167 r00
Jocquinot Boy I -05 38 42,7ó30 48 r 5 l30 19,ó079 42 r53,4ó3 r0ó
Kovieng 4 -02 34 53.0800 26 15048 22,5452 43 80.7 r 9 r03
Monus Ã -020302.3082 21 147 21 37,6492 32 I3r .ó08 108

Guosopo (9519) I -09 r330,0179 57 r52 5ó 37,35ó3 1 Ã 80,ó5ó 34
Misimo (9520) -10 41 17.4007 7 1 152 50 21,3994 Ãn 83.227 Aa,

1990 NEW GPS SITES

NMB GPS Tower Y -09 2602,7786 9 147 11 12.2053 29 I 18,557 Ã t

Misimo (9195) 4 - r04 r  r9 .9 r r8 69 152 49 58,9358 46 89,5r 2 55

Modong ¿ -05 09 43,8r r9 z 145 44 55.3077 4Z 462.727 IB
Guosopo (44595) -09 r3 30,ró88 57 t52 5ó 37,2179 2 R 80,73ó 34

TABTE 7. Au"rog"s of Doily Determinorionsìf Position for l99O GDS Survey
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the effect of residual orbit error on position hæ
averaged out over the campaign. Also, the combined
satellite and receiver oscillator offsets from the
nominal reference frequency for each receiver and
satellite pair æe reæonably constant except for the
receiver which failed, indicating that the former were
well set and that this setting was maintained
throughouf while the plots for both the atomic
oscillators are flat indicating that each oscillator
remained highly stable over the five-week period. Thus,
it is considered that the orecisions which were achieved
(Table 6) are indicative oi the accuracy of the solution.

GPS Compoigns

1990

Table 7 gives the averages of the daily determinations
of position and the root-mean-square (RMS)scatter
about the mean for the sites which were occupied
with GPS in 1990. The coordinates refer to the
WGS-84 ellipsoid and a coordinate system parallel to
but slightly offset from the WGS-84 system (Schutz
et al.1993). They were obtained using high accuracy
orbits calculated at UT/CSR and represent the best
estimates of position. The coordinates for Port
Moresby (9518)and Misima (9520)were determined by
GPS tie surveys (see above). Their respective standard
deviations were obtained by combining those obtained
for the site which was occupied during the main
campaign, NMB GPS Tower in the case of Port
Moresby and Misima (9195) for Misima (9520), with
those of the GPS connections. Guasopa (9519) was
observed for a single day but the connection to
44595 is only a few metres long and the standard
deviation obtained for the site which was observed
over the longer period was assigned.

Generally, the height coordinate is less well
determined than the horizontal coordinates of position
by a factor of about 2-3. Also, the precisions degrade
with increæing distance from the fixed site, Losuia
though only slightly so. Neither of these findings is
unexpected. A large portion of the height væiations is
likely due to the fact that a constant wæ used for the a
priorizenith delay, and a constant correction to this ¿
priorivalue solved for, thereby ignoring possible
variations in this delay which occur over the 9-hour
observing sessions. This would be the case especially in
a tropicalenvironment such æ New Guinea The
latitudes and longitudes are determined with about
equal precision although the precision of the latter
component can normally be expected to be inferior
because of geometrical effects. That this is not the cæe
here attests to the high quality of the UTICSR orbits.

Figure 7 shows the daily RMS repeatability of the
length component of relative position as a function

of baseline length for, (a) UTICSR orbits, (b)
relaxed broadcast orbits, and (c) fixed broadcast
orbits. StoIz et al.(\994) give the corresponding
plots for the latitude, longitude and height
components of relative position. The UT/CSR
orbits give the most precise results, while the least
precise ones are obtained from the broadcast orbits.
Relaxing the broadcast orbits significantly improves
this precision particularly for the longitude and
height components. The precision of the length
components of the baseline used to determine the
precision of the plate motions (see below), is better
than 4 cm in all cases.
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FIGURE 8 Scotter of the doily determinotions of the length
comoonenls of relolive Ðosìt¡on os o function of boseline 

-
|  , l  (  , l  . ,  r  , l  1length tor the sites ot the l99l GPS compoign: (o) Scripps
orbits; (b) reloxed broodcost orbits; ond (c) f ixed broodcosl
orbits. Note thot the verlicol scoles for eoch solution ore
dìfferent but olso see Figure Z.

1991

Table 8 gives the averages of the daily determinations
of position and the RMS scatter about the mean for
the sites which were observed in 1991. The
coordinates, which are the best estimates, were
obtained using Scripps orbits. As for 1990, the
latitudes are the most precise, while the precisions of
the longitudes are not quite so good. Also as for 1990,
the height coordinates are less welldetermined than
the horizontal coordinates of position. Figure 8 shows
the daily RMS repeatability of the length component
of relative position as a function of baseline length for,
(a) Scripps orbits, (b) relaxed broadcast orbits, and (c)
fixed broadcast orbits (see Mobbs (1994)and Stolz et

al. (1994) for the corresponding plots for the latitude,
longitude and height components of relative position).
There is no clear linear trend in the solutions obtained
from the Scripps orbits. Nonetheless, to remain
consistent, we have fitted a line through these results.
Relaxing the broadcast orbits does not improve the
broadcast solution. In fact, relaxation makes it worse.
For example, compare 30 mm and 53 mm for the
precision of the length component of a 350 km{ong
line. Two reasons for this come to mind, (1)the 1991
network is too small for relaxation to be effective, and
(2) the 1991 broadcast orbits are significantly better
than those for 1990, so that relaxation without fiducial
sites does not improve them further. The precision of
the length components, used to infer the precision of
the plate motions, is generally better than 2 cm.
1992

Table 9 gives the averages of the daily determinations
of position and the RMS scatter about the mean for
the sites which were occupied in7992 (Scripps orbits).
Figure 9 shows the daily RMS repeatability of the
length components of relative position as a function
of baseline length for (a) Scripps orbits, (b) relaxed
broadcast orbits, and (c) fixed broadcast orbits (see
Stolz et al. (1994) for the corresponding plots for the
latitude,longitude and height components of relative
position). The Scripps and broadcast orbits produce
measurements of about equal precision, typically 35
mm for the precision of the length component of a
500 Kmlong line. Again, relaxing the broadcast orbits
does not improve these results. The explanation is the
same as that given above, though one would expect
some improvement here seeing that the NS and EW
extents of this network are about the same as those
for 1990 (see Figure 4). The precision of the length
components of the baseline, which we use to
determine the precision of the plate motions, ranges
from2 cm for the 320 km Jaquinot Bay-Losuia
baseline to 9 cm for Kavieng-Carteret (570 Km).
Clearly, these results are not as good as those for
1990. We speculate that this is because the UTICSR
orbits were obtained from a global network of
tracking stations including sites in PNG and in the
SW Pacific region while the Scripps orbits were
computed from a network of sites confined mainly to
the northern hemisphere. Consequently, one would
expect greater consistency with the UT/CSR orbits.

TECTONIC INTERPRETATION

The geodetic network as it currently stands is
inadequate for establishing a complete description of
the minor plate motions between the Australian and
Pacific plates, for not only are additional sites
required to achieve this but also some of the
first-epoch Doppler site coordinates are not accurate
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1991 GPS RESULTS

STATION LATITUDE
o l n

o
lmml

LONGITUDE
o t t l

o
lmm)

HEIGHT
(m)

o
lmm)

Port Moresby -  I262.7787 5 147 11 12.2078 26 1 18 .621 62

Misima (9195) 10  41  19 .91  16 7 152 49 58.9365 23 89.523 88

Alotau 10 18 37.5163 2 150 20 18.0931 1 8 96.814 22

Losuia - I32 07.2708 7 151 07 30.8203 1 4 87.009 55

Misima (9520) 10 41 17.4006 6 152 50 21.4016 1 8 83.1 50 24

Urasi -  I  12 20.1563 0 150 51 31 .7939 25 147.011 40

Haines 10 40 34.1556 2 151 03 43.9303 32 124.116 20

Wari - 10 57 20.6078 3 151 04 54.5670 1 7 176.334 46

Wataluma I 12 38.4909 5 150 14 33.0340 20 82.821 98

Bunama - 10 09 07.7856 7 1 5 109 16.7168 3 133.241 27

Guasopa (44595) -913  30 .1679 1 5 152 56 37.2204 45 80.513 100

Guasopa (9519) -9 13 30.0170 1 5 152 56 37.3588 45 80.428 100

TABTE 8. A""tog", of Doily Determinotions of Postition for'199'l GPS Survey

1992 GPS RESULTS

STATION NO.

DAYS

LATITUDE
o r t l

o

(mm)

LONGITUDE
' o r t l

o

(mm)

HEIGHT

(m)

o

(mm)

Port Moresby 4 - 09 26 02.7796 1 0 147 11 12.207' l 1 9 118.462 125

Jacquinot Bay I - 05 38 42.7705 1 8 1 5 130 19.6087 22 153.478 5 1

Kavieng I - 02 u 53.0821 32 150 48 22.5426 56 80.647 59

Nuguria I - 03 20 07.5689 1 8 154 40 28.1 356 52 69.270 77

Carteret I - 04 47 02.8760 22 155 27 49.1010 67 70.013 9B

Rabaul 7 -  04 11 28.7016 22 152 09 44.8717 26 268.775 57

Losuia 7 - 08 32 07.2704 FIX 151 07 30.8203 FIX 87.070 FIX

TABLE 9. Auerog"r of Doily Determinotions of Postition for 1992 GPS Survey

enough. Furthermore, the estimates of the rates of
change for a number of the critical baselines are only
marÉinally above their accuracy estimates. However,
the average accuracies of the changes in baseline
length are of the order 3-4 cm/yr and for a
substantial number of these lines the estimates of the
rates of change exceed their accuracy estimate by a
factor of two or more. Where GPS surveys have been
repeated, the results are consistent with the
Doppler-GPS comparisons, even though the longest
time interval for the GPS-only lines was less than 2
years. In consequence, the results can be used to test
a number of the key aspects of the geological models
that have been mentioned above. Tables 10 and 11

summarize the bæeline changes for the Doppler-GPS
comparisons for the intervals 1990-1981 and 1992-1981
respectively, while Table 12 gives the GPS comparisons
for the intervals 1992-1990, 1992-1991 and 1991-1990.
Figures 10 and 11 give the inferred baseline rates of
expansion (plus) or contraction (minus) for the
Doppler-GPS comparisons (Figure 10)and for the GPS
comparisons for the period 1990-1992 (Figure 11).

In comparing the Doppler and GPS results, the
question of the definitions of scales for each survey
needs to be considered. The GPS surveys are scaled
through the satellite orbits and the results for the
three epochs are consistent because the scale
difference between the UTICSR and Scripps
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BASELINE LENGTH COMPARISONS BETWEEN THE I98I PNG DOPPLER NETWORK AND THE ]990 PNG
GPS NETWORK

FROM TO

r990 r98 ^ 1990- l98t

LENGTH
(m)

o
lm)

LENGTH
(m)

o
lm)

ALENGTH
(m)

o
(m)

Kovieng Monus 387ó8ó,8t8 0.014 387ó8ó.ó0 0,45 0.22 0.45
Jocquinot Boy Kovieng 347537.578 0.023 34753ó.39 U,¿Y l . l 9 0,29
Jocquinot Boy Monus 607958.786 0,037 607957.37 0,38 1 ,42 0.38
Jocquinot Boy Witu 252675,430 0,0ró 252675.66 0.32 -0.23 o,32
Witu Kovieng 278294.046 0,o21 278293,90 0,34 0 . 1 5 0.34
Witu Monus 371771,226 0.028 371769,72 0.39 l , 5 t 0.39
Morobe Witu 394632.887 o.o27 394633.47 0.30 -0.59 0,30
Morobe Jocquinot Boy 491003,907 0,038 49ì004.31 0.29 -0.40 o,29
Losuio Morobe 399323.265 0,000 399323.ó5 0.00 0.00 0,00
Losuio Witu 464545,717 0,0 tó 464547.08 0,22 | , 3 7 0,22
Losuio Jocquinot Boy 322343,788 0.018 322345,25 0 . 1 7 -l.46 o , 1 7
Losuiq Port Moresby (9518) u6463,106 0,037 446463.38 0.25 -0,27 o,25
Losuio Misimo (9520) 303441.981 0.028 303441.17 0.28 0.8r 0,28
Losuio Guqsopo (95.l9) 214063,372 0,025 2r40ó3.18 o,26 0 . r9 o.26
Port Moresby (9518) Morobe r 89882, r 92 0.022 I 89882. r 4 0.27 0,05 o,27
Port Moresby (95ì8) Guosopq (9519) ó35488.ó9ó 0,05ó ó35488.78 0,3ó -0,09 0.3ó
Port Moresby (9518) Misimo (9520) ó38314,549 0,05r 638314,47 0,39 0.08 0,39
Guosopo (9519) Misimo (9520) 162239.O13 o,o29 162238,20 0,31 0,8r 0.31

FROM TO
1 992 1 981 ^1992 - 1981

LENGTH
(m)

o
lmm)

LENGTH
(m)

o
lmml

ALENGTH
lml

o
lmmì

Port Moresbv (9518) Jacouinot Bav 634442.536 76 634443.58 290 -1.04 300
Port Moresbv (9518) Losuia 446463.055 84 446463.38 240 -0.32 260
Jacquinot Bav Kavienq 347537.760 4 1 347536.39 290 1 . 3 7 300
Jacquinot Bav Nuquria 434565.522 56 434565.88 520 -0.36 520
Jacquinot Bav Carteret 448935.286 83 448936.45 390 1  . 1 6 400
Jacquinot Bav Losuia 322343.565 20 322345.25 1 6 0 1 . 6 8 1 6 0
Kavienq Nuouria 437962.303 80 437961.29 590 1 . 0 1 600
Kavieno Carteret 571645.840 9 1 571646.36 440 -0.52 440
Nuquria Carteret 182592.297 56 182594.23 530 1 . 9 3 540

TAB¡.E 10. Baseline Length Changes: i981-1990

TABTE ll. Baseline Length Changes: 1981-1992

reference frames is less than I part in 108 (IERS,
1993). The Doppler survey has been scaled by fixing
the Losuia-Morobe baseline to the GPS value (with a
standard deviation of r10 cm). based on the
assumption that these sites lie on the same plate, or:
the Australian plate. The Port Moresby-Losuia line
was observed with GPS in 1990, 1991 and 1992 and
the results indicate no relative motion within the
stated uncertainties (a weighted mean of 3.6t4.9

cm/yr) although these uncertainties are relatively
large (see Figure 11). Nevertheless, within this limit,
this result justifies the assumption made in the
Doppler analysis, that there is zero east-west
deformation between the western part of the Solomon
Sea and the New Guinea mainland. The invariance,
admittedly within rather large uncertainties, of the
Port Moresby-Misima line and the Port Moresby-
Guasopa line supports this assumption made of
necessity to scale the Doppler solution.
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FROM I U

I 990 't 991 1 992
^ 1 992-1 990 o ^  1991-1990 õ

fmmì

^  1992-1991 oLENGTH
lmì

6 LENGTH
fmì

o LENGTH
lml

tort Moresby Losuia 444259.A95 I O 444259.823 60 44425s.U6 81 -0.049 1 1 1 -0.o72 97 -0.023 101

Jacquinot Bay 634314.204 t Þ 634314.048 -0 .1  56 105

Kavieng 856,/,97.827 4A 856497.726 63 -0..101 79

-osuia Jacquinot Bay 322343.788 81 3,223/.3.565 20 -o.223 83

Kavieng 659078.842 61 659078.778 u -0.064 70

lacquinot Bay Kavieng u7537.578 ÞÞ u7537.760 4'l 0.182 78

)oil Moresby Misima (9520) 634689.3213 67 634689.328 68 -0.015 95

Guasopa (9519) 632008.903 67 632608.897 96 -0.006 117

-osuta Misima (9520) 303441.981 85 303442.026 37 0.045 93

Guasopa (9519) 214063.372 84 214063.r130 81 0.058 117

úisima (9s20) Guasopa (9519) 162239.013 93 1 62239.050 29 0.037 97

TABTE 12. Bæeline Length Changes: 1990-1991, 1990-1992 and 1991-1992
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FIGURE 9 Sor" os Figure B but for the sites of the 1992
GPS compoign: (o) precise orbits; {b) reloxed broodcost orbits;
ond fc) f ixed broodcost orbìts.

In severalinstances two or more sites occur on the
same plates as defined by the various geological
models. For example, both Losuia and Guasopa lie on
the Solomon Sea plate as defined in allthe models
and the baseline between them has not changed by
any significant amount (2.0¡2.8 cm/yr, Figure 10 or
5.6t11.3 cm/yr, Figure 11). The general stabilities of
the baselines between Morobe, Port Moresby and
Losuia, and between Losuia and Guasopa and Port
Moresby and Misima, support the geological models of
Hamilton (1979) and Taylor et at. (\997) for which all
of these sites lie on the same plate. Likewise, the
baseline between the two sites on the South Bismarck
plate in all geological models, Witu and Jacquinot Bay,
remains effectively constant (-2.5t3.5 cm,/yr). The
Manus-Kavieng baseline remains constant (2.4t4.9
cm/yr) within observational accuracy and this is
consistent with the geological models that place these
sites on the same plate;the North Bismarck plate.
The one exception to this is the model of Johnson &
Molnar (7972) for which the plate boundary lies to the
west of Kavieng (see Figure 2(a))and for which a
contraction of the baseline would be predicted.

One exception to the rigid-plate test is the
Nuguria-Carteret baseline which shows a substantial
shortening (-I7.6t4.9 cm/yr) in the period 1981-1992.
There is no evidence to suggest that either site has
been locally displaced or that the Doppler sites were
not exactly reoccupied during the GPS survey. Nor do
either the Doppler or GPS field notes and position
solutions indicate obvious weaknesses for these sites.
Thus this result cannot be readily dismissed as a
geodetic anomaly.ln two of the geologicalmodels,
those of Hamilton (1979)and Taylor etal. (1991), a
plate boundary has been proposed that extends in a
southeasterly direction from the Lyra Trough, passing
to the southwest of and near to Nuguria. The
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0
400 600 800

Basel¡ne Length (km)
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FIGURE l0 Rot"r of motion determined from Doppler ond
GPS meosuremenls.

FIGURE ll Rot"r of molion determined from GPS meosurements.

1992-1990 (o), 1992-1991(b), l99l -1990 (c).

geodetic result suggests that this site may not be
securely located on the Pacific plate although no
shallow earthquake activity has been recorded in this
region. A reoccupation of the Nuguria and Carteret
sites, as well as the establishment of additional new
sites on the Pacific plate, is necessary in order to
determine whether this result is of geodetic or
Éeophysical origin.

Some of the most substantial baseline changes
(defined here as those for which the rates exceed 10

cm/yr as well as exceeding their accuracy estimate by
a factor of 3) occur across the New Britain Trench
between the 149" East Embayment and Bougainville
and across the Bismarck Sea seismic lineation
marking the boundary of the North Bismarck and
South Bismarck plates defined in the geological
models. These results are consistent with the
geological models in which the South Bismarck and
Solomon Sea plates form the principal elements
between the Pacific and Australian plates in the
Papua New Guinea area. The results for the baselines
across the New Britain Trench east of the embayment
up to about 153" longitude point to convergence
orthogonal to the trench at a rate of about
75t3cm/yr, which is consistent with a relative
rotation of the Solomon Sea and South Bismarck
plates about a pole to the west or southwest of the
Central Highlands as proposed by Hamilton (1979).
The measured rate is wholly consistent with the
geological estimate of about 72 cm/yr suggested by
Johnson (1979). These baselines, from Losuia and
Guasopa, also cross the Trobriand Trough and the
implication of the comparison of geodetic and
geological estimates is that little convergence occurs
on this trough. To the west of the embayment, along
the Australian and South Bismarck Plate boundary,
the convergence rates, as measured by the baselines
from Witu to Morobe and Port Moresby, decrease,
which also is consistent with the geologically observed
trends (see Curtis, 1973; Krause,7973; Taylor,1975).

Several of the baselines across the eastern part of
the New Britain Trench also cross either the more
speculative boundary that runs to the east of
Bougainville and continues to the Lyra Trough
and/or the boundary through southern New lreland.
But a comparison of bæeline rates for Losuia and
Jacquinot Bay with Losuia and Nuguria suggests that
most of the approximately north-south convergence
occurs along the New Britain Trench and not across
the Lyra-Bougainville boundary. A comparison of the
Port Moresby-Jacquinot Bay baseline change with
that for Port Moresby-Nuguria also indicates that
most of the movement occurs across the New Britain
Trench. Generally, the baseline changes between Port
Moresby and Losuia on the one hand, and Carteret
and Nuguria on the other, are consistent with
estimates of the relative motions between the
Australian and Pacific olates as established from both
geological evidence (OeMets et a1.,7990) and the long
geodetic baselines between Australia and the central
Pacific (Robbins et a1.,I993), indicating that most of
the deformation between the Australian and Pacific
Plates is taken up by an area north-east of the New
Guinea Highlands and the western edge of the
Ontong Java Plateau.

(b) 3.1a13.7
(c) -7.0ì9.4 O 5OO km
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The other boundary across which significant
deformation occurs is that between the two Bismarck
plates. Here the large baseline expansion rates
between Manus on the northern Bismarck plate and
Witu and Jacquinot Bay on the southern Bismarck
plate, together with the absence of change between
Witu and Kavieng, suggest that the relative motion
along the Bismarck Sea seismic lineation is primarily
one of a northwest-southeast displacement, which is
wholly consistent with the primarily strike-slip motion
suggested by Taylor. The geodetic rate of about 15
cm/yr exceeds the geological estimate of about 10
cm/yr given by Taylor et al. (7986) but the difference
is not statistically significant. The measured change
between Kavieng and Jacquinot Bay indicates that the
relative motion of the two plates here has a
substantial north-south component, possibly more
than suggested by the geologicalmodels of Hamilton
(1979) or Taylor et al. (1997).

Baseline changes between Losuia and Misima and
Guasopa and Misima are consistent with the evidence
for spreading in the Woodlark Basin. An analysis of
the displacements, on the assumption that Port
Moresby and Misima lie on the Australian plate and
Losuia and Guasopa lie on the Woodlark or Solomon
Sea plate, indicates a spreading rate of about 9t3.5
cm/yr, with the rates not changing significantly along
the section of the spreading axis traversed by the
Losula-Misima and Guasopa-Misima lines. These rates
are greater than expected from the geological
evidence and the similar values for the two lines
suggests that the pole of rotation for the
Woodlark/Solomon Sea plate and the Australian
plate lies further to the west than is proposed by
Hamilton who places the pole within the
D'Entrecasteaux Island group.

In summary, the geodetic results are consistent
with geologicalmodels in which the motion between
the Australian and Pacific plates is largely absorbed
by rapid motions of small plates in directions that are
nearly orthogonalto the relative motions of the two
main plates. Much of this interplate deformation can
be characterizedby the motion of two small plates, a
Solomon Sea/Woodlark plate and the South
Bismarck plate with the majority of the movement
occurring along the Bismarck Sea seismic lineation as
primarily strike-slip motion, along the New Britain
Trench as convergence orthogonal to the trench, and
as divergence or spreading in the Woodlark Basin.

Further expansion and densification of the geodetic
network is in progress, which should lead to improved
estimates of plate motions as well æ provide evidence
for deformation across some of the presently
unsurveyed boundaries.

Specifically, four main areas are being considered:
(1)the region to the east of Rabaul, including Nuguria
and Carteret and extending out onto the Ontong Java
Plateau as far as Tasman Island, (2)the region
bounded by Milne Bay, GoodenouÉh Bay and Misima
and Guasopa islands; (3) the region straddling the
Wewak Trench and Bismarck Sea seismic lineation
roughly between 143" and 146"E longitude; and (4) the
region to the north of Cairns linking the Australian
and New Guinea mainlands and straddling the
Bismarck Range in New Guinea. Currently, it is
planned to observe in one of these areas in 1995.
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