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Abstract

The 2002 M,, = 7.6 Wewak earthquake ruputred the New Guinea Trench off the north-
ern coast of Papua New Guinea. A survey conducted by the University of Papua New
Guinea reports that consistent uplift of 30 - 40 cm occured across the near shore islands
and localised subsidence of 10 - 20 cm occured near Hawain. The measurements are
shown using an elastic dislocation model to be consistent with the Harvard CMT focal
mechanism for the event (¢ = 106°, 0 = 34°, A = 43°). This study compares the previously
published interpretation of the ruputre with Global Positioning System observations of

co-seismic deformation.

GPS observations have been made since 2000, at 8 sites spanning the New Guinea
Trench and Bismarck Sea Seismic Lineation. The GPS data were processed with the
GAMIT/GLOBK software to estimate site positions relative to the ITRF2000. A time
series analysis revealed clear co-seismic displacments corresponding to the time of the
Wewak earthquake. By comparing estimated rigid plate motions for the area with esti-
mated GPS velocities it was shown that the region is experiencing post-seismic relaxation
across the New Guinea Trench and significant inter-seismic coupling across the Bismarck

Sea Seismic Lineation.

The co-seismic displacements were inverted using the non-linear approach of the Neigh-
bourhood Algorithm with an elastic dislocation model, to estimate fault geometry and
slip parameters of a seismic ruputre. It is shown that the GPS displacements can be ex-
plained by a steeply dipping thrust fault. However, this model is not consistent with the
reported values of uplift and subsidence. A second model shows that it is not possible
to reconcile the observed uplift and subsidence with the horizontal co-seismic displace-
ments using a single rupture model. Suggestion is made to a possible rupture which

began on the New Guinea Trench west of Kairiru and propogated east in two stages.
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Chapter 1

Introduction

1.1 Overview

At 18:44 (UTC) on 8 September 2002 an earthquake of magnitude M,, = 7.6 occurred off
the northern coast of the East Sepik Province of Papua New Guinea (PNG), near the vil-
lage of Wewak (Figure 1.1). The event, a low angle thrust (strike ¢ = 106°, dip § = 34°, slip
A = 43°) (Harvard CMT Catalogue) triggered a moderate tsunami which was observed
along 300 km of coast (Borrero et al., 2003). Soon after the event a survey, conducted by the
University of Papua New Guinea (UPNG) and the International Tsunami Survey Team
(ITST), was undertaken to measure reef uplift, tsunami run-up and inundation. The re-
sults of this survey supported the Harvard CMT solution and Borrero et al. (2003) describe

the event to be a “classic textbook seismic dislocation.”

The aim of this study is to re-examine the 2002 Wewak earthquake and tsunami using
geodetic data obtained from the Global Positioning System (GPS). The GPS provides a
means by which positions can be determined with high precision, as such the tectonic
setting of an area can be well described using site motions and strain rates. In this study I
use GPS observations to describe the tectonic setting of the East Sepik region and estimate
co-seismic displacements caused by the 2002 earthquake. The GPS estimated surface dis-
placements do not match those derived from the Harvard CMT solution as assumed by
Borrero et al. (2003) (Figure 1.1). Therefore the focus of study is to reconcile these conflict-
ing datasets. In particular, I look at a method of inverting co-seismic displacements to
estimate fault geometry and slip parameters. There is interest in this study as it provides
a valuable description of the tectonic setting of PNG’s northern coast, which is an area

that is both under-studied and tectonically complex.

1
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1.2 The 2002 M,, = 7.6 Wewak Earthquake and Tsunami

The 2002 Wewak M,, = 7.6 earthquake and tsunami occurred halfway between the vil-
lages of Aitape and Wewak near the intersection of the New Guinea Trench (NGT) and
the Bismarck Sea Seismic Lineation (BSSL). The Preliminary Determination of Epicen-
ters of the US Geological Society (PDE USGS) provide a hypocentral location of 3.30°S,
142.95°E. Focal mechanisms were provided for the event by the Harvard CMT (¢ = 106°,
0 = 34°, A = 43°) and USGS National Earthquake Information Center (NEIC) (¢ = 80°, § =
78°, XA = 6°). The two focal mechanisms conflict, with the NEIC estimate showing a pure
strike-slip geometry while the Harvard CMT estimate shows low angle thrust geometry.
The Harvard CMT final solution was assumed by Borrero et al. (2003). The moment for
the event is provided as 2.95 x 102" dyne-cm which, according to Borrero et al. (2003) using
the scaling laws of Geller (1975), is consistent with a fault length = 72 km, width = 36 km,

and slip = 2.1 m.

1.2.1 Earthquake Survey

The preliminary survey, established to assess the damage for governmental relief pur-
poses, showed that, unlike the 1998 Sissano Lagoon event, it was the earthquake rather
than the tsunami which caused most of the damage. Fortunately, only five people were

killed by the event but as a result of building collapse and not the tsunami.

The majority of the damage was observed along the coastal regions and outer islands,
but the earthquake was observed to have cracked water tanks as far inland as Maprik
(30km from the coast) (Davies, 2002). The damage along the coast included cracked water
tanks, subsidence of roads and the collapse of village dwellings made from local mate-
rials (Davies, 2002). In Wewak, a 20cm crack appeared in the runway of the airport and
a water supply main was severed in two places (Davies et al., 2002). Faults opened up
nearly parallel to the coast, which is close to the assumed strike of the NGT. Liquefaction
of unconsolidated subsurface sediments was common east of Kauk, and was most pro-
nounced at Ubidnim where large blow-out holes caused water and sand to spout 3 - 5
m in the air (Davies, 2002). The liquefied sediments moved upwards filling open water

wells, blocking fresh water for many villages (Davies, 2002).

On the outer islands, landslides were observed along the eastern and northern coasts of

Kairiru, where fissures opened 10 - 30 cm (Davies, 2002). Uplift of 30 - 40 cm was observed
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on the islands of Mushu, Kairiru, Tarawai and Walis. The most accurate record of this was
from the south coast of Kairiru, where tide markings on a small pier indicated 35 cm of
change (Davies, 2002). The uplift at Tarawai was observed by villagers to have occurred in
two stages separated by one hour (Davies, 2002), indicating the fault may have ruptured

in segments.

1.2.2 Tsunami Survey

Within 15 minutes of the main earthquake a tsunami was triggered that affected 300 km
of the northern PNG coast between Sissano Lagoon and Murik Lakes. The run-up was
generally less than 1.5 m but reached a maximum of 4 - 5 m in the western bays of the

outer islands (Dauvies et al., 2002).

The western extent of the tsunami was at Sissano Lagoon and Aitape, two sites that were
devastated in the 1998 event. There, strong surges were observed into the lagoon and up
the Aitape river. At nearby Mahol, residents feared a tsunami and fled inland. On return,
they observed a line of pebbles on the beach recording the high water mark (Davies et al.,
2002). The central coast region between Kauk and Cape Moem was the hardest hit of
the mainland sites with run-up of 2 m and inundation between 75 m and 190 m being

observed (Davies et al., 2002).

Flooding was observed on the offshore islands with a maximum run-up of 5 m in Victoria
Bay and Mushu Bay. This large run-up is assumed to be the result of a funnelling effect;
villagers observed the water to circulate around the bay in a counter clockwise direction
(Davies et al., 2002). On the islands of Walis and Tarawai villagers observed the sea to
retreat, exposing reef 500 m offshore (Borrero et al., 2003). The eastern most extent of the
tsunami was observed at Murik Lakes where water flooded low lying coastal villages to

ankle depth (Davies, 2002).

The overall effect of the tsunami was shown by Borrero et al. (2003) to be a moderate
event, with a mechanism different from that of the 1998 Sissano Lagoon event. Borrero
et al. (2003) used an Okada (1985) dislocation model to match the tsunami observations

with the reef uplift and the Harvard CMT moment and focal mechanism.
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1.3 Thesis aims and structure
The aim of this thesis is to:

e use GPS observations to estimate surface displacements resulting from the 2002

Wewak earthquake.

e describe a scenario that is consistent with these surface displacements and the pub-

lished reef uplift and teleseismic data.

¢ develop a more advanced understanding of the tectonic setting along the northern

coast of PNG.

This chapter has presented the problem and introduced the reader to some of the termi-

nology which is to be used throughout this thesis.

Chapter 2 provides a background to the tectonic and seismic setting along the northern
PNG coast. This includes a description of the a priori plate model used in this study and

a review of the region’s major seismic events from the last century.

Chapter 3 contains the analysis of GPS data collected along the northern PNG coast for

the purpose of estimating site motions and co-seismic displacements.

In chapter 4 I estimate the inter-seismic velocities for each GPS site. This includes my

interpretation of the tectonic setting both prior to and after the earthquake.

In chapter 51 describe the methodologies used to invert the GPS observed co-seismic dis-
placements to estimate earthquake fault parameters. This chapter concludes with the
presentation of a model which best fits the observed GPS data and the previously pub-

lished teleseismic and reef uplift data.

Chapter 6 concludes the thesis with a summary of the results and a discussion on how this
“best fitting” model enhances our present understanding of the tectonic situation along

the northern PNG coast
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Chapter 2

The Tectonic Setting

Papua New Guinea is situated in one of the world’s most seismically active regions (Pe-
gler et al., 1995). A significant number of studies have used earthquake focal mechanisms
(Johnson and Molnar, 1972; Curtis, 1973; Pegler et al., 1995), Global Positioning System ob-
servations (McClusky et al., 1994; Tregoning et al., 1998; Tregoning, 2002; Wallace et al., 2004),
and geological mapping (Davies et al., 1987) to show the complex array of active tectonic
boundaries in the region. While these studies have been successful in identifying mo-
tions across many of the boundaries, very few have looked at the tectonics of the East

Sepik coast.

The East Sepik Province is located along the northern coast of PNG between 143°E and
145°E. Within the last century at least eighteen significant! seismic events have occurred
along this coast (Everingham, 1974); the two most recent being the devastating Sissano
Lagoon (M,, 7.1) earthquake and tsunami of July 17 1998 (PNG98)? and the Wewak (M,,,
7.6) earthquake and tsunami of 8 September 2002 (PNG02)2. Both earthquakes were felt
throughout the East Sepik Province, with PNG98 resulting in many fatalities.

In this chapter I describe the geological and geophysical information regarding the past
and present tectonic interpretation of the East Sepik region and provide reasoning for any
constraints which have been placed on the assumed a priori plate configuration model.

A review is also provided on the regions major seismic events from the last century.

1A significant event is assumed here to have a magnitude (M) greater than 7.0
The terminology used by Borrero et al. (2003) will be used hereafter when referring to the 1998 and 2002
earthquakes.
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2.1 Existing Models

PNG is situated between the Australian and Pacific Plates, where the dominant tectonic
regime is one of convergence, with the Pacific Plate moving west-southwest at ~110
mm/yr relative to the Australian Plate (DeMets et al., 1994). Analysis of focal mecha-
nisms, sea floor morphology and geodetic data have resulted in a number of different
plate configuration models (Johnson and Molnar, 1972; Curtis, 1973; Hamilton, 1979; Davies
et al., 1987; Tregoning et al., 1998; Tregoning, 2002; Wallace et al., 2004) (Table 2.1). All of
these studies agree with the existence of at least two minor plates; the South Bismarck
(SBP) and the Solomon Sea (SS) Plates. The North Bismarck Plate (NBP) was first in-
troduced by Johnson and Molnar (1972) and is situated to the north of the SBP, separated
by the Bismarck Sea Seismic Lineation (BSSL). Hamilton (1979) and Davies et al. (1987)
proposed a Woodlark Plate, located in the Woodlark Basin of the Solomon Sea. Further
speculation has also been made to the existence of the Caroline (Weissel and Anderson,

1978), Trobriand (Davies et al., 1984), Highlands and Adelbert (Wallace et al., 2004) Plates.

The most recent study into PNG’s active tectonics is by Wallace et al. (2004), whose model
uses GPS velocities and earthquake slip vectors to describe the existence of six plates;
the Australian, Pacific, South Bismarck, North Bismarck, Woodlark and the previously
unrecognised New Guinea Highlands Plate (Figure 2.1).

2.1.1 Bismarck Sea Seismic Lineation

The SBP was first proposed by the focal mechanisms of Johnson and Molnar (1972). The
plate is defined by Taylor (1979) to occupy most of the South Bismarck Sea, New Britain
Island Arc, Huon Peninsula, and stretch as far west as Madang. In the south the New
Britain Trench accommodates the subduction of the Solomon Sea Plate (Tregoning et al.,
1998), while the seismically active Weitin Fault defines the eastern bound (Taylor, 1979).
The northern boundary is with the NBP and is defined by a narrow band of seismic-
ity, referred to as the Bismarck Sea Seismic Lineation. The boundary stretches from the
northeastern tip of New Britain in the east to the northern coast of New Guinea in the
west. Tregoning (2002) shows that west of 146.5°E the BSSL runs east - west with a rela-
tive motion between the SBP and the NBP of ~116 mm/yr along-strike and ~30 mm/yr
down-dip (Table 2.2).
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Table 2.1: Proposed plate configuration models from the literature. SBP = South Bismarck, SS =
Solomon Sea, NBP = North Bismarck, WLK = Woodlark, TBD = Trobriand, MAN = Manus, ADL
= Adelbert and NGH = New Guinea Highlands.

Plates
Study SBP SS NBP WLK TBD MAN ADL NGH
Johnson and Molnar (1972) o o o
Curtis (1973) o o o
Hamilton (1979) o o o
Davies et al (1984) o o o
Tregoning et al (1998) o o
Tregoning et al (1999) o o
Tregoning (2002) o o
Wallace et al (2004) o o o o
0°r 7
PAC

| | | |
140° 145° 150° 155°

Figure 2.1: Tectonic block configuration in PNG (Wallace et al., 2004). AUS = Australian, PAC =
Pacific, NBP = North Bismarck, SBP = South Bismarck, WLK = Woodlark, NGH = New Guinea
Highlands, ADL = Adelbert and BSSL = Bismarck Sea Seismic Lineation.
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Cooper and Taylor (1987) show a narrow band of shallow earthquakes running inland
across the northern New Guinea region. From this evidence some authors have pos-
tulated the theory that the BSSL continues westward across New Guinea where it meets
the Sorong Fault in northern Irian Jaya (eg. Klootwijk et al., 2003). Hamilton (1979) and
Johnson (1987) show an alternate theory that, prior to crossing the northern New Guinea
coast, the BSSL merges with the New Guinea Trench in a trench - fault junction. A limited
track of bathymetry data situated between 144°E and 145.5°E shows a ridge which is in-
dicative of the BSSL running in an east - west direction at 3.40°S (D. Tappin, pers. comm.
2005). If the BSSL did continue westward it would cross the coast between the village of
Wewak and the islands Kairiru and Mushu (Figure 2.2).

2.1.2 Southern Boundary of the South Bismarck Plate

The south-western boundary of the SBP is described by Johnson and Molnar (1972) as
being a continent-island arc collision across the Ramu-Markham Fault (RMF). The RMF
is a shallow north-east dipping (15°) mid-crustal detachment that joins a steeply dipping
(40°) ramp at a depth of about 20km (Pegler et al., 1995; Stevens et al., 1998). Johnson and
Molnar (1972) describe the RMF to be the boundary between the rigid Australian and the
SBP. Wallace et al. (2004) propose the existence of a New Guinea Highlands (NGH) Plate

here in place of the Australian Plate.

The proposed NGH Plate is based on GPS velocities estimated across the eastern edge of
the New Guinea Highlands. The extents of this plate are indicated to be the New Guinea
Highlands Fold and Thrust Belt to the south, the RMF in the north and the Woodlark
Plate to the east. The western extent is not defined, but could extend across New Guinea

into Irian Jaya (Wallace et al., 2004) (Figure 2.1).

Pegler et al. (1995) identified from earthquake relocations an inverted U-shaped zone of
seismicity situated at intermediate depth beneath the Finisterre and New Guinea High-
lands, which was inferred to be a doubly subducted slab of the Solomon Sea Plate litho-
sphere. This slab is assumed by Tregoning and Gorbatov (2004) to lie below the subducting
NBP slab at the NGT, indicating that deep seismicity observed in this region may be from
the subducted SS Plate rather than at the NGT.

Tregoning et al. (1999) describe the north-western boundary of the SBP to be a gentle tran-

sition, due to low strain rates and the absence of substantial seismic activity. The relative
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pole of rotation between the SBP and the Australian Plates is situated in this region (Table
2.2), hence velocity estimates are similar for both plates. Wallace et al. (2004) describe a
shallow trend of strike-slip events east of this boundary and suggest the possible exis-

tence of the Adelbert Block, but leave it out of their model due to inconclusive evidence.

2.1.3 New Guinea Trench

Okal (1999) relocated over 220 historical and recent earthquakes, including the 1996 M,,
= 8.2 Biak event, to show that there is evidence of seismic activity across the New Guinea
Trench west of 138°E. Before the Biak event many authors (eg. Everingham, 1974; Pun-
todewo et al., 1994) had commented on a lack of seismic activity across the NGT, with Okal
and Cazenave (1985) suggesting the NGT may be a waning subduction zone. These com-
ments were supported by early tomographic imagery that showed no evidence of active
subduction across the NGT (Okal, 1999; Gutscher et al., 2000). Tregoning and Gorbatov (2004)
concluded from recent tomographic imagery that there is clear evidence of active south-
westward subduction along the entire NGT. This observation supports the conclusions
made by Okal (1999) and is consistent with the occurrence of recent large thrust events

across the fault (eg. Biak, PNG98 and PNGO02).

East of 141°E, bathymetric data clearly identifies the NGT running SE at ~112°to the
eastern extent of the data at 143.5°E (Tappin et al., 2001). West of 143.5°E, aftershocks
from PNGO02, located by the PDE, show the approximate extension of the NGT to ~3.5°S,
144.0°E. Tregoning and Gorbatov (2004) show the dip angle of the trench to range from
30°at 136°E to 10°at 143°E. Hurukawa et al. (2003) used a method of joint hypocenter de-

Table 2.2: Absolute and Relative Angular Velocity Vectors for the Australian, North Bismarck,
South Bismarck and New Guinea Highlands Plates. In all cases the Euler vectors are for the
second plate with respect to first. €544, €min and azimuth refer to the maximum and minimum
uncertainties of the error ellipse and the azimuth of the major axis. Estimates are from Wallace
et al. (2004) and *Tregoning (2002).

Plate Pairs Latitude Longitude Rate °/Myr enee €min Azimuth

ITRF00-AUS 32.00 39.13 0.621 £0.003 0.59 0.33 163
ITRFOO-NGH -7.56 145.98 1.63 - - -
AUS-SBP -4.18 144.02 -745+0.13 0.14 0.05 -18
AUS-SBP* -4.36 14454 -791+£033 024 0.16 281
AUS-NBP -51.3 165.31 125+ 006 471 0.35 113
AUS-NBP* -50.6 166.7 1.23 + 0.07 41 04 37

AUS-NGH -7.56 145.98 1.63+£020 036 0.18 148
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termination to relocate PNG98 and its aftershocks and delineate a dip angle of 19°. The
estimates of dip from Tregoning and Gorbatov (2004) and Hurukawa et al. (2003) are consis-
tent with the early observations of Denham (1969) who suggests a trench that “dips gently
to the south.”

South of the NGT, GPS velocities are shown at Wewak (WEWK), Vanimo (VANI) (Trego-
ning et al., 2000), and Jayapura (ANGS (Kato et al., 1998) and SENT (Bock et al., 2003)) to
be 30% slower with a 10°counter-clockwise rotation than the well estimated rigid Aus-
tralian Plate. Tregoning et al. (2000) suggests that this region may either be moving as a
separate tectonic block or being influenced by inter-seismic strain accumulation, but their

interpretation was limited due to insufficient geodetic data.

2.1.4 A Priori Plate Model

From the available geophysical information it appears that the East Sepik region accom-
modates the movement of at least three tectonic blocks; NBP, SBP and NGH. Inconclusive
GPS observations (Kato et al., 1998; Tregoning et al., 2000; Bock et al., 2003) indicate that the
Sepik region may not be moving as part of the Australian rigid plate, further suggestion
has indicated that this region may be moving as part of a NGH Plate. To avoid unneces-
sary speculation, I will in this study refer to the region as Block “A”, which may contain

tectonic signals from both the Australian and NGH Plates.

Active subduction of the NBP is occurring across the New Guinea Trench at ~108 mm/yr
S71°W3. The BSSL is accommodating left-lateral strike slip movement between the SBP
and NBP of ~116 mm/yr with ~30 mm/yr of convergence. The NGT runs at a strike
of ~112°to approximately 3.4°S, 144.0°E, where it meets the east - west trending BSSL,
which continues westward across New Guinea. Figure 2.2 shows the a priori plate model

as described above.

2.2 Seismicity of the East Sepik

Earthquakes regularly occur along the northern PNG coast, many of which are tsuma-
genic (Everingham, 1974). A number of studies have relocated earthquakes within this

region to help constrain fault location and geometry (Denham, 1969; Johnson and Molnar,

3This is stated assuming Block “A” is moving with the Australian Plate
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1972; Hamilton, 1979; Pegler et al., 1995). During the last century there have been eighteen
seismic events with M > 7 in the East Sepik Province. In 1918 and 1968 two shallow M ~
7 events occurred at the NGT near the location of PNGO02, from this I infer that this part

of the NGT has a seismic repeat period of ~50 years.

2.2.1 Seismic Events

Figure 2.3a provides the locations and where available the Harvard CMT focal mecha-
nisms of the most significant events of the last century from the East Sepik coast. Figure

2.3b shows the Harvard CMT focal mechanisms for PNGO02 and associated aftershocks.

e On 15 December 1907, a slow subsidence M = 7.4 event relocated at 3.1°S, 142.5°E

doubled the size of Sissano Lagoon (Everingham, 1974).

e On 3 July 1918, a shallow M = 7.2 event occurred inland from the coast at 3.47°S,
143.22°E (USGS)*

e AM, 7.9 event on 20 September 1935 occurred inland (3.5°S, 141.8°E) at a depth

greater than 50km hence causing little devastation (Borrero et al., 2003).

e On the 22 February 1951, a small tsunami was triggered near the village of Aitape
and was relocated at 3.30°S, 142.17°E (Borrero et al., 2003).

e On 23 October 1968, a M = 7.1 event occurred in the New Guinea Trench near the
location of PNGO02 at 3.37°S, 143.32°E (USGS)*.

On 17 July 1998, one of PNG’s worst natural disasters occurred when an M,, 7.1 earth-
quake triggered a tsunami with maximum wave height of 15m near Sissano Lagoon (Hu-
rukawa et al., 2003). As a result of the tsunami, many coastal villages were destroyed and
a death toll exceeding 2000 people was recorded. Many studies have presented details
on the submarine slump which caused the tsunami (McSaveney et al., 2000; Tappin et al.,
2001; Davies et al., 2003; Satake and Tanioka, 2003), relocated the focal plane as an inter-plate
event (Hurukawa et al., 2003) and provided what is probably the most in-depth discussion

on seismicity and tectonics along the northern PNG coast.

The most recent large event surrounding the East Sepik coast was the 2002 Wewak earth-

quake and tsunami (PNGO02), which is the main focus for this thesis.

*US Geological Survey (2002), Papua New Guinea Earthquake of 8 September 2002, near the location of
PNGO02, Historic Earthquakes Poster, (http:/ /neic.usgs.gov).
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Figure 2.3: (a) Map of historical seismic events from the East Sepik coast. Events with M >
7.0 are shown in blue, all other events are shown in black. Also shown are the Harvard CMT
focal mechanisms for PNG98 and PNGO02. (b) Location map of PNG02. Harvard CMT focal
mechanisms are shown for significant after shocks (red). Also shown are PDE USGS locations
of all aftershocks (black crosses).
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Chapter 3

Geodetic Analysis

Over the past decade, GPS has become a common tool for monitoring plate kinemat-
ics and surface deformation. During this time the reliability and repeatability of GPS
analysis has increased dramatically, primarily due to the increasing size of the satellite
constellation, advancements in receiver technology and improved processing method-
ologies. Given that there is now such a widespread use of GPS, this chapter will focus
only on the methodology I used to process data for this study. Further discussion on GPS
technology and processing methodologies can be found in the literature (see Dixon, 1991;

Feigl et al., 1993; Rizos, 1996; Dong et al., 1998).

3.1 GPS Data Set

GPS observations have been made in the PNG region by the Australian National Uni-
versity (ANU), the University of Canberra, the University of Papua New Guinea and the
National Mapping Bureau of Papua New Guinea, since 1990 (McClusky et al., 1994; Trego-
ning et al., 1998). In 2000, the ANU established an 8 site GPS network spanning the BSSL
and NGT to monitor the build up of elastic strain (Figure 3.1). Prior to the second set
of observations being made at XAVI, BAMI, MUTM, TARO and KOIL, the PNGO02 earth-
quake occurred, displacing all sites. Immediately after the event observations were made
at WEWK, XAVI, TARO, KOIL and TRNG. The sites BAMI, MUTM and ANGR were not
re-observed for over a year after PNG02. Observations have since continued for all sites
at approximately yearly intervals; hence the data set now contains sufficient observations

to make valid estimates of surface displacement from PNGO02.

Data from two nearby sites Maprik (MPRK) and Ambunti (ABTI) have been included in
the network to assist in the interpretation of the regions inter-seismic setting. These sites

were not observed before PNG02. Table 3.1 shows the GPS data analysed in this study.

17
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PNGO02

143" 144° 145°

Figure 3.1: Locations of the GPS sites used in this study. The Harvard CMT focal mechanism is
plotted for PNGO02, the dashed lines are assumed a priori locations of the BSSL and NGT.

3.2 GPS Data Analysis

I analysed the GPS observations using a regional network procedure. Site coordinates
were estimated in 24 hours blocks (each block corresponding to a UTC day), and con-
strained to the International Terrestrial Reference Frame (ITRF) by a regional network of
dedicated International GNSS Service (IGS) sites. The processing was performed using
GAMIT (King and Bock, 2000) and the GLOBK Kalman filter program (Herring, 1999). The

following provides a brief overview of the software and how it was used.

3.2.1 Daily Solutions

GAMIT is a series of programs developed to analyse GPS phase data and estimate a
loosely constrained set of parameters (King and Bock, 2000). The parameters estimated
are site coordinates, satellite orbital parameters, tropospheric delay parameters, phase
ambiguities, and Earth orientation parameters. IGS satellite orbits were used as a priori
information from which regional orbits were estimated. The regional orbital model con-
sists of 15 parameters per satellite (an X, Y, Z cartesian coordinate, 3 velocities, and 9 force

model parameters as described by Beutler et al. (1994)).



Table 3.1: Observation Periods for GPS Sites used in this Study

Sites Code Long. Lat. 1993 1997 1999 2000 2002 2003 2004 2005
Ambunti ABTI 142.852  -4.218 305-309 192-195
Angoram ANGR 144.073  -4.057 198-202  115-118  299-301
Bam Bam BAMI 144819  -3.597 257-263 321-324  330-335
Koil KOIL 144.218  -3.362 258-259, 258-262  320-324  330-335
262-263
Maprik MPRK 143.059  -3.361 304-307 192-195
MutMut MUTM 144587  -3.512 256-259 320-324  330-335
Taro TARO 144.076  -3.238 258-263  258-262  320-324  330-335
Tring TRNG 143.836  -3.792 199-203  115-118,
261-262

Wewak WEWK  143.666  -3.584 231-232, 122,244- 064-066  194-198  116-117, 191-196

234-237 250 257-260
Kairiru XAVI 143.554  -3.367 258-263  258-262  320-324  330-335  197-201

sisA[euy e1e SJO 7'€§

6L



20 Geodetic Analysis

A number of different routines and options can be applied during processing to enhance
the solution. Prior to processing, it is important for the data to be “cleaned”, this includes
the removal of cycle slips and obvious outliers. The AUTCLN routine is used to remove

cycle slips and to reduce phase ambiguities to integer values.

In this study I used GAMIT to process carrier phase observations from the local PNG
network between the years 2000 and 2005 (with the exception of WEWK where obser-
vations began in 1993). Included with these local sites were 24 regional IGS sites. The
reason for incorporating regional IGS sites into the solution is to constrain the fiducial-
free network to the ITRF, in which each IGS site has reliable coordinates (Beutler et al.,
1999). As the processing was performed in a regional network, I solved for all carrier
phase ambiguities and minimised the ionospheric effect by using a linear combination
of the two GPS signal frequencies (Rizos, 1996). The resulting solutions from GAMIT are
variance-covariance matrices and estimated parameters for each UTC day. The matrices

are provided as input to the GLOBK program.

3.2.2 Estimation of ITRF2000 Site Coordinates

GLOBK is a Kalman filter program which is used to combine various different types of
geodetic data to produce estimates of site velocities, satellite orbits and Earth orientation
parameters (Herring, 1999). An advantage of a Kalman filter is that it can be used to align
loosely constrained solutions with those of a defined reference frame (Tregoning et al.,

1998). It is this feature that I have used in this study.

As part of the GAMIT solution I included 24 regionally located IGS sites, all of which
have coordinates in the ITRF2000 that have been independently verified using other
space geodetic techniques, such as Very Long Baseline Interferometry (VLBI) (Beutler

et al., 1999). 10 of these 24 IGS sites were adopted as fiducial sites (Figure 3.2).

I used GLOBK to align each daily GAMIT solution to the ITRF2000 by providing a best
fitting adjustment based on tightly constraining the horizontal coordinates of the 10 sta-
ble IGS sites to 0.005 m. Outliers' were removed from the time series, leaving a set of

coordinates in the ITRF2000 for each site for each day.

'a point which did not fit its neighbouring point at the 3o level or 99.7% confidence interval was deemed
an outlier.
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Figure 3.2: Regional IGS sites used in the GPS processing to strengthen the solution and estimate
coordinates with reference to the ITRF2000. The blue triangles represent sites that were tightly
constrained to their ITRF2000 values.

3.3 Time Series and Accuracy

GPS position estimates are influenced by a number of tectonic signals (eg. co- and post-
seismic motion). These signals appear in the time series as discontinuities and non-linear
trends (Figure 3.3). The main tectonic signal which can be seen in the time series from
this study is a discontinuity in mid September 2002 (Figure 3.4); assumed to be co-seismic
displacement from PNGO02. To estimate the magnitude of the displacement a reliable
estimate of the inter-seismic velocity both before and after the earthquake is required.
The minimum requirement for a velocity estimate is two position estimates; but three
position estimates will provide redundancy. With the exception of WEWK, none of the
GPS sites observed have multiple observations both before and after PNGO02, only three
sites have velocity estimates before (WEWK, ANGR and TRNG), and only four sites have
redundant observations (WEWK, XAVI, KOIL and TARO).
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Figure 3.3: Times series for XAVI (east component). Co-seismic displacement is evident for
PNGO2. Post-seismic relaxation is also indicated after the event.

To estimate the inter-seismic velocities at the sites I fitted a linear regression function to
the data from either before (ANGR, TRNG and WEWK) or after (TARO, KOIL, BAMI,
MUTM, XAVI, WEWK, MPRK and ABTI) PNGO02, dependent on when multiple observa-
tions were made. Analysis of the resulting velocity estimates revealed that the sites which
have multiple occupations after PNG02 show non-linear motion, as the observed site po-
sitions do not fit a regression line (eg. Figure 3.3). The velocity estimates were made
taking only the co-seismic signals from PNGO02 into account; hence it is likely that the

non-linear motion is the result of an un-modelled co- or post-seismic signal after PNGO2.

At XAVI], a clear non-linear trend is seen in the east component for observations made
after PNGO02. The linear trend estimated for the data after the earthquake is shown to be
34 mm/yr. The observations do not fit this line and show motion which is beginning to
trend west, hence it is clear that XAVI does not display linear motion after PNG02. To
test whether the site is undergoing post-seismic relaxation I fitted an exponential curve
of the type shown by equation 3.1 to the observations. Post-seismic signals are shown by
Savage and Svarc (1997) to display exponential characteristics such as natural decay rates.
The exponential curve applied provides a good estimate of the observed motion (Figure

3.4).

—T

y=ai+ay xews (3.1)
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Table 3.2: Multiple velocity estimates made at TARO and KOIL (a) using all observations after
PNGO02 (b) using observations between 2002 - 2003 and (c) using observations between 2003 -2004.
Velocities are in mm/yr.

Site Component All 02-03 03-04

TARO E -86 -104 -66
N 15 5 27
KOIL E -54 -54 -55
N 15 5 20

Two sets of observations have been made at WEWK since the earthquake; therefore there
is insufficient data to demonstrate that post-seismic relaxation is occurring. However,
the linear velocity estimated from data after the earthquake is 42 mm/yr greater than the
well resolved inter-seismic velocity of 12 mm/yr derived from five occupations before
PNGO2. Overlaying an exponential curve to the observations after PNG02 (with the same
time constant as the curve fitted to XAVI) matches the observations, and the curve turns
asymptotic at a velocity similar to the well determined inter-seismic velocity from before

PNGO2. This is an indication that WEWK is also undergoing post-seismic relaxation.

The sites KOIL and TARO both have three sets of observations made after PNGO02, hence
multiple velocity estimates can be made to check the accuracy of the linear velocity es-
timate. Table 3.2 shows the sites do not display linear motion after PNG02 (with the
exception of the east component of KOIL). As the velocity estimates at XAVI and WEWK
both indicate the possibility of post-seismic relaxation occurring it would be a reasonable
assumption that both KOIL and TARO, which are closer to the NGT, could also be un-
dergoing a similar relaxation. Further discussion on the observed non-linear motion at
KOIL and TARO is continued in section 4.2.1 and the effect of post-seismic relaxation is

continued in section 5.1.1.

The remaining sites (BAMI, MUTM, ANGR, TRNG, ABTI and MPRK) have velocity esti-
mates that have been derived between two sets of observations, hence it is not possible to
show if non-linear motion is present. Care is therefore taken when interpreting the veloc-
ities. In figure 3.4 the uncertainty given to each velocity estimate is based on the formal
uncertainty of the estimated site positions. For sites which have only a single occupation
either before or after PNG02, the velocity has been assumed to be the same as the velocity

calculated on the opposing side.
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Figure 3.4: The position estimates in the ITRF2000 coordinate system. The estimated inter-seismic
velocity at each site is represented by the slope of the regression line (red). PNGO02 is shown as
a vertical dashed line (black). The velocity at WEWK and XAVI is shown in (red) and overlaid
with a best fitting exponential curve (green). Also velocities at KOIL and TARO are represented
by dashed lines (red) as their linear fit is questioned in section 4.2.1.
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Chapter 4

Inter-Seismic Velocities

In chapter 2 I described an a priori tectonic setting for the East Sepik region based on
a review of the literature. In chapter 3 I estimated velocities for ten sites spread across
the region. Using the GPS velocities observed in this study combined with the velocities
from three other sites at Vanimo (VANI) (Tregoning et al., 2000), Bogia (BOGI) (Wallace
et al., 2004) and Jayapura (SENT) (Bock et al., 2003), I am able to compare the a priori
model with the observed model. The GPS sites are assumed from the a priori model to

be situated on the following plates:

North Bismarck: KOIL and TARO
South Bismarck: BAMI and MUTM

Block “A”: ANGR, TRNG, ABTI, MPRK, WEWK and XAVI

Table 4.1 shows that the observed GPS velocities do not match their estimated a priori
rigid plate velocities. This may be a result of inter-seismic strain accumulation, errors in
the rigid plate models or the existence of separate tectonic blocks. In this chapter I use
elastic dislocation theory to present geophysical scenarios which explain the observed

velocities.

4.1 Elastic Dislocation Theory

In elastic dislocation theory (ED), a fault is considered as a discontinuity across an oth-
erwise continuous elastic medium (Steketee, 1958; Healy et al., 2004). Such a discontinuity
across a surface will result in two faces which can be deformed in different ways by the
application of a force (Steketee, 1958). When the deformation force becomes greater than
the applied force the elastic medium will spring back into a state of static equilibrium,

which Steketee (1958) describes as a dislocation. ED theory provides a simple method by
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which surface deformation from an earthquake can be estimated; resulting in the devel-
opment of a number of different models (Steketee, 1958; Chinnery, 1961; Savage and Hastie,
1966; Okada, 1985).

One of the more common ED models is the model of Okada (1985) which describes the ac-
cumulation of elastic strain across a semi-infinite, homogeneous, isotropic medium. Dis-
placements are provided in-terms of vectors, strain rates, and tilts with components (U},
Uy, Usy) in a fault orientated coordinate system (Appendix B). The Okada (1985) model
has the benefit, due to its simplicity, to be applied to a number of different situations
where a reliable estimate of elastic strain accumulation or release is required (eg. McCaf-
frey, 2002; Wallace et al., 2004; Healy et al., 2004). A limitation of the Okada (1985) model
is that a constant slip rate is assumed across the entire fault. It is widely recognised that
displacement varies across the fault surface (Kim and Sanderson, 2005), hence a simple ED
model will either over-estimate the displacement along the edges or underestimate the
displacement at the centre. A way in which the displacement can be varied is to divide
the main fault plane up into a number of sub-faults of smaller dimensions, across which
the slip can be controlled. An example of this is shown by (Delouis et al., 2004) for the
Bourmerdes-Zemmouri earthquake, Algiers, where the main fault plane was subdivided
into 40 smaller fault planes and co-seismic displacements inverted to obtain fault slip
parameters. A disadvantage of using this method is that the number of fault parameters
required increases with the number of fault planes, so care must be taken, particularly

when inverting, to keep the model from becoming under-constrained.

ED theory is often used to model deformations associated with plate thrusting earth-
quakes, steady state plate subduction, and plate coupling. Savage (1983) proposed the
use of ED theory to model the coupling effect across the plate boundary during the inter-
seismic phase, by imposing a normal slip condition to the model, which he referred to as

back-slip (Figure 4.1).

Back-slip modelling has been commonly used to account for inter-seismic strain accu-
mulation at subduction zones (Ruegg et al., 2002). Recent literature has criticised this
use of ED theory. Douglass and Buffett (1995) argue that ED models, which are based on
a kinematic formulation, place no constraints on subsurface stress fields leading to un-
reasonable distribution of stress at the subduction interface. Zhao and Takemoto (2000)

strengthens the argument by comparing the use of three methods for estimating strain
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Figure 4.1: Dislocation model for plate coupling at a subduction zone (based on Savage (1983)). A
steady-plate subduction model is added to a back-slip model (normal dip-slip equal to the plate
convergence rate) results in a steady slip model for a locked plate interface (Zhao and Takemoto,
2000).

accumulation; reverse dip-slip, back-slip and a more complex synthesised model. As
a result, Zhao and Takemoto (2000) state that a back-slip model cannot correctly predict
horizontal motion of the subducted plate. Williams and McCaffrey (2001) show that the
use of an ED model in a subduction environment is applicable in providing a good de-
scription of co-seismic displacements, but not suitable for investigation of inter-seismic
stress changes, and suggest the use of a more complex strain accumulation model. Sav-
age (1996) stated that, while ED models have many short comings when applied to a
subduction environment, they are only intended to approximate deformation and have
produced successful representations at many subduction zone environments (eg. Savage

et al., 1991; Hyndman and Wang, 1995).

In this study I use the ED model of Okada (1985) for a finite rectangular fault to investigate
inter-seismic strain accumulation and estimate co-seismic displacements (Section 5.1.2).
Despite the limitations that have been discussed, I use an ED model in a subduction
zone environment (the NGT) due to the models simplicity and robustness to provide a

reasonable first order approximation.
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Table 4.1: Site Codes, Observed Absolute Site Velocities (ITRF2000) and Associated (1) Uncer-
tainties. Sites are listed under their a priori plate and velocities with respect to my observations
for this plate are also listed. Block “A” and additional sites are listed with respect to the Australian
Plate.

Velocity w.r.t Rigid Plate

(mm/yr) (mm/yr)
Site Ve Vp O Op Ve Up,
North Bismarck Plate
KOIL -59.0 20.6 5.0 3.0 4.0 0.6
TARO 719 279 50 3.0 8.6 7.9
South Bismarck Plate
BAMI 199 325 5.0 28 -30.1 -16.5
MUTM 102 363 9.0 43 -40.8 -15.7
Block ‘A’
ABTI 151 298 29 1.8 -229 -24.2
ANGR 251 46.7 34 17 -129 -7.3
MPRK 140 338 28 1.8 -24.0 -20.2
TRNG 244 477 30 18 -13.6 -6.3
WEWK 121 355 1.0 0.8 -259 -18.5
XAVI 00 600 7.0 1.0 -38.0 6.0
Additional Sites
VANI 163 43.6 05 03 -21.7 -104
BOGI 265 428 19 16 -11.5 -11.2
SENT 102 377 15 06 -27.8 -16.3

4.2 Inter-Seismic Scenarios

The GPS sites observed in this study show motion that is not consistent with their ob-
served a priori plates. The variations at these sites indicate that either, the a priori model
is incorrect or that they are being influenced by other tectonic signals (eg. inter-seismic
strain or post-seismic relaxation). Here I describe possible geophysical scenarios which

explain the observed misfits.

4.2.1 The North Bismarck Plate

The sites KOIL and TARO are situated on the NBP near the junction of the NGT and
BSSL. The observed GPS velocities for these sites match the rigid NBP velocity estimated
by Tregoning (2002) at 95% confidence (Table 4.1). Velocity estimates were made for these
sites using only observations from the 2003 and 2004 campaigns, as the time series show

non-linear trends after PNGO02 (Section 3.3). I discuss here two possible explanations:
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e The sites display a co-seismic discontinuity due to an event between late 2002 and

late 2003.
e The sites are undergoing post-seismic relaxation after PNGO02.

The hypothesis that the sites were displaced as the result of an event between late 2002
and late 2003, would break the non-linear trends into two linear trends separated by
a discontinuity. If this were the case the displacements would be (-24 +15mm E, -26
+8mm N) at TARO and (-13 £14mm E, -18 £6mm N) at KOIL. Using the formalisation
of Okada (1985) an ED displacement field can explain the displacements to be a thrust
event of M, = 6, located at 3.34°S, 144.21°E (Appendix C). A search of the Harvard CMT
catalogue revealed two events to have occurred within this time period, but they do not

tit the required parameters, hence this scenario is not likely.

The second hypothesis that the sites are undergoing post-seismic relaxation appears more
plausible as both XAVI and WEWK have been shown to fit an exponential decay curve,
which is indicative of post-seismic relaxation (Savage and Svarc, 1997) (Section 3.3). Post-
seismic deformation has also been shown to fit a logarithmic function (Hearn, 2003).
However, the observed motion at TARO and KOIL do not fit either type of decay curve.
This does not discount that the sites are undergoing post-seismic deformation; further
GPS observations may be able to provide a better indication of the situation. The inter-
seismic velocities which will be assumed for TARO and KOIL have been made from a
linear fit between the observations made during 2003 and 2004, as they best represent the

estimated rigid plate motion of th NBP (Table 3.2).

4.2.2 Coupling across the Bismarck Sea Seismic Lineation

The sites MUTM and BAMI are located near the BSSL on the northern edge of the SBP.
Velocity estimates at these sites were made after PNGO02 and differ from the rigid SBP
velocity estimated by (Tregoning et al., 1999) (Table 4.1). To explain the observed variances

I show that significant coupling is present across the BSSL.

Wallace et al. (2004) state a need to account for inter-seismic strain accumulation at GPS
sites in PNG, due to the close proximity of active fault boundaries. Figure 4.2 shows the
results of back-slip modelling across the BSSL assuming a 100% rate of coupling at the
fault interface. The predicted rates of strain accumulation explain the observed GPS ve-

locities to within 95% confidence (Figure 4.2). The relative motion applied in the back-slip
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model (130 mm/yr along-strike and 30 mm/yr convergence) was based upon estimates

by Tregoning (2002).

Justification for there being a significant rate of coupling across the BSSL can be shown
by looking at the seismic activity across the western extent of the fault. The BSSL is a
seismically active fault with at least one strike-slip event occurring along the western
extent every year. As earthquakes occur when the elastic force surrounding a fault be-
comes greater than the static coupling force (Cox and Hart, 1986), the BSSL region would
be likely to have a significant rate of coupling. Further observations at these sites would

help provide a better estimate of the inter-seismic accumulation of elastic strain.

-3'00' I U ~ 0 ~ -3'00'
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Figure 4.2: (Left) The fit between the observed (blue), rigid plate (red) and inter-seismic strain
(green) velocities. (Right) The deformation field for elastic strain accumulation across the BSSL.

4.2.3 A Separate Tectonic Block?

Tregoning et al. (2000) showed that GPS observations from the sites WEWK, VANI
and ANGS had observed velocity estimates that were a consistent 30% slower with a
10°rotation than the estimated rigid Australian Plate velocity. They indicated this to be
either a result of inter-seismic strain accumulation or a separate tectonic block. The obser-
vations from this study made at WEWK, ABTI, TRNG, MPRK and ANGR show similar
variations from the rigid Australian Plate (Figure 4.3). In my a priori model I accom-
modated for non-rigid plate movement in this region by introducing a Block “A”, which

was described as displaying tectonic signals that are a combination of the rigid Australian
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Plate and the New Guinea Highlands Plate. In this section I propose three hypothesis to

test the the fit of Block “A” to estimated rigid plate movements:

e Block “A” displays rigid Australian Plate motion.
e Block “A” displays rigid New Guinea Highlands Plate motion.

e Block “A” displays its own rigid plate motion.

Figure 4.3 shows the observed motion of the Block “A” sites with respect to the rigid
Australian Plate as estimated by Tregoning (2002). The variation from rigid plate motion
could be a result of inter-seismic strain accumulation across the NGT, which was known
to be experiencing seismic coupling due to the PNGO02 earthquake occurring. To test
this, I applied a back-slip model using the formalisation of Okada (1985). Models were
created using varying gradients of coupling along-strike and down-dip between 0 and
100% (Figure 4.4), however no combination resulted in a fit between the locked, rigid
plate and the observed GPS velocities. This is a clear indication that Block “A” is not

displaying rigid Australian Plate motion.
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Figure 4.3: Observed site velocities relative to the rigid Australian Plate.
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Figure 4.4: Back-slip models for coupling across the New Guinea Trench at varying gradients
between 0 and 100% (red). Also shown are the estimated velocities of the GPS sites relative to the
rigid Australian Plate (blue). The back-slip vectors here do not explain the variances between the
observed site velocities and rigid Australian Plate velocity.
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Figure 4.5: Observed site velocities relative to the rigid New Guinea Highlands Plate.

Wallace et al. (2004) proposed the existence of a rigid New Guinea Highlands Plate. The
northwestern extent of this plate is at present undefined but Wallace et al. (2004) suggest
the possible extension north to the NGT and west into Irian Jaya. Figure 4.5 shows the ob-
served motion of the Block “A” sites with respect to the NGH Plate. I calculated the Euler
pole of the NGH Plate relative to the ITRF2000, from the AUS/NGH and ITRF00/AUS
Euler poles provided by Wallace et al. (2004) (Table 2.2). The observed GPS velocities at
the sites ABTI, MPRK, WEWK match the estimated rigid NGH Plate velocity within 95%
confidence. However, I am somewhat sceptical of these results as they do not account
for the influence of elastic strain accumulation across the fault, and under-estimate the

velocities at ANGR and TRNG.

The sites ANGR and TRNG are both far enough from the NGT for the influence of inter-
seismic strain to be minimal (Figure 4.4). The observed velocity estimates for TRNG and
ANGR are similar to estimates made at BOGI (Wallace et al., 2004), which is ~100km east
of ANGR. This provides justification to assume that ANGR, TRNG and BOGI are dis-
playing the rigid velocity for the Sepik region (Block “A”). Figure 4.7 shows the observed

motion of the Block “A” sites with respect to the velocity estimate at ANGR. However, a
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143° 144°

Figure 4.6: Back-slip models for coupling across the New Guinea Trench at showing coupling of
20% along-strike and 90% down-dip, for Block “A”. Also shown are estimates of the velocities of
the GPS sites relative to the velocity at ANGR (blue).

variance in velocity is shown at WEWK, MPRK and ABTI. Using the new velocity esti-
mate for the relative motion across the NGT, between the rigid NBP and ANGR, a back-
slip model (20% coupling along-strike and 90% coupling down-dip, Figure 4.6) is shown
to accommodate this variance. Figure 4.8 shows the observed motion of the Block “A”
sites, corrected for interseismic strain accumulation with respect to the velocity estimate
at ANGR. This model explains the observed motion at all of the sites except ABTI, which
is situated 130 km from the NGT and has only been occupied twice. However the ve-
locity estimates at ABTI are consistent with MPRK which was observed during the same

campaigns. Further geodetic data from these sites is required to explain this.

4.24 A Velocity Estimate at Kairiru

The GPS site XAVI is situated on the island of Kairiru, about 19km north of Wewak (Fig-
ure 3.1). The site is observed to display non-linear motion in the east component, which
fits an exponential decay curve, indicating possible post-seismic relaxation. No velocity
estimate could be made at XAVI before PNGO02, hence the east component is shown to

have an inter-seismic velocity of 0 + 7 mm/yr, which is derived from the asymptotic be-
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Figure 4.7: Observed site velocities relative to Block “A” (ANGR).

143° 144°

Figure 4.8: Observed site velocities relative to Block “A” (ANGR) which have been corrected for
inter-seismic strain accumulation.
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haviour of the exponential curve. In the north component the observed motion is linear,
however the velocity estimate is significantly greater in magnitude than the surrounding
sites (XAVI, MPRK and TRNG). Figures 4.3,4.5 and 4.8 show that XAVI does not display
rigid plate motion that is consistent with the Australian, New Guinea Highlands or Block

“A”. So on what plate is XAVI situated?

The GPS observation at XAVI are currently insufficient to conclude why the site does
not display motion that is consistent with the a priori tectonic setting of the region. A
possible explanation is that some authors (eg. Cooper and Taylor, 1987; Klootwijk et al., 2003)
have postulated on the extension of the BSSL westward across PNG (Section 2.1.1) which
would run between XAVI and WEWK. This would indicate that XAVI may be situated
on a separate tectonic block wedged between the NGT and BSSL (Block “B”?). To justify

the existence of such a tectonic block more geodetic observations are required.

4.3 Summary
The analysis of possible geophysical scenarios has yielded the following explanations:

e TARO and KOIL display non-linear motion that is most likely caused by post-

seismic relaxation.

e The BSSL was locked between 2003 and 2004 with large rates of inter-seismic strain

being observed at MUTM and BAMI.

e The East Sepik region appears to be moving as a separate tectonic block (Block “A”),

but current GPS observation are inconclusive as to the definition of this motion.

¢ Inconclusive observations at XAVI support evidence that the BSSL continues west
across New Guinea, suggesting the existence of a separate tectonic block wedged

between the NGT and BSSL (Block “B”?).



Chapter 5

Earthquake Deformation

It is widely recognised that large earthquakes cause the redistribution of strain and stress
across a region (Cox and Hart, 1986). Such deformation occurs in three distinct phases;
inter-, co-, and post-seismic (Scholz, 2002). To estimate the surface displacements at the
time of an earthquake (co-seismic), the displacement of the Earth’s surface before (inter-

seismic) and after (post-seismic) the event must be known (Reilinger et al., 2000).

This chapter is divided into two sections; in the first I describe the effect of the observed
post-seismic relaxation across the region and estimate co-seismic displacements. In the
second part I invert the estimated co-seismic displacements to estimate fault geometry

and slip parameters for PNG02.

5.1 Surface Deformation

During the earthquake, which was interpreted by the Harvard CMT solution to be a low
angle thrust event, the NBP Plate was over-ridden by Block “A”, with a slip estimated by
Borrero et al. (2003) of 2.1m. The pattern of inter-, co- and post-seismic deformation for a

typical thrust event is illustrated in Figure 5.1.

5.1.1 Post-Seismic Relaxation

Post-seismic relaxation is shown to be occurring at the sites XAVI and WEWK (Section
3.3). This phase is due to either a visco-elastic response to the deformation within the
Earth or afterslip across the fault, and is best represented by a decay curve (Cox and Hart,
1986). In this study I have fitted the deformation occurring at XAVI and WEWK with an
exponential curve as described by (Savage and Svarc, 1997). The post-seismic relaxation
generally occurs in the same direction as the co-seismic displacements. At WEWK and

XAVI, the co-seismic displacements occurred in an easterly direction, consistent with the

39



40 Earthquake Deformation
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Figure 5.1: [llustration of a thrust earthquake at a subduction zone. (a) During the inter-seismic
phase locking occurs across the subduction interface, this producing elastic strain accumulation
across the fault. (b) Deformation during the co-seismic phase results in uplift of the hanging wall
(over-riding plate) at the trench. (c) After the co-seismic rupture, a post-seismic phase is observed
while the fault returns to a static state.
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observed post-seismic relaxation. The exponential curve fitted to XAVI displays linear
motion during mid 2006, indicating a post-seismic period of about 4 years. Over this
period the magnitude of deformation is estimated to be ~120 mm at WEWK and ~80
mm at XAVI. The estimate of deformation at WEWK is potentially inaccurate due to the

time parameter from XAVI being used to fit the curve.

In section 4.2.1 I indicated the likelihood of post-seismic motion at TARO and KOIL, the
justification of this proved inconclusive due to the data fitting neither an exponential nor
a logarithmic curve. Not being able to explain the post-seismic movement at these sites
does not result in a significant change to the co-seismic estimates, as the two sites were
occupied immediately after PNG02. The remainder of the GPS sites have insufficient

observations to resolve whether post-seismic signals are present or not.

5.1.2 Co-Seismic Displacement

Co-seismic displacement is the movement of a site at the time of an earthquake (Figure
3.3) (Scholz, 2002). The co-seismic displacements estimated from the GPS observations
in this study are shown in Figure 5.2 (also Table 5.1). I calculated the displacements by
first extrapolating the estimated inter-seismic velocities from before and after! the event
to the time of the event and differencing the resulting positions. The post earthquake
positions at XAVI and WEWK were corrected for the observed post-seismic movement

(Section 5.1.1).

In this study, only eight GPS sites have observed co-seismic displacements. In order to
keep the model well constrained it is essential that these estimates be reliable. This raises
the question of how does one assess the accuracy of an estimate of co-seismic displace-
ment? Co-seismic displacement is generally seen as the instantaneous change in position
(Chlieh et al., 2004), hence the most reliable estimate would be to have observations im-
mediately before and immediately after the earthquake. This is not always possible, as
the majority of GPS studies (including this one) are not observed continuously, but at in-
tervals, spanning a number of years. In this study, observations were made at the closest
sites to the rupture (WEWK, TARO, KOIL, XAVI and TRNG) within a week of PNGO02.
Of these sites TRNG and WEWK were observed four months before PNGO02; hence, these

'Due to insufficient observations, it is not possible to estimate velocity both before and after the earth-
quake; therefore, for all sites, the velocity before the earthquake is assumed to be the same as the velocity
estimated after earthquake, shifted to fit the observed GPS data.
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Figure 5.2: Observed co-seismic displacements from this study (blue). Also shown is the Harvard
CMT focal mechanism for PNGO2 (red).

sites have the most reliable estimates of co-seismic displacement. This measure of relia-
bility is not shown by the formal uncertainties, which have been provided in this study
to show the accuracy of the displacements (Table 5.1). These uncertainties are based on
those provided by GLOBK for the position estimates and have been propagated through
the data reduction. Hence they are generally observed to be four times larger than those

of the position estimates.

5.2 Non-Linear Inversion with the Neighbourhood Algorithm

Many scientific problems use models with well constrained parameters to make predic-
tions about a specific observable. Inverse modelling is an iterative process that uses a set
of observables to infer the actual model parameters (Tarantola, 2005). The inversion of
displacement fields using ED theory to obtain fault geometry and slip parameters is not
a new concept and has been used successfully in a number of subduction zone environ-

ments (eg McCaffrey, 2002; Delouis et al., 2004).

To invert the co-seismic displacements estimated in this study into a suitable set of fault
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Table 5.1: Co-seismic displacements from this study with 2o formal uncertainties.
Disp. (mm)  Uncert. (mm)
Sites East North East North

ANGR 95 17 28 14
BAMI 48 1 38 18
KOIL -166 -154 32 16
MUTM 50 -53 50 22
TARO -80 -59 20 10
TRNG 85 -21 30 14
WEWK 271 20 24 12
XAVI 1035 -620 28 14

parameters, I have applied the Neighbourhood Algorithm (NA), which was introduced
by Sambridge (1999a,b) as a direct search method for non-linear inversion. The NA was
specifically designed for geophysical problems and works in a two stage process. In the
first stage, a search algorithm uses Voroni cells (nearest neighbour regions) to define a
uniform random walk through a multi-dimensional parameter space to select a suitable
set of model parameters (Sambridge, 2002). The second stage is an appraisal stage where a
rank is used to extract the “best” model based on a specified set of conditions (Sambridge,

1999a).

I have combined the NA with a forward ED model based upon the Okada (1985) algorithm
for ED across a finite rectangular fault. The Okada (1985) model is used to estimate a dis-
placement field from a given set of fault parameters, while the NA aims to recover fault
parameters from indirect measurements, which in this case are the observed co-seismic
displacements. As a result of the inversion process, a best-fitting set of fault parameters
and corresponding displacement field is obtained. Figure 5.3 shows a flowchart of the

inversion procedure.

The model is set up to search for eight parameters (length, latitude, longitude, slip along-
strike, slip down-dip, strike, dip and locking depth) constrained by user-specified ranges.
The model has the option for further constraint by holding the moment magnitude fixed
at a user-specified value. When this option is turned on, the width of the fault (length
down-dip) is calculated within the program based on the slip and length (Equation 5.2,
where p1, the shear modulus = 3 x 10'! dyne-cm™2 ). The NA recovers the best fitting
model by using a rank or misfit given to each forward model. I define the misfit as the
weighted sum of the squares of the difference between the observed and the computed

displacement fields (Equation 5.3).
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Moment = u x Length x Width x Slip (5.2)
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Inverse models are both sensitive and tractable (Healy et al., 2004). The co-seismic dis-
placements estimated in this study range in magnitude from 1 mm to 1000 mm and, the
significantly large magnitudes tend to dominate the inversion. As a best fitting model
must aim to explain displacements at all sites, I have weighted the observations based on
the formal 20 uncertainty divided by the observed displacement. The weight is used in

Equation 5.3 to calculate the misfit and rank the model.

OBSERVATIONS PARAMETER RANGES
v
NEIGHBOURHOOD FORWARD
ALGORITHM > MODEL
Sambridge (1999a,b) Okada (1985)

L MISFIT |<——
!

FAULT PARAMETERS —‘

DISLOCATION MODEL

Figure 5.3: Flowchart of the non-linear inversion based upon the Neighbourhood Algorithm
(Sambridge, 1999a,b) and the Okada (1985) Elastic Dislocation model. Input to the model are ranges
for eight parameters and moment magnitude. Output of the model is a displacement field and
fault geometry and slip parameters.
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5.3 Results

Previous interpretation of the rupture process for the PNG02 has been made by Borrero
et al. (2003), who describe a length, width and slip of the fault based upon the Harvard
CMT solution. In this interpretation Borrero et al. (2003) use Okada (1985) model to com-
pare the fault parameters with observed up-lift and subsidence measurements reported
by Davies (2002) and Dauvies et al. (2002). The predicted uplift rates are shown to be con-
sistent. In this study I have reproduced the ED model described by Borrero et al. (2003),
using the same Okada (1985) model and same fault geometry and slip parameters (Table

5.2)(here after this model will be referred to as “Model 0”).

Figure 5.4a shows a comparison between the computed surface displacements of “Model
0” and the estimated co-seismic displacements of this study. It is clear that the two esti-

mates are not consistent. To reconcile the conflicting data sets I ask three questions:

e Can the observed GPS displacements be described by a single rupture?

e Does this model explain the observations of uplift and subsidence reported by

Davies (2002) and Davies et al. (2002)?

e Is this model geophysically plausible?

5.3.1 GPS Displacement Model - “Model 1”

Using the NA and ED model of Okada (1985), I inverted the estimated horizontal co-
seismic displacements, using a set of loosely constrained fault parameters. The option to
constrain the moment magnitude was turned off. The solution was iterated 250 times,
with each iteration containing 150 models. The resulting model explained the co-seismic
displacements at five sites (XAVI, WEWK, TARO, KOIL, and TRNG) (Figure 5.4b). It is in-
teresting that sites which did not fit the estimated displacement field (ANGR, BAMI and

MUTM), were the sites at which observations were not made immediately after PNGO02.

5.3.2 Comparisons and Constraints

“Model 1”7 describes a shallow, steep dipping thrust event to have initiated at -3.30°S,
143.42°E and propagated for 92 km along the NGT. This event is consistent with the
estimated co-seismic displacements, but displays a different rupture pattern to the pre-

viously published “Model 0”. The main differences between the two models are the
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location of the event, the dip angle, the magnitude of the slip and moment. These differ-
ences do not mean that “Model 1” is in error, but must be justified in order to describe

the model as being geophysically plausible.

The estimated location of “Model 1”7, shows that the rupture propagated south-east and
extended for about 50 km passed the a priori location for the junction between the NGT
and the BSSL. The fact that the trench ruptured across an assumed fault boundary in-
dicates that there might be some inaccuracy in this estimate. Two explanations for this
are that the subducting slab is deeper here than the depth of the BSSL, hence the rupture
occurred underneath the BSSL; this is unlikely due to the estimated parameters indicat-
ing the trench ruptured to the surface. The second explanation is simply that the BSSL
does not extend westward as postulated by Cooper and Taylor (1987) but stops at ~144°E
as suggested by Hamilton (1979) and Johnson (1987). This explanation would contradict
the evidence already presented in this thesis that the GPS site XAVI is wedged between
the BSSL and NGT. The justification of the estimated location of the fault, does not look

likely, but sufficient evidence does not exist to suggest otherwise.

The slip estimated by the inversion is 60% greater than that used in “Model 0”, which
Borrero et al. (2003) obtained using the scaling laws of Geller (1975). In this model the slip
is used as justification of the moment magnitude, which was under-estimated in “Model
1”. The moment magnitude is related to the slip, the area of the fault and the rigidity
(shear modulus) of the surface (Equation 5.2). Initially I used a value for rigidity of 3 x
10" dyne-cm™2 which is an accepted value for rock (Scholz, 2002). When I apply this cal-
culation to the parameters described in “Model 0” the resulting moment is 60% smaller.
This indicates that to calculate the slip across the fault Borrero et al. (2003) appears to have
used a rigidity value of ~5 x 10! dyne-cm™2, which is consistent with rigidity values
that have been used for large earthquakes in the Indonesian region (eg. Liu, 2005). Us-
ing this rigidity value I recalculated the moment magnitude of the estimated parameters

from “model 1” to be M,, = 7.6, which is consistent with the Harvard CMT estimate.

“Model 1” is estimated to be a steep dipping (62°) event. The dip in this region of the
NGT is indicated from tomographic imagery by Tregoning and Gorbatov (2004) to be ~10°,
which is consistent with “Model 0.” Looking at the the tectonic setting of this region, I
would speculate that there would be considerable variation in dip along the fault plane

described by “Model 1.” Johnson (1987) suggest that the NGT merges with the BSSL in
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a fault - trench junction. The BSSL is shown to have a near vertical dip, hence before
merging, the NGT would need to increase in dip. There are insufficient observations
across the region to justify this and the Okada (1985) ED model is limited in the sense
that it cannot account for a varying dip angle across the rupture. A way of modelling a
varying dip angle would be to split the fault into sub-faults, which for this study could

result in an under-constrained inversion model (Section 4.1).

After the earthquake and tsunami a survey was conducted to make measurements of
uplift and subsidence, but no horizontal displacements were recorded (Davies, 2002).
“Model 0” was based entirely on the results of this survey (Borrero et al., 2003), which
show consistent uplift of 30 - 40 cm across the near shore islands and subsidence of 10
- 20 cm was observed long the coast near Hawain. Figure 5.4a and 5.4b show the pre-
dicted vertical displacements of “Model 0” (which is consistent with the observations)
and “Model 1”. It is clear that “Model 1” is not consistent with uplift across the islands
of Tarawai and Walis nor the subsidence observed near Hawain. However, subsidence is
shown offshore between Kairiru. The pattern of vertical deformation shown by “Model
17 differs considerably from “Model 0”, but is consistent with the estimated pattern for
vertical deformation at an oblique subduction zone (Bevis and Martel, 2001). Therefore, in
order to completely describe the rupture the measured uplift and subsidence measure-

ment must be accounted for.

Table 5.2: Estimated Fault Geometry and Slip Parameters from the interpretation of Borrero et al.
(2003) and the for the inversion of this study. * The moment magnitude from “Model 1” was
recalculated to be 7.6 using the same rigidity values as Borrero et al. (2003).

Model0 Model1l Model 2

Latitude -3.27° -3.3° -3.15°
Longitude 142.95°  143.42°  142.95°
Length (km) 72 92 72
Width (km) 36 10 29
Strike 106° 114° 112°
Dip 34° 62° 30°
Rake 43° 39° 55°
Co-Seismic Slip (mm) 2100 3384 2624
along-strike 1432 2613 2160
down-dip 1535 2151 1500

Moment Magnitude (M,,) 7.6 7.3* 7.6
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Figure 5.4: (Left) Predicted co-seismic displacements from (top) “Model 0” (middle) “Model 1”
and (bottom) “Model 2” compared with the estimated co-seismic displacements from this study.
Also shown are the estimated fault planes for the three models (Right) the predicted uplift and
subsidence for the three models. The contours were estimated by a 0.2°grid and are placed at 0.1
m intervals. The red contours indicate uplift and the blue contours indicate subsidence.
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5.3.3 Vertical Displacement Model - “Model 2”

In a second attempt to reconcile the conflicting data sets, I added vertical constraints to
the inversion based on measurements of uplift and subsidence reported by Davies (2002).
Furthermore, I have added some of the estimated vertical displacements from the GPS
data set. Some of the GPS time series show erratic variations in the heights, most likely
caused by errors in antenna height measurements used in the reduction of the GPS ob-
servations (not all field notes were available to verify these values). The time series at
WEWK, XAVI and TRNG are reasonably consistent and clear co-seismic displacements
can be identified. The model was also constrained by fixing the moment magnitude at
M,, = 7.6, which is the Harvard CMT estimate for the event. The solution was iterated 250
times, with each iteration containing 150 models. The result showed uplift that was con-
sistent with “Model 0”; a maximum uplift of 0.7m was predicted just offshore of Kairiru
(Figure 5.4c). The predictions of subsidence at Hawain were not as great as those pre-

dicted by “Model 0” or as observed by Davies (2002).

The predictions of horizontal surface displacements made by “Model 2”, do not provide
a significantly better match than “Model 0.” One difference is that direction of displace-
ment at XAV is better predicted, but the magnitude is only half of the observed GPS
displacement. The estimated parameters for this model are similar to those of “Model 0”

and are consistent with the tectonic setting of the region.

5.3.4 Summary

As a result of the inversion, two new models were presented, one which best fitted the
horizontal estimates of co-seismic displacement from this study and one which best fit-
ted the measured uplift and subsidence observations reported by Davies (2002) and Davies
et al. (2002). It was shown that a steep dipping thrust event along the NGT could explain
the estimated GPS displacements. The evidence for this model being geophysically plau-

sible, is somewhat inconclusive; mainly due to the limited interpretation of the region.

One thing that stands out between the two models estimated in this study is that the
location of the fault tends to move west when the vertical constraints are applied, and
east when the horizontal constraints are applied. This is clearly a result of the geometry

of the observations. The observations of horizontal displacement are in the east and the
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observations of uplift and subsidence were predominately made to the west. Due to
insufficient data; the geometry of the GPS network could not be enhanced. However, if
more observations of uplift, could be provided, in particular across the eastern end of the

fault, a more representative model could be estimated.

To conclude that it was not possible to provide a single rupture that explained both the
uplift and subsidence measurements and the horizontal GPS co-seismic displacements, a
number of combined inversions were run. None of these models showed any significant
improvement with estimates moving back and forth between either fitting the horizontal
or the vertical observations. It is recommend that a further study be developed to look at
the possibility of multiple ruptures across the boundary. A potential answer could be that
the eastern part of the boundary ruptured in a steep dipping thrust event that displaced
the GPS sites observed in this study, before triggering a second rupture to the west in a
low angle thrust event (an hour latter to be consistent with local observations of uplift at

Tarawai, Section 1.2.1).



Chapter 6

Conclusions and Recommendations

The intent of this thesis was to reconcile the previously published interpretation of
PNGO02 with estimates of surface displacement observed from the Global Positioning Sys-
tem. The study involved the analysis of GPS data to estimate earthquake deformation
patterns, the interpretation and explanation of inter-seismic velocities and the inversion

of co-seismic displacements to estimate fault geometry and slip parameters.

Data Set Limitations

The data used in this study was obtained from a series of GPS campaigns between the
years 2000 and 2005. All of the GPS sites observed in this network display some form of
tectonic signal from PNGO02. An aim of the study was to extract the co-seismic signal from
the observed data. To do this, three levels of data reduction were required. Firstly, site
positions relative to the ITRF2000 were estimated. The associated formal uncertainties
are generally under-estimated (Mao et al., 1999), hence they were multiplied by a factor
of two (Wallace et al., 2004). The interpretation of the uncertainties was an important step
in the processing as error here had the potential to propagate throughout the reduction

and subsequent inversion of displacements.

The second level of data reduction was to estimate inter-seismic velocities for each of
the observed sites. This is where the first limitation of the data set was noticed. BAMI,
MUTM, TARO, KOIL and XAVI only had multiple occupations after PNG02, hence esti-
mated velocities had to be transferred from after the event to the single occupation before
the event in order to compute the site location at the time of the earthquake. The reverse
had to occur for the sites ANGR and TRNG. WEWK was the only site where observa-
tions were made both before and after the event. However, the calculated site velocities
in the east component before and after PNG02 were significantly different. It was also

noticed the observations made after PNG02 at XAVI displayed non-linear motion in the
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east component and it was shown that this motion was the result of post-seismic relax-
ation. While XAVI and WEWK displayed a post-seismic signal, many of the other sites
displayed inter-seismic signals from strain accumulation. All of these deformation sig-

nals had to be explained before the co-seismic displacements could be estimated.

Estimating co-seismic displacement was the final stage in the data reduction. The relia-
bility of the co-seismic displacements was an important component of the analysis. The
formal uncertainties provided for the co-seismic displacement did not provide the best
indication of their reliability. These uncertainties were propagated through three levels
of data reduction using, for the most part, simple linear propagation of errors. The result-
ing uncertainties were approximately four times larger than the estimated site position
uncertainties. A much better way of interpreting the reliability of the co-seismic displace-
ments was to look at the time between the last measurement before the event and the first
measurement after the event. While it was not done in this study, future studies could
develop a time based scale of reliability by which the co-seismic displacements could be

weighted.

The co-seismic displacements were weighted in the non-linear inversion using a nor-
malised uncertainty based on the magnitude of the displacement. This was done so that
sites such as XAVI, which had displacement estimates an order of magnitude larger than

the “far field” sites such as BAMI, did not dominate the inversion.

A Reconciled Event?

The main focus of this thesis was to reconcile the conflicting interpretation of the We-
wak earthquake. The GPS observations showed displacements that were significantly
different from displacements that were computed using the interpretation of Borrero et al.
(2003). The model developed by Borrero et al. (2003) appears to only fit the observations
of uplift and subsidence which were described by Davies (2002) and Davies et al. (2002).
Co-seismic displacements estimated in this study were only calculated for the horizontal
the components due to erratic observations in the vertical. Three sites which did provide
reasonable observations of displacement in the vertical were XAVI which had a displace-
ment of 33 cm that matches observed uplift on Kairiru of 35 cm, TRNG and WEWK. In
an attempt to reconcile the observations I presented two “best” fitting models; a model

based on only horizontal displacements and a model based on measurements of uplift
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and subsidence.

The horizontal model was generated using just the estimated co-seismic displacements
from the eight sites, ANGR, TRNG, WEWK, XAVI, BAMI, MUTM, KOIL and TARO.
The result of this model was a rupture which provided a good fit to five sites, WEWK,
TARO, KOIL, XAVI and TRNG. These are the sites that were observed immediately af-
ter the event; hence they have the most reliable estimates of co-seismic displacement.
Comparisons were made using predicted vertical displacements. While the horizontal
model provides a good fit to the observed horizontal displacements, it underestimates
the uplift at the islands Tarawai and Walis and overestimates the subsidence along the
northern coast of New Guinea. The model also shows a significant amount of subsidence
in-between the islands Kairiru and Koil; there are no measurements in this region to con-

firm or refute the possibility of this subsidence.

The vertical model was constrained by using the observations of Davies (2002) and Davies
et al. (2002) and also the observed GPS height changes at WEWK, XAVI and TRNG. This
model accurately predicts uplift across the islands that is consistent with the measure-
ments. Subsidence is also accurately predicted along the northern coast. However, the

model does not accurately describe the horizontal GPS displacements.

In conclusion, neither of the presented models were successful in reconciling the con-
flicting data sets. If only GPS measurements were available the result would be a model
which is described as a steep dipping thrust event with length 92 km, width 10 km, slip
3.3m and moment 2.32 x 102" dyne-cm which is equivalent to a moment magnitude of
M,, =7.6. Is this model geophysically plausible? There are two elements of this solution
that do raise some geophysical doubt. The first is that the location of the fault is shown
to extend through the assumed location of the Bismarck Sea Seismic Lineation and that
the dip angle is significantly larger, that assumed in the literature for the New Guinea
Trench. As a result, both the horizontal and the vertical models fit different data sets. A
recommendation for future studies would be to present a model describing a more com-
plex rupture. A possible improvement on the rupture could be a 2-rupture model: the
first a smaller rupture starting near the estimated location of “Model 2” and the second a

larger rupture occurring in a location similar to that estimated for “Model 1”.
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Tectonic Interpretation

A significant component of this thesis was devoted to explaining the estimated GPS ob-
servations relative to the assumed a priori model for the area. The East Sepik region has
been the subject of very few tectonic studies. This study therefore makes a significant
contribution to the present tectonic description of the region. The geodetic network in
this area strongly affected by a number of tectonic signals and there are only limited ob-
servations at the sites. While the observations are still inconclusive there is indication of

the following;:

e Velocity estimates at WEWK, TRNG, ANGR, ABTI, and MPRK appear to be con-
sistently moving as a rigid block. In this study the rigid block has been referred
to as Block “A”. Between Block “A” and the rigid Australian Plate sit the New
Guinea Highlands. A significant amount of uplift is occurring across this region
which has been attributed to accommodation of the strain across the New Guinea
Trench. Block A is observed to be moving slower than the Australian Plate, with
the Australian Plate converging at a rate of ~18 mm/yr. Such convergence could

be causing uplift of the highlands.

e The site XAVI appears to be located on an isolated wedge between the NGT and
BSSL. This has been assumed because the velocity estimate at XAVI does not fit any
of the rigid plates, and the suggestion that BSSL runs east - west south of XAVIL

This result is inconclusive and requires further investigation.

e Post-seismic relaxation appears to be occurring at WEWK and XAVI. This phase
may also be causing non-linear motion at TARO and KOIL. It is not completely
understood why KOIL and TARO are showing non-linear motion, but a number
of suggestions have been made. From the exponential curves fitted to XAVI and

WEWK, it appears that the post-seismic phase has a period of between 4 - 5 years.

Suggestion of Future Developments and Studies

Many of the interpretations made in this thesis has been inconclusive due to insufficient
data. All the GPS sites used in this thesis are to be re-observed in November 2005. While
these new observations will not significantly improve the estimated co-seismic displace-

ments (this was observed by the inclusion of the 2005 data sets, where co-seismic es-
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timated changed insignificantly), they will help to resolve some of the interpretations

from this study that were left inconclusive due to insufficient data.

In terms of providing a better tectonic interpretation of the East Sepik region, I recom-
mend that further observations be made in two areas (1) on the islands of Tarawai and
Walis, and along the northern coast at But which does at present contain sufficient data
to estimate a velocity. Such observations will help to validate the unusual velocity esti-
mate at XAVI. (2) The network should also be extended further back into the New Guinea
Highlands to either show support for the extension of the New Guinea Highlands Block

in this area or delineate the motion of a separate block (Block “A”?).

This study concludes that it was possible to attribute the observed surface displacements
to a single rupture, but it did not reconcile the GPS observations with the interpretation
of Borrero et al. (2003). As such, this problem is still to be resolved. Further GPS mea-
surements will not enhance the estimation of co-seismic displacements. Two suggestions
which should be investigated are to re-process the GPS observations to extract more re-
liable height estimates which could be used to better constrain the eastern side of the
rupture, and to attempt to combine the two models presented by this study using other

sources of geodetic data, for example, Interferometric Synthetic Aperture Radar (InSAR).
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Appendix A

Vertical Displacements

Some of the GPS time series show erratic variations in the heights, most likely caused
by errors in antenna height measurements used in the reduction of the GPS observations
(not all field notes were available to verify these values). The time series at WEWK,

XAVI and TRNG are reasonably consistent and clear co-seismic displacements can be

identified.
WEWK Up Offset 84.234 m XAVI Up Offset 88.559 m
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Figure A.1: Vertical time series produced in the GLOBK analysis (continued).
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Vertical Displacements
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Appendix B

Elastic Dislocation in a Finite

Rectangular Half Space

The Okada (1985) model for estimation of elastic dislocation in a finite rectangular half-

space was provided in the form of a fortran subroutine (SRECTE(f), this code uses the

following equations to calculate elastic displacements.

For Strike Slip:
U, = _% :% + atan% + Ilsiné} I
Uy = 5 [kt + 4655 + Tosind] |
U, = _% -R(R+§ + sméatcm 577 I58in5608(5:| I

For Dip-Slip:

—_U
U93 - 27
_ _U
Uy - 27
__U
UZ - 27

For Tensile:
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Elastic Dislocation in a Finite Rectangular Half Space




Appendix C

Displacement at KOIL and TARO

In section 4.2.1 the possibility of a second co-seismic displacement at the sites KOIL and
TARO was discussed to explain the observed non-linear motion. Figure C.1 shows the
evidence the resulting time series if such a displacment was present. Figure C.2 shows the

displacement field that would be required to fit the observed co-seismic displacements.
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Figure C.1: Possible co-seismic displacements at KOIL and TARO after PNGO02.
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70 Displacement at KOIL and TARO
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Figure C.2: Elastic dislocation pattern (red) that would be required to explain the possible second
co-seismic displacements at TARO and KOIL (blue). Also shown are the Harvard CMT focal

mechanisms for the three events that occured during this period.



Appendix D

Elastic Dislocation Models
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Figure D.1: Complete elastic dislocation model. (a) Replication of the model described by Borrero
et al. (2003).
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Figure D.2: Complete elastic dislocation model. (b) Inversion Model 1 - GPS Dispalcement Model.
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Figure D.3: Complete elastic dislocation model. (c) Inversion Model 2 - Vertical Displacement
Model.



