GPS MEASUREMENTS OF CRUSTAL DEFORMATION IN
EASTERN INDOMESIA AND PAPUA NEW GUINEA

By
Colleen W, Stevens
An Abstract of a Thesis Submitted to the Graduate
Faculty of Rensselser Polytechnic Institute
in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
Major Subject: Geophysics
The original of the complete thesis is on file
in the Rensselaer Polytechnic [nstitute Library

Examining Commilttee:

Robert McCaffrey, Thesis Advisor
Steven Roecker, Member

Michael J. Gaffey, Member

Frank Spear, Member

William Kidd, Member

Rensselaer Polytechnic [nstitute
Troy, New York

April 1999
(For Graduation May 1999)



GPS MEASUREMENTS OF CRUSTAL DEFORMATION IN
EASTERN INDONESIA AND PAPUA NEW GUINEA

By
Collesn W. Stevens
A Thesis Submitted to the Graduate
Faculty of Rensselaer Polytechnic Institute
in Partial Fulfillment of the

Requirements for the Degree of
DOCTOR OF PHILOSOPHY

Major Subject: Geophysics

Approved by the
Examining Committee:

S

“Robert McC . Thesis Advisor

Steven Roegker, Member

&f&fﬁ;f

Michael I. . ber
W%@QQA
rank $

%
Wills 1 HHII':I;I'

Rensselaer Polytechnic Institute
Troy, New York

Apnl 1999
(For Graduation May 1999)



Table of Contents

List of Tables....... - R

Chapter 1: An introduction to the tectonics of eastern Indonesia and the Global

Positioning System eramrasmnnn e eesannans S |
L.1 Introduction . - . — R |

1.2 Regional Tectonics.... . S 3

1.3 The Global Positioning SysteM....coveras . S —— -6

1.4 Data Collection . ST . - PP 11

1.5 Data Processig - .oue e semmmmnsrsmsrrirarenss - S b

1.6 GPS Work in Indonesia and Papua New Guinea..... - T—— 13

Chapter 2: Crustal deformation in eastern Indonesia as determined by Global Positioning

System measurements and eanthquakes....... . reerracebessiasareaas 27

2.1 INroduCtion ..o eeesrrarse s iesecnsasasnsnsassias - - . S— 27

2.2 GPS Measurements. S y - . Ty |

2.3 Plate motions in the No-Net Rotation reference fame....... ceereeenaneran are s 29

2.4 Global plate motons .....c.ccararcernnnn . SR ——— 30

2.5 Pacific-Australia convergence............... » . - . 33

2.6.1 Deformation across the island of New Guinea...... R 1.

2.6.2 The Bird's Head region of Irtan Jaya .. - w33



2.6.3 The Sorong and Yapen faults ... . . : 37

2.7 Eurasian-Australian convergence .. etetemiieesmemerenennreeanseeeseansansibis 39
2.7.1 The Java trench........ - 39
2.7.2 The Timor trough..... 40
2.7.3 Back arc thrusting at the Banda Sea . 41l
2.8 The Aru and Seram troughs and deformation within the Banda Sea. 42
2.8.1 The Aru trough ........ 42
2.8.4 The Seram trough... R ——— -
2.9 Eurasia-Pacific CONVEIEENCE .. ..coovvevever e nererssmarsmsa rmse resares 46
2.10 Discussion....... 47
2.11 Conclusions ... . 51

Palu fault, Sulawesi, [ndonesia.......... 80
T T L A - 30
3.2 Tectonic Setting ........ . P 81
3.3 GPS Measurements, Analysis and Results . S 82
3.4 The Pal Faul — - - R 24
3.5 Block Rotations and Regional Tectonics - ST — 85
3.6 Conclusions ... - - SO ———— 29

Chapter 4: Mid-crustal Detachment and Ramp Faulting in the Markham Valley, Papua

Mew Guinea csiessssemimennnnne e ierarREERAr SRR s ERRR AR E TR as w95
4.1 Introduction ... .95




4.2 GPS Measurements . S 06

4.4 Waveform Modeling - - - ST -

4.4 Discussion ... . . . S e

4.5 Conclusions . - - - cemsnsananens 02
Chapter 5: Conclusions ..o - S —— -0

References . . S— — LT3




List of Tables

Table 1-1: Data collection and equipment summary... . .
Table 1-2: GPS campaigns measured between 1991 and 1997. .........cooerceceemresrsenmreeen I8
Table I-3: Field work and projects [ have participated in. R 1B
Table 2-1: Horizontal GPS velocities in the ITRP36 reference frame. ..o cecicccinianin 53
Table 2-2: Residuals between the GPS derived [TRF26 and NNR velocities. ............. . .
Table 2-3: Poles of rotation parameters for tectonic blocks.. ....c.ccmms cormsnsrimsssnesnes . -
Table 2-4: Velocities relative to the NAB and SAB. .. - R U, ¥
Table 3-1: GPS velocities in the ITRF93 reference for the Palu transect sites. ................ 20
Table 4-1: GPS site dislplacemenis between August 1993 and January 1994 ........... 103
Tahle 4-2; Source parameters for the Ocrober 1993 Earthquakes. ... ecec e 103



List of Figures

Figure 1-1: Geographic and tectonic map of eastern Indonesia.. reeeemesmsiesis O
Figure 1-2: Shallow sesmicity for the eastern Indonesia region..........cooirmnrirranns 20
Figure 1-3: Earthquake slip vectors........ . . S eerenni2]
Figure 1-4: Tectonic map of Ifan Jaya.......c.cmuvimee - rrenmeaesmssn e s 22
Figure 1-5: Tectonic map of the Banda Sea region ... - S 23
Figure |-6a: GPS sites in the eastern Indonesia FEEIN ... eoreresrrresereresossessssceas 24
Figure 1-6b: GPS sites near the Palu fault, Smlawesi ... sms e 25
Figure 1-6¢c: GPS sites across the Markham Valley, PNG ..o 26
Figure 2-1: Geographic and tectonic map of eastern Indonesia.........co oo vvee e .58
Figure 2-2: Shallow seismicity for the eastern [ndonesia FEEION ... i inrinnan 59
Figure 2-3: Distribution of GPS sites in eastern [ndonesia.....ercccens cennerarraees cemrrnns0)
Figure 2-d4a: GPS-denived ITRF96 velocities..... . - - - 6l

Figure 2-4b; GPS-derived ITRF% velocities and Australia-NNR prediced velocities ....62
Figure 2-d4¢: GPS-derived [TRF96 velocities and Eurasia-NNR prediced velocities .......63

Figure 2-5: GPS velocities relative to the Northern Australian Block ... 64
Figure 2-6a: North component of the Merauke-Wamena baseline ..........cceervrirereanes -
Figure 2-6b: East component of the Merauke-Wamena baseline ..................... sesrsnerassacs SO
Figure 2-7: Fault plane solutions for earthquakes in the rian Jaya region...... e 67
Figure 2-8a: Norh compooent of the Sentani-Merauke baseline ..........c.ccccnrrrimrnrrens 58
Figure 2-8b: East component of the Sentani-Merauke baseline.................. ereereatsnmsaans .69
Figure 2-%a: North component of the Biak-Yapen baseline .........ccoicnveamnee Y |
Figure 2-9b: East component of the Biak-Yapen baseling ... 91



Figure 2-10: Fault plane solutions for earthquakes in the Banda Sea region .......ccooevee 91

Figure 2-11: Velocities relative to the Nonthern Australian Block ... - 1391
Figure 2-12: Velocities relative to the Southeast Asian Block ........ a1
Figure 2-13a: North component of the Kupang-Denpassar baseling ................ 75
Figure 2-13b: East component of the Kupang-Denpassar baseline.. . 76
Figure 2-14a: North component of the Timika-Kaimana baseline. 77
Figure 2-14b: East comonent of the Timika-Kaimana baseline..... 78
Figure 2-15: New tectonic map for the eastern Indonesia region .. . 79
Figure 3-1: Tectonic map of Sulawesi........ccoeeeunes - 21
Figure 3-2: Velocities of Palu transect sites relative to Southeast ASia.........ccoeceeveereees 92

Figure 3-3: The fauk-paraliel component of velocity versus distance from faukt .......... .93

Figure 3-4: Slip vectors at the North Sulawesi trench S— 04

Figure 4-1: Tectonic map of the Papua New Guinea region. - 104

Figure 4-2: Comparison of 1973 and 1975 EDM to 1993 GPS measurements.............. 103
Figure 4-3: Fault plane solutions for October 1993 earthquakes and aftershocks ... 106
Figure 4-4: Fault plane solutions and broadband waveforms for October 13 event ....... 107
Figure 4-5: Observed coseismac slip and dislocation modeling results................... —

Figure 4-6: [nrerpretive cross section of the Ramu-Markham fault 109




Abstract
Here we present crustal velocities from Global Positioning System (GFS) measurements
made between 1991 and 1997 at 56 sites throughowt eastern [ndonesia and Papua New
Guinea (PNG). From these measurements, we interpret the relative motions of the plates

and fault slip rates in the region.

Only 2 small amount of the Pacific-Australian plate convergence is accommodated at the
MNew Guinea Highlands fold and thrust belt although it stands out as a major structural
feature. East of 138° E, most of the plate convergence is taken op on faults lying north of
the northem coast of Irian Jaya, including the MNew Guinea wench. West of 138°
longitude, however, plate convergence drives rapid west-southwest motion (about 80
mm/yr) of the Bird's Head microplate relative to southern Irian Jaya. As a result. the
Bird's Head continental crust is being subducted ar about 50 mmyr below the Banda Sea
al the Seram trough, and only a small portion of the convergence is taken up between

Bird's Head and the Pacific plate.

Pacific-Eurasian plate convergence is fully accommodated within the northern Molucca
Sea. Southward, however, approximately 30% of this convergence is transferred 1o north-
south convergence at the North Sulawesi trench by the rotation of the East Sulawesi
microplate. The Banda Sea comprises a large shear zone, Left-lateral shear in the Banda
Sea is accommodated differential motion between at least three crustal slivers.



Eurasian- Australian plate convergence is fully accommodated at the Java trench near
Java. Eastward along the Banda arc, however, from Timor to Aru, Australian-Eurasian
plate convergence is not actively accommodated at the Timor and Am troughs. [nstead.
the Banda arc islands have been accreted to the northern margin of the Australian plate.
and the boundary separating the plates has jumped to the north, probably to the Wetar
backarc thrust, where several large thrust earthquakes have occurred in recent years. West
of the island of Timor. near 121°E, a north trending lefi-latzral shear zone with a slip rate

of about 50 mm/yr is required to accommodate this differential motion

Yearly GPS measurcments on a small-aperture array crossing the fault from 1992-1995
indicate that the lefi-lateral strike-slip Palu fault in central Sulawesi slips at a rate
between 26 and 46 mmfyr with a iocking depth between 2 and B km. From the measured
slip rate and the historic seismicity of the fault, we estimate the Palu fault currently has
stored enough strain to produce a M. > 7 earnthquake. The Palu and other nearby faults
accommodate rapid clockwise rotation of nearly 4°/Ma of East Sulawesi relative (o
eastern Sunda. The rotation of East Sulawesi transfers east-west shortening between the
Pacific and Eurasian plates to north-south subduction of the Celebes Basin beneath
Sulawesi.

In Papua New Guinea, earthquakes and geodetic evidence are used to infer the presence
of a low-angle, mid-crustal detachment fault beneath the Finisterre Range that connects
1o a steep ramp surfacing near the Ramu-Markham Valley. Waveforms of three large (Mo

= 6.3 w© 6.9) thrust earthquakes that occured in October 1993 beneath the Finisterre



Range 10 1o 30 ki north of the valley reveal gently. noah-dipping thrusts at about 20 km
depth. GPS measurements show up to 20 cm of coseismic slip across the valley requiring
that the active fault extend to within a few hondred meters of the Earth’s surface beneath
the Markham Valley. Together these data imply that a gently north-dipping thrust fault in
the middle or lower crust beneath the Finisterre Range north of the valley steepens and
shallows southward forming a high-angle ramp fauk bepeath the north side of the
Markham Valley. Waveforms indicare that both the ramp and detachment faull were
active during at least one of the earthquakes. While the seismic potential of mid-crustal
detachments elsewhere is debated. in Papua New Guinea the detachment fauk shows the

capability of producing large earthquakes.
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