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Abstract 

 

The Java Trench is a plate boundary where the Indo-Australian plate subducts 

beneath the Sunda plate and many megathrust earthquakes as well as tsunami 

earthquakes repeatedly occur. In contrast with the Java Trench off Sumatra, the trench 

off Java has much less historical seismicity during last 300 years. However, since 

Java is the most populated area of Indonesia and there occurred significant tsunami 

earthquakes in 1994 and 2006 (both were Mw7.8), it is of great importance to evaluate 

potential of megathrust earthquake south off Java.  

We use three years data from 5 January 2008 to 31 December 2010, from 13 

newly installed continuous GPS sites of the Indonesia Geospatial Agency (BIG) and 

Institute of Technology Bandung (ITB) located in western Java and southern Sumatra. 

First, we process the GPS data with data from the 7 International GNSS Service (IGS) 

sites to obtain daily coordinate time series of each site in the International Terrestrial 

Reference Frame 2008 (ITRF2008) by using Bernese GPS Software Version 5.0 

(Dach et al., 2007). Daily repeatability of 2.5-3.2 mm for horizontal and 9.1-12.5 mm 

for vertical components was achieved except for a few sites around the Sunda Strait. 

Then we fit a linear trend to each time series to estimate displacement rate vector at 

each GPS site. The displacement rate error is estimated assuming a white noise and 

precision of the estimated velocities is about 0.2-0.9 mm/year for the horizontal 

components and 0.6-2.1 mm/year for the vertical component. 

The estimated velocities are transformed into the Sunda block reference frame 

(Simons et al., 2007), but the result is not consistent with the previous study. It is 

possible that the postseismic effects of the 2006 Mw7.8 Java tsunami earthquake and 

the 2004 Mw9.1 Sumatra-Andaman earthquake may be responsible for the changes. 
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Since the old Sunda block reference frame is not directly applicable to our data, in 

order to avoid uncertainties regarding the reference frame, we use baseline length 

change rates for our analysis. On the other hand, we use the absolute vertical 

displacement rate in the ITRF2008 reference frame for our analysis.  

We use the concept of interseismic deformation at subduction zones proposed 

by Savage (1983) to interpret the observed crustal movements in western Java. The 

observed surface deformation is attributed to distribution of fault slip deficit/excess 

with respect to a steady plate subduction on the plate boundary.  

We presume a fault plane on the plate interface with a length of 500 km and a 

width of 225 km extending to the trench. We divide the fault plane into 720 subfaults 

with a uniform size of 12.5 km x 12.5 km. We assume the dip angle of the plate 

boundary based on model Slab 1.0 (Hayes et al., 2012). The fault rake angle is fixed 

to a value based on relative plate motion and the magnitude of slip deficit/excess is 

the only parameter to be estimated for each subfault. We apply a geodetic inversion 

method by Yabuki and Matsu’ura (1992) to estimate slip deficit/excess distribution 

with a prior constraint that the distribution of slip deficit/excess is spatially smooth. 

The optimum degree of smoothness is determined by the ABIC minimization 

principle (Akaike, 1980). 

To test the reliability of the spatial resolution of the analysis, we conduct a 

checkerboard test. We invert a synthetic surface deformation data created from 

prescribed distribution of slip deficit/excess and compare the inversion result with the 

true distribution. The checkerboard test demonstrates that the slip deficit/excess rate is 

reasonably resolved up to ~100 km from the coast, corresponding to the slab depth of 

20-30 km, within a fault size until 62.5 km x 62.5 km. The model cannot resolve 

patches smaller than 62.5 km x 62.5 km. Resolution for the shallow part (depth < 
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20km) and the resolving power for the periphery of the source region is very limited 

although we may be able to distinguish the existence of a slip deficit in the shallow 

part by enlarging the fault size.  

The inversion result of the GPS data clearly shows a heterogeneous 

distribution of slip deficit/excess in both the strike and dip directions. We identify one 

slip excess patch and two significant slip deficit patches. The slip excess is located off 

Pangandaran near the rupture area of the 2006 M7.8 Java earthquake, in the depth 

range of 15~20 km, with a slip excess rate of 57-61 mm/yr. In depth range less than 

20 km, the detailed slip distribution cannot be resolved by the on-land GPS. However, 

based on the resolution test, we assured that there is an ongoing afterslip of the 2006 

M7.8 earthquake, 4.5 years after the main shock. The southward motion of CPMK 

and coastal extension is the supporting evidence of this inference. However, we 

cannot resolve whether the afterslip occurs inside the main shock rupture area or in 

the adjacent down-dip area. It is also possible that afterslip extend further to the east 

because of the absence of GPS data to the east of CPMK. 

The first significant slip deficit patches is located off Ujung Kulon-Pelabuhan 

Ratu at 20 to 40 km depth, with a slip rate of 48 to 56 mm/yr, equivalent to 70-82% of 

the relative plate motion. We also obtain slip deficit to the shallow portion. Although 

our model cannot resolve detailed spatial distribution of slip deficit, we point out 

significant amount of slip deficit can exist in the shallow portion south off Java. 

Second, interplate coupling off Pangandaran at 37 to 45 km depth below the rupture 

area of the 2006 M7.8 earthquake with a slip rate of 48 to 55 mm/yr, equivalent to 75-

80% of the relative plate motion. Existence of the slip deficit patch at depth is 

supported by the observed coastal uplift. 
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 The absence of a megathrust earthquake for at least 300 years in this region 

implies seismic moment accumulation during this time period of 1.6x1022 Nm (~Mw 

8.7) off Ujung Kulon-Pelabuhan Ratu, and 3.9x1021 Nm (~Mw 8.3) off Pangandaran, 

unless episodic slow slips release tectonic stress. Thus significant potential of 

megathrust earthquake exists in south off western Java. 

Base on the inversion result, we propose two possible scenarios for future 

earthquake off western coast of Java. In the first scenario, earthquake nucleates from 

the slip-deficit patch at the intermediate depth, then propagates to the shallower 

portion of the plate boundary producing a large tsunami as the 2011 M9.0 Tohoku 

earthquake. In the second scenario, earthquake nucleates in the shallow part, 

generating a tsunami earthquake, and the down-dip portion will release stress by 

afterslip, as in the case of the 2006 M7.8 Java and 2010 M7.8 Mentawai tsunami 

earthquakes. In either case, there is a high potential of occurrence of interplate 

earthquake which rupture could propagate to the shallow part of the plate interface 

and generate a large tsunami. 

  

学位関係 



 vi 

Acknowledgments 

 

In the name of Allah, the Beneficent, the Merciful. 

I am grateful to many people who have been helping me during my completion of my 

thesis, directly and indirectly. 

I would like to express my deepest gratitude to my advisors, Prof. Takeshi Sagiya and 

Prof. Fumiaki Kimata, for vast encouragement, knowledge sharing, support, patience and 

guidance throughout my study. I thank my committee members, Prof. Teruyuki Kato, Prof. 

Muneyoshi Furumoto, Prof. Koshun Yamaoka, Prof. Hiroyuki Kumagai, and Dr. Ito Takeo 

for fruitful discussions. I also thank other professors in the Dynamic group of the Earth and 

Planets Department, as well as members of crustal deformation group. 

I benefited to meet many Professors and international researchers during years of JICA 

training course “Operating Management of Earthquake, Tsunami and Volcano Eruption 

Observation System” conducted in Nagoya University that enrich my knowledge. I thank to 

Prof. Hiroo Kanamori, from whom I first understand about the unusual phenomenon of the 

2006 Java earthquake and who has teach me tsunami earthquake during my early stay in 

Nagoya University. 

I thank Mr. Cecep Subarya and other collegues in BIG for collaboration in GPS data, and 

for professors and collegues in ITB for support. I thank Mrs. Kishiki Mizuno and Mrs. Kei 

Furuno for endless support and help. I am grateful to meet friendly and helpful friends in 

crustal deformation seminar and dynamics. 

I wouldn`t have been able to accomplish this work without support from people who 

have helping me to take care of my children with their best, the nursery school teachers and 

my Indonesian friends.  

Finally I thank my lovely family for endless love and support.  

  



 vii 

Table of Contents 

 

Abstract          ii 

Acknowledgments         vi 

Table of Contents         vii 

List of Figures          ix 

List of Tables          xii 

Glossary of Abbreviations        xiii 

 

1. Introduction         1 

1.1. Background         1 

1.2. Dissertation Outline         4 

 

2. Slip Behavior at Subduction Zones       6 

2.1. Seismogenic Zone in Subduction Zone      6 

2.2. Interseismic, Coseismic, Postseismic and Slow Slip     8 

2.3. Tsunami Earthquakes        14 

 

3. Tectonic Background of Java Trench      16 

3.1. Tectonics           16 

3.2. Seismicity along the Java Trench       20 

3.3. Tsunami Earthquakes along Java Trench      24 

 

4. GPS Observation in West Java       32 

4.1. GPS in Indonesia         32 

4.2. Indonesian Permanent GPS Station Network     35 

4.3. GPS Data and Processing        37 



 viii 

4.4. GPS Coordinate Time Series       38 

4.5. GPS Velocity and Errors        39 

 

5. Interplate Coupling off southwestern coast of Java    51 

5.1. Model Setup         51 

5.2. Spatial Resolution Test        53 

5.3. Slip Deficit/excess distribution on the plate interface    54 

 

 

6. Numerical Modeling of The 2006 M7.7 Java Tsunami Earthquake  61 

6.1. Introduction         61 

6.2. Java 2006 Tsunami Earthquake       64 

6.3. GPS PPP continuous observation       67 

6.4. Tsunami Modeling Method        68 

6.5. Discussion          74 

 

7. Discussion and Conclusion       77 

7.1. Discussion          77 

7.2. Conclusion          78 

 

Bibliography          85 

 

  



 ix 

List of Figures  

 

1.1. Tectonic setting of study area        3 

2.1. World map showing seismicity with M>5       6 

2.2. Conceptional plot of interseismic deformation at subduction zone    7 

2.3. Ilustration of asperity model        8 

2.4. Ilustration of GPS data to observed crustal deformation in subduction zone  9 

2.5. Example of time series in Japan, showing the interseismic, coseismic offset, and 

postseismic slip         10 

2.6. Ilustration of correlation between locking, rupture and surface displacement  11 

2.7. Interseismic, coseismic and postseismic displacement of the 2011 Tohoku  

earthquake          11 

2.8. Spatial correlation between slip deficit distribution in interseismic period  

with coseismic slip distribution in Sumatra Indonesia    12 

2.9. Spatial correlation between slip deficit distribution in interseismic period  

with coseismic slip distribution in Northeast Japan     13 

2.10. Spatial correlation between slip deficit distribution in interseismic period  

with coseismic slip distribution in Chile      14 

2.11. Example of spatial correlation between coseismic slip and afterslip   15 

2.12. Illustration of tsunami earthquake       16 

3.1. Tectonic setting of western Indonesia      18 

3.2. Formation of Sundaland        19 

3.3. Sunda block inferred from GPS measurement     19 

3.4. Physiography sketch map of Java       20 

3.5. Seismicity along the Java trench       21 

3.6. Historical reoccurrence of earthquakes in Java and Sumatra from  

17th century to mid 1900        22 



 x 

3.7. Historical interplate event along Java Trench     23 

3.8. Java seismicity in late 1600 to mid 1900      24 

3.9. Java seismicity in 1973-Oct 2009 with M>5      24 

3.10. Hypocenter distribution of main shock and aftershocks of  

1994 Java Earthquake and the run-height      25 

3.11. Hypocenter distribution of main shock and aftershocks of  

2006 Java Earthquake        26 

3.12. Destruction of the 2006 Java tsunami earthquake     27 

3.13. The epicenter of the 1907 overlay with maps of area affected by tsunami  28 

3.14. Horizontal coseismic offsets from GPS and coseismic slip distribution of  

the 2010 Mentawai earthquake       29 

3.15. Accretionary prism in Java trench       31 

4.1. IPGSN Status in 2013 in Java and Indonesia      36 

4.2. Example of cGPS pillar        36 

4.3. cGPS sites used in this study       37 

4.4. IGS sites used in this study        37 

4.5. Time series of the cGPS data fix to BAKO      40 

4.6. Time series of the cGPS data in CLGI and CSBK fix to BAKO,  

and daily earthquake frequency of Krakatau volcano in 2008-2010   42 

4.7. Horizontal and vertical displacement rates from 3 years GPS data  

in 2008 to 2010 in ITRF2008       42 

4.8. Horizontal displacement rates from 3 years GPS data in 2008 to 2010   45 

4.9. Time series of BAKO from our processing and from SOPAC   47 

4.10. Comparison of BAKO velocity       48 

4.11. Observed baseline rates change from 3 years GPS data in 2008 to 2010  50 

5.1. Conceptional plot of interseismic deformation at subduction zone    51 

5.2. Checkerboard test analysis        55 

5.3. Result of interplate coupling model off the southwest coast of Java   56 



 xi 

5.4. Calculated baseline rates change from inversion model    57 

5.5. Observed (black) and calculated (red) vertical displacement    58 

6.1. Tectonic setting and historical earthquake along Sunda trench in Indonesia  63 

6.2. Hypocenter distribution of main shock and aftershocks of 2006 Java Earthquake 65 

6.3. GPS PPP result of BAKO-IGS station in year 2006     68 

6.4. Relation between water depth and wave height     69 

6.5. Tsunami height of model 11, our preferred model     73 

6.6. Illustration of case possibility of the 2006 Java Earthquake mechanism  75 

7.1. Illustration of possible scenario of interseismic deformation model  

off southwestern Java        78 

7.2. Interplate coupling model deduced from forward modeling    80 

 

 

 

  



 xii 

List of Tables  

 

2.1 Terms describing kinematical fault behavior       7 

4.1. cGPS velocities for period January 2008 to desember 2010    43 

4.2 Transformation parameters from ITRF2008 to ITRF2000    44 

4.3. cGPS velocities in ITRF 2008 reference frame, derived from SOPAC time series 48 

6.1. Observed Run Up Tsunami Height       66 

6.2. Fault models and calculation results       72 

7.1. Calculated viscoelastic displacements during januari 2008 to des 2010  81 

 

 

 

 

  



 xiii 

Glossary of Abbreviations 

 

ABIC    Akaike Bayesian information criterion 

AUNP   ASEAN-EU University Network programme 

BAKOSURTANAL National Coordinating Agency for Surveying and Mapping of 

Indonesia 

BIG    Geospatial Information Agency of Indonesia 

BMKG The Indonesia Agency for Meteorology, Climatology, and Geophysic 

FES2004   Finite Element Solutions 2004 

GEBCO General Bathymetric Chart of the Oceans 

GEODYSSEA  Geodynamic of South and Southeast Asia 

GPS   Global Positioning System 

GPS-GPS  Geodynamics Project in Sumatra by Global Positioning System 

IGS   International Terrestrial Reference Frame 

IPGSN   Indonesian Permanent GPS Station Network 

ITB Institute of Technology Bandung  

ITRF    International Terrestrial Reference Frame 

LIPI    Indonesian Institute of Sciences  

NEIC The United States National Earthquake Information Center 

RINEX   Receiver Independent Exchange Format  

SEAMERGE  South-East Asia Mastering Environmental Research with Geodetic 

Space techniques 

SF   Sumatra Fault 

SOPAC   Scripps Orbit and Permanent Array Center  

SuGAr    Sumatran GPS Array  

USGS    United States Geological Survey 

VSI Volcanological Survey of Indonesia 



 1 

 Chapter 1 

Introduction 

 

1.1. Background 

Along subduction zone, interplate megathrust events and tsunami earthquakes may cause 

catastrophic tsunami. Recent megathrust event of the 2004 M9.3 Sumatra-Andaman 

earthquake and the 2011 M9.0 Tohoku-Oki earthquake have show that large destructive 

earthquakes could occur in a place where there were no historical earthquake of M>9. On the 

other hand, earthquakes of M7~ when occurred in shallow portion of the plate boundary may 

lead to generation of extremely large tsunami compare to its seismic magnitude, so called 

tsunami earthquake events (Kanamori, 1972). 

Shallow near-trench part of the subduction megathrust has been considered to be aseismic 

and pose no tsunami threat (e.g. Scholz, 1998; Moore et al., 2007). However, rupture in the 

shallowest portion of the subduction sometimes exhibits exceptional seismic energy release 

aspect, such as low rupture velocity, low seismic radiation and low stress drop. These events 

could rupture up-dip to the accretionary prism in the shallowest portion of subduction and can 

generate exceptionally disproportionately devastating tsunamis (Polet and Kanamori, 2000, 

Hill et al, 2012).  Kanamori (1972) named these events as tsunami earthquakes, whose 

tsunamis have much larger amplitudes then would be expected from their seismic magnitude. 

The low seismic radiation causes weak shaking, and as a consequence people may not be 

aware to take any preventive measure for early tsunami evacuation (e.g. Okal, 2012). 

Occasional devastating events of M>9 megathrust events, such as the 2004 Mw9.0-9.3 

Sumatra-Andaman Earthquake and the 2011 Mw9.0 Tohoku-Oki earthquake, could have 

much longer recurrence period than available in historical records. Many studies suggested 

that any subduction is apparently capable of generating such Mw>9 megathrust earthquakes, 

thus suggested the importance to re-evaluate possibility in other subduction zone (e.g. 

McCaffrey, 2008). 



 2 

Among such subduction zone, there is the Java trench that curves along the islands of 

Java and Sumatra of Indonesia with a total length of more than 5600 km. In this region, the 

oceanic lithosphere of the Indo-Australian plate subducts beneath the Sunda block at the Java 

Trench in an almost perpendicular direction to the trench off the south coast of Java and at an 

oblique angle off the west coast of Sumatra (Figure 1.1). The subduction rate gradually 

decreases from 68 mm/yr off central Java to 60 mm/yr off central Sumatra (DeMets et al., 

2010).  

The Java trench has recent great megathrust earthquakes such as the 2004 M9.3 Sumatra-

Andaman earthquake, the 2005 M8.5 Nias earthquake, the 2007 M8.7 Bengkulu earthquake, 

occurring off Sumatra, and 4 known tsunami earthquakes; the 1994 Mw 7.8 Java earthquake 

(Abercrombie et al., 2001; Polet and Kanamori, 2000), the 2006 Mw 7.8 Java earthquake 

(Kato et al., 2007; Ammon et al., 2006; Fujii and Satake, 2006), occurring off Java, and the 

2010 Mw 7.8 Mentawai earthquake (e.g. Lay et al., 2012), and the 1907 Mw 7.7 Simuleue 

earthquake (Kanamori, 2010) occurring off Sumatra. 

Based on seismological research (Newcomb and McCann, 1987) as well as global GPS 

studies (e.g. Bock et al., 2003; Simons et al., 2007), in contrast to Sumatra, the subduction 

process south off Java was considered to be mainly aseismic; in other words, plate coupling at 

the Java Trench is weak and the relative plate motion is accommodated by steady subduction 

without accumulating tectonic stress at the plate boundary. Megathrust earthquake of 

magnitude larger than 8 is absent in this region during the written history in at last 300 years 

(Newcomb and McCann, 1987, Okal et al., 2012). On the other hand, there have been two 

tsunami earthquakes in recent years; the 1994 M7.8 and 2006 M7.8 Java tsunami earthquakes. 

These earthquakes are considered to have occurred as a result of thrust faulting on the shallow 

plate interface near the Java Trench (e.g. Abercrombie et al., 2001; Ammon et al., 2006), 

indicating stress accumulation associated with the plate subduction along the shallow portion 

of the Java Trench.  
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Figure 1.1. Tectonic setting of study area. Purple and black focal mechanisms indicate known 

tsunami earthquake events and significant megathrust earthquakes after 2004 (M>8) from NEIC 

epicenters, with the polygon line denote the source region of the ruptured area, redrawn from Bilek and 

Engdhal (2007), Hanifa et al. (2007), Chlieh et al. (2008), Newman et al. (2011), and Kanamori (2010). 

Gray focal mechanism shows an intraplate thrust event that might affect the GPS time series. Green, 

blue and red vectors are the observed horizontal displacement rates from 3 years GPS data in 2008 to 

2010 in ITRF 2008, w.r.t. Sundablock, and fixed to BAKO, respectively. SF is Sumatra Fault (Sieh and 

Natawidjaja, 2000). 

 

Occurrence of the 2006 M7.8 Java Tsunami Earthquake, the 2004 M9.3 Sumatra-

Andaman and the 2011 M9.0 Tohoku Oki Earthquake 2011 motivate us to reassess the state 

of interplate coupling in particular off the south coast of western Java. In addition, with it`s 

dense population, Java is vulnerable to earthquake and tsunami hazard. Thus, it is crucial to 

investigate the potential occurrence of interplate earthquake in this particular region. 
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