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Abstract

The Sunda margin marks the eastern termination of the Indian Ocean along the
Indonesian archipelago, where the subduction of the Indo-Australian plate below Eurasia is
taking place. The convergence direction changes from orthogonal in the eastern part of the
margin to a more oblique convergence towards the north-west offshore Sumatra. Along the
margin, a wide range of subduction scenarios is observed, which makes this margin a perfect
natural laboratory to study the role of various physical and geological parameters on

subduction dynamics.

This work builds on geophysical and tectonic interpretations of data acquired along
eight seismic/gravity and several MCS marine profiles, distributed along the Sunda margin.
The data include wide-angle seismic records, multi-channel seismic data, and gravity data.
Data interpretation and modeling include a joint reflection/refraction seismic tomography
used to constrain geophysical models across the subduction complex at several locations,
further constrained by geological information from the multichannel seismic data.
Additionally, other geophysical information including gravity modeling and bathymetry data

is employed to refine geodynamic models based on seismic interpretations.

Excellent data quality allows detailed structural models of the subduction complex to be
constrained in several locations along the Sunda margin. The geophysical models obtained in
this study show significant variations of the crustal and upper mantle structure of the
subduction complex along-strike and across-strike of the margin. The study revealed an
increased thickness of the crystalline crust in the Savu Sea, attributed to the approach of the
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Australian shelf to the trench. Offshore Lombok Island, the oceanic crust thickness is found to
be 7 km, and heavily fractured by normal faults. The crustal structure of the Roo Rise oceanic
plateau was modeled for the first time, revealing the crustal thickness of 15 km. Its subduction
is causing inhomogeneous deformation of the forearc and complex evolution of the entire
subduction processes. In addition, large variability in the amount of sediment on the incoming
plate is found in adjacent sectors of the margin, ranging from ~3 km in the Savu Sea to almost
absence in the Lombok and East Java areas. Offshore north Sumatra, comparison of the
crustal-scale profiles located on different sides of the segment boundary between 2004 and
2005 earthquakes rupture areas, showed variability of the structure of the oceanic plate and
the amount of sediment present at the trench, resulting in the principally different sizes of the
accretionary prisms and the width of the seismogenic zone. A comparison of the subduction
complex along the adjacent profiles shows that changes in the structure of the incoming
oceanic plate result in drastic changes in the structure of the subduction complex and its
evolution. New crustal-scale geophysical models enable analysis of the geodynamic effects
caused by the transition from oceanic subduction to continental shelf collision, the presence of
anomalous relief on the oceanic plate, variations in the morphology of the incoming oceanic
plate, and the presence of segment boundaries, and thus provide a solid basis for geodynamic

interpretations of subduction processes and the associated geohazards.



Zusammenfassung

Der Sunda Kontinentalrand bildet die 6stliche Begrenzung des Indischen Ozeans
entlang des indonesischen Archipels, wo die Subduktion der Indo-Australischen Platte unter
Eurasien statt findet. Die Konvergenzrichtung variiert von orthogonal im 6stlichen Bereich
des Kontinentalrandes zu einer schrdgen Konvergenzzone im Bereich vor Sumatra. Die
Variation von Subduktionsszenarien entlang dieses Kontinentalrandes ermdglicht das
Studieren von unterschiedlichen Subduktions-Parametern und deren Auswirkung auf die

Dynamik der Subduktionszone.

Diese Dissertation integriert geophysikalische und tektonische Interpretationen von acht
Seismik/Gravimetrie- und etlichen marinen Mehrkanalseismik - Profilen, die den Sunda
Kontinentalrand erfassen. Die Daten umfassen Weitwinkelseismik, Mehrkanalseismik, und
Gravimetriedaten. Die Modellierung einer refraktionsseismischen Tomographie inkludiert
geologische Informationen aus Mehrkanalseismiken und ermdglicht die Erstellung von
geophysikalischen Modellen entlang mehreren Lokalitdten des Subduktionskomplexes.
Zusétzliche geophysikalische Daten aus Gravimetriemodellen und bathymetrische Datensétze

erlauben eine Verbesserung des urspriinglichen geodynamischen Modells.

Durch die exzellente Datenqualitdit konnten hochauflésende strukturelle Modelle des
Subduktionskomplexes im Streichen und quer zum Sunda Kontinentalrand erstellt werden.
Diese Modelle zeigen signifikante Unterschiede im strukturellen Aufbau der Kruste und des
oberen Erdmantels innerhalb des Subduktionskomplexes. Die Studie zeigt eine Zunahme der
kristallinen Krustenmdchtigkeit in der Savu See, aufgrund der Annaherung des Australischen
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Schelfs in Richtung Tiefseerinne. Die ozeanische Kruste vor der Insel Lombok zeigt eine
Méachtigkeit von 7 km, die durch starke tektonische Abschiebungsbriiche charakterisiert ist.
Die Krustenstruktur des ozeanischen Roo Rise Plateaus wurde in dieser Arbeit erstmalig
modelliert und weist eine Mé&chtigkeit von 15 km auf. Die Subduktion des Plateaus fuhrt zur
inhomogenen Deformation des Forearcs sowie zu einer komplexen Entwicklung des gesamten
Subduktionsprozesses. Weiterhin wurden groRe Unterschiede in der Sedimentméchtigkeit auf
der einfahrenden Platte beobachtet. Diese reichen von ~3 km in der Savu See bis nur
geringflgiger Sedimentbedeckung in den Bereichen um Lombok und Ost-Java. Ein Vergleich
verschiedener Krustenprofile vor Nord-Sumatra, entlang der Segmentgrenze der Erdbeben
von 2004 und 2005, zeigt Unterschiede in der Struktur der ozeanischen Platte sowie
Unterschiede in der Sedimentmachtigkeit in der Tiefseerinne. Dies resultiert in den

unterschiedlich groRen Akkretionskeilen und der Breite der seismogenen Zone.

Ein Vergleich der unterschiedlichen Profile des Subduktionskomplexes zeigt, dass strukturelle
Variationen der subduzierten ozeanischen Platte dramatische Veranderungen in der Struktur
und Entwicklung des Subduktionskomplexes hervorbringen. Unsere krustenmafstablichen
geophysikalischen Modelle zeigen die geodynamischen Effekte, die durch den Ubergang von
ozeanischer Subduktion zu kontinentaler Schelfkollision, das anomale Relief der ozeanischen
Platte, Veranderungen in der Morphologie der subduzierten ozeanischen Kruste, sowie die
Présenz von Segmentgrenzen hervorgerufen werden. Diese Modelle bilden eine solide Basis
fir geodynamische Interpretationen von Subduktionsprozessen und den damit verbundenen

Naturgefahren und Georisiken.



1. Motivation

Subduction zones, as an important end-member in the dynamics of the Earth, continue
to be of major interest to the Earth Science community. Convergent margins represent a
significant stage in the oceanic crust recycling process; the associated magmatism and
accretion are the key factors responsible for the formation of the continental crust. Processes
occurring in subduction zones are responsible for the generation of a major part of the Earth’s
seismicity, volcanic activity and tsunamis, and are thus directly linked to geohazards. From
long-term observations it is known that the distribution of large devastating earthquakes and
tsunamis is not homogeneous along subduction zones. Furthermore, there are strong
variations in the structure of the subduction complex along individual margins; such
variability is partially linked to structural heterogeneity of the incoming oceanic plate and the
overriding plate. However, factors controlling margin-scale dynamics of the subduction
process are still not fully understood, to a certain extent due to a limited number of

geophysical models of the marine forearc.

2.  Factors controlling subduction dynamics: the Sunda margin

The Sunda margin subduction zone, running offshore Indonesia from India to Australia
(Fig. 1), is a natural test-site to examine the role of different factors in controlling subduction
dynamics on a regional (margin) scale, given the significant lateral variation in the
convergence regime and the crustal structure along the different segments of the margin.

Among the key factors that affect and control the dynamics of subduction along the margin



are the rate and the direction of plate convergence, the age of the oceanic plate, the amount of
sediment in the trench, the presence of anomalous relief on the oceanic plate, and the nature

and structure of the overriding plate.

2.1 Rate and direction of convergence

The convergence of the Indo-Australian plate and Eurasia is almost trench-
perpendicular in the south-east (offshore Java, Lombok and Flores islands) (Fig. 1, top). It
becomes more oblique towards the north-west offshore Sumatra, with the trench-parallel
motion accommodated by the Sumatra fault system [Sieh and Natawidjaja, 2000]. The
convergence rate varies from 51 mm/y offshore northern Sumatra [Prawirodirdjo and Bock,
2004] to 67 mm/y offshore eastern Java [DeMets et al., 1994] and drops to ~15 mm/y around
the Timor trough [Bock et al., 2003]. The relative convergence vectors at different segments
of the margin based on the GSRM1.2 model [Kreemer et al., 2000; 2003; UNAVCO GEON ']

are shown in Figure 1 (top).

2.2 Sediment thickness and the seafloor age

Along the Sunda margin, the age of the oceanic Indo-Australian lithosphere increases
towards Australia from ca. 45 My offshore Northern Sumatra to ca. 165 My offshore Sumba
(Fig. 2, top; Table 1). The age of the ocean floor also increases northwards from offshore
Northern Sumatra where the now extinct Wharton spreading center is located and reaches ca.

85 My near the Gulf of Bengal.

! http://geon.unavco.org/unavco/IDV_datasource_gsrm.html



Sediment thickness in the trench along the Sunda margin is highly variable and has a
complicated pattern with more sediment in the north-west (due to a large sediment deposit
flux associated with the Bengal Fan) and a significant sediment decrease in the south-east
towards offshore Sumba. In general, the Sunda margin is commonly ascribed to the
“accretive” margin regime [Hamilton, 1988]. However, the global threshold value for the
trench sediment of ~1 km [CIlift and Vannucchi, 2004] is not valid for the entire margin, at
least in its current state (Table 1). Furthermore, both accretive [Kopp and Kukowski, 2003]
and erosive [Kopp et al., 2006] segments are recognized along the margin. Such variability of
the margin regime is related to the amount of trench sediment and is thought to be one of the
key factors affecting the overall behavior of a subduction system [Ruff, 1989]. Therefore, the
Sunda margin provides an opportunity to study the effect of sediments on subduction
dynamics in a wide range of environments as discussed in Planert et al., 2010; Lueschen et

al., 2011 and Shulgin et al., 2012°.

2.3 Anomalous relief (geometry, topography) of the subducting plate

The presence of anomalous relief on the oceanic plate affects the behavior and the
structure of the subduction complex just like any other inhomogeneity [Collot et al., 2004].
Subduction of seamounts, ridges, fracture zones, ocean plateaus, and other tectonic structures
present on the ocean floor introduces drastic changes in the dynamics and structure of the
shallow subduction complex. In particular, the presence of structural heterogeneity on the

subducting plate causes frontal erosion, steepening of the frontal slope, uneven uplift of the

2 References in bold refer to the papers (co)authored by the candidate
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forearc high, and also has a crucial effect on the seismogenesis of the margin [Yamazaki and

Okamura, 1989; Scholz & Small 1997, von Huene et al., 2000, Bangs et al., 2006]. All

possible types of relief distortions are found in the Indian Ocean along the Sunda margin (see

Figs 1,4):

offshore Northern Sumatra, the Ninety East Ridge approaches the trench;

further south-east along the margin, a number of fracture zones are subducting (Shulgin
etal., 2012);

offshore central Sumatra, the subduction zone is affected by the Investigator Ridge;
offshore Java, the Christmas Island Igneous Seamount province (which is composed of
numerous individual seamounts and the Roo Rise Plateau) is about to enter the
subduction zone (Shulgin et al., 2011);

east of Java, offshore Lombok, is the only place along the margin where the “normal”
flat abyssal plain is present (Planert et al., 2010; Lueschen et al., 2011);

at the transition from the Sunda arc to the Banda arc (between Sumba and Timor

islands), the Australian shelf has approached the trench (Shulgin et al., 2009).

Each of these structural domains along the Sunda margin exhibits its own set of specific

effects on the subduction process. Thus, the Sunda margin offers a possibility to examine a

full range of subduction system responses to anomalous relief of the lower plate.

2.4 Forearc high

The formation and evolution of the forearc high are governed by a combination of

factors, such as the convergence rate, the amount of trench sediment, and the structure of the
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backstop [Dahlen, 1990]. Thus the structure of the forearc high along a subduction zone can

provide additional information on the internal structure and processes in the subduction

complex itself.
Along the Sunda margin, bathymetric studies [Krabbenhoeft et al., 2010] show a

significant topographic variability of the forearc high along the subduction zone (Fig. 1):

o in the northern segment of the margin, offshore Sumatra, the forearc high is manifested
in a number of islands located parallel to the trench;

o offshore western Java, the forearc high deepens and lacks any islands, rather being
manifested by a continuous underwater ridge-like structure;

. further east, offshore eastern Java, the continuous ridge-like structure is broken into a
series of individual summits and troughs, which follow a linear trend parallel to the
trench;

. offshore Bali and Lombok, the continuous ridge-like structure of the forearc is restored,
but at a lower elevation as compared to the western segments;

. in the vicinity of Sumba, the forearc high as a bathymetric feature diminishes. There,
the transition from the Sunda to the Banda arc takes place and the convergence regime

changes from oceanic subduction to continent — island arc collision.

The observed variability of the forearc high does not correlate with the seismicity
domains shown in Figure 3 (see the subsection 2.6 for details). In contrast, it clearly reflects
distinctive differences in the internal structure and subduction regime along the trench (Fig.

4; Table 1).
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2.5 Structure of the overriding plate

The structure of the overriding plate (the Eurasian plate in case of the Sunda margin)
exhibits an additional control on the dynamics and kinematics of the subduction zone. The
part of the Eurasian plate adjacent to the Sunda margin is Sundaland - a continental core of
southeastern Asia [Hamilton, 1988; Hall, 2002; Hall & Smyth, 2008]. The crust of Sumatra
and western Java is thought to be of continental nature. However, further eastwards along the
edge of the plate the nature of the crust is more dubious. Beneath eastern Java, the transition
from continental crust to an island-arc type crust occurs, further complicated by the presence
of Archaean crustal fragments [Smyth et al., 2007]. The tectonic origin and the crustal
structure of the islands east of Lombok is still an open question; existing hypotheses propose
as their origin tectonically escaped fragments of Australia or remnants of a preexisting forearc
[Rutherford et al. 2001; Hall & Smyth 2008]. Regardless of their origin, there are significant
variations in the structure of the overriding plate along the entire margin. Numerous fault
zones and possible trapped fossil crustal fragments in some parts of the margin further

complicate the tectonic structure of the Sunda margin.

2.6 Seismicity along the Sunda margin

Subduction zones are known for generating the most devastating earthquakes. However,
the distribution of seismicity along individual margins is not uniform; in a non-unique way it
reflects the internal structure and dynamic regime of the subduction zone. The Sunda margin
is not an exception; it exhibits significant variations in the seismicity pattern along the arc

(Fig. 3):
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. the segment offshore northern Sumatra generates a large number of mega large
earthquakes, including one of the strongest ever documented, the Mw=9.3 Great
Sumatra 2004 Earthquake;

o offshore central Sumatra, the seismicity covers a full range of depths and magnitudes,
with Mw not exceeding 8.5. Additionally, a study of historical seismicity at this
segment of the margin reveals a consistent segmentation of the seismic ruptures [Lay et
al., 2005] (the segmentation of the 2004/2005 earthquakes rupture areas is discussed in
Shulgin et al., 2012);

o further east along the arc, the segment offshore Java shows a completely different
pattern of seismicity with a lower seismic activity as compared to the Sumatra
segments. The maximum magnitudes documented for this sector of the margin do not
exceed Mw=8.0 (for references see Planert et al., 2010; Shulgin et al., 2010). Besides,
the major events here are shallow and concentrate closer to the trench with a little
activity below the forearc;

o the transition region from the Sunda to the Banda arc manifests another change in the
seismicity pattern. No significant shallow seismicity is documented east of Sumba
island, where the activity starts at a depth of ~70 km, thus suggesting a fundamental
change in the style of subduction in that area (Shulgin et al., 2009).

Given that physical (rheological) properties of the seismogenic zone are essentially
controlled by the thermal state [Hyndman et al., 1997], the seismicity pattern along the margin
provides evidence that thermal evolution of the margin is not uniform, as also reflected in the

plate age.
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2.7 Summary

The diverse data on the structure, tectonic features, and physical properties of the crustal
terranes along the Sunda trench are summarized in Table 1 and Figure 4. The Indonesian
subduction zone may be subdivided into six major large-scale domains based on the combined
analysis of various parameters: the age of the oceanic lithosphere, the amount of trench
sediment, the presence of anomalous relief on the oceanic plate, the rate and the direction of
the convergence, and the seismicity regime. Such a subdivision of the margin into several
domains, although subjective, simplifies the analysis of factors controlling dynamics and
kinematics of subduction, under an assumption that within each domain lateral variations of
controlling parameters along the margin are small, compared to their changes across the

domains.

This brief summary shows that a wide range of subduction settings are present within
the Sunda margin, making it a natural test-site to study the variability of the subduction
process, as well as the cumulative effects in variations in the structure of the incoming or the
overriding plates and the type and the rate of plate convergence on the evolution of active

margins and the associated geohazards.
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Depth, m

Depth, m

- " Australian 8000
2 !_;helf

Figure 1. Top: Bathymetric map of the Indian Ocean and the western Pacific. Red lines - major plate boundary
features (subduction zones, mid-ocean ridges); black lines — major fracture zones, red triangles - volcanoes. Black
arrows show the relative motion of the Indo-Australian plate relative to Eurasia based on the GSRM1.2 model. The
Sunda margin (purple line) runs along Indonesia, from the Gulf of Bengal in the north-west to Timor in the south-
east, where the transition to the Banda arc occurs. Bottom: zoom-in on the central part of the Sunda margin
showing the bathymetric map of the Indian Ocean and the western Pacific with major geographic names mentioned

in the text.
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Sea floor age, My

Sediment thickness, m

Figure 2. Top: Age of the oceanic crust [Mueller et al., 1997]. Bottom: Thickness of sediments on the oceanic
plates [Divins, 2003; NGDC °]. Red lines indicate the major plate boundary features (trenches, mid-ocean
ridges); black lines — major fracture zones. The location of the Sunda subduction zone is shown by the magenta

line.

¥ http://www.ngdc.noaa.gov/mgg/image/sedthickimages.html
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90° 95° 100" 105" 110° 115° 120° 125

Figure 3. Top: historical seismicity along the Sunda margin, earthquake solutions are plotted for events with
Mw>5.5 (after Harvard CMT) and are color-coded according to the depth. Bottom: subdivision of the margin
into domains based on the prevailing seismicity.
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3. The objectives of the study

The observed variability of geological and tectonic structures along the Sunda margin
(Table 1 and Fig. 4) raises questions on how these changes affect the subduction complex
and how they are linked to the observed seismicity patterns. The present study is based on
new geophysical interpretation of high-resolution wide-angle seismic reflection/ refraction
data, gravity data, MCS data, and bathymetry data acquired in 2006 in two segments of the
Sunda margin (investigated by the Sindbad and the SeaCause marine experiments). The
results that form the thesis augment earlier work on the Sunda margin in order to examine the
entire Sunda Arc subduction zone. The areas of the previous and the current studies are shown

in Figure 5.

Part 1: the Sindbad Project offshore eastern Java

The main focus of this part of the research project is to examine the effects of the lower
plate variability on the subduction complex dynamics (Shulgin et al., 2009; Planert et al.,
2010; Lueschen et al., 2011; Shulgin et al., 2011). The following main scientific questions
are addressed:

. What is the geometry of the subduction complex and the plate interface?

o How does the transition from the oceanic to the continental lower plate affect the
subduction complex structure and its dynamics?

o What is the crustal structure of the Roo Rise plateau/ the Christmas Island Igneous

Seamount province? How does the subduction of these oceanic structures affect the

convergent margin dynamics?
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. What is the crustal-scale and the uppermost mantle structure of the subduction complex
in the neighboring domains of the margin?
. What causes changes in the forearc high pattern (offshore eastern Java and Lombok)?

o How is the structure of the subduction complex linked to the seismicity pattern?

Part 2: the SeaCause project offshore northern Sumatra
The major focus of this part of the project is to examine possible causes of the observed
seismicity at this segment of the margin (Shulgin et al., 2012). The study area is in the middle
of the termination zones of the 2004 and 2005 Sumatra earthquakes ruptures, and is close to
the proposed segment boundary that separates these events. The main research questions are:
. Can the segment boundary be identified from changes in the structure of the incoming
plate, the overriding plate, or the accretionary complex across the segment boundary?
o Are the observed variations in the subduction complex sufficient to explain changes in
the seismic behavior of the megathrust?
o What are likely to be the critical parameters controlling the variability of seismicity

along the plate interface across the segment boundary?

4. Data and methodology

To address the set of scientific questions on the structure of the subduction system and
the processes within it, the project study builds on geophysical modeling and tectonic
interpretation of a unique seismic reflection/refraction data set. In addition, high-resolution

bathymetry data were acquired in a number of cruises and several crustal-scale models of Vp
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and density based on original interpretations of eight wide-angle collocated seismic/gravity
profiles with a total length of ~2000 km and ~4900 km of multi-channel seismic (MCS) data
were developed. In particular, within the Sindbad project, the data used in the study include
seven wide-angle marine seismic profiles, 150 km to 350 km long, equipped with ocean
bottom seismometers (OBS) with the collocated MCS and gravity transects. Additional MCS
profiles were acquired inbetween the wide-angle corridors (Fig. 5). Within the SeaCause
project, the data include the collocated wide-angle seismic profile, MCS and gravity data

collected in 2006 .

Geophysical interpretation and modeling of the data was performed by a joint
reflection/refraction seismic tomography inversion with incorporation of structural
information obtained from the time and depth migrated MCS profiles. The results of the
tomographic inversion are crustal-scale Vp seismic velocity models along the wide-angle
marine seismic profiles, as well as models for the geometry of seismic reflectors, both
controlled by a series of checker tests. The final velocity models are converted to densities,

and forward gravity models are constructed to fit shipboard gravity data.

The next step included structural, tectonic, and geodynamic interpretations of the
subduction complex along the Sunda margin based on integrated seismic and gravity
modeling. Given the fundamental nature of the scientific questions, this work is not expected
to give final and ultimate answers, but rather to extend our knowledge of the subduction
processes in general by comparing and analyzing high-resolution regional models of the
structure of the subduction complex along the convergent margin with highly variable

tectonic and geological settings.
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Figure 5. Bathymetric map of the Indian Ocean with the locations of the wide-angle seismic profiles and the

multi-channel seismic (MCS) lines. Red — wide-angle seismic profiles interpreted and modeled in the thesis
study; blue dotted — MCS profiles interpreted and modeled in the thesis study; green — previous studies in the

area. Labels show the names of the marine projects on which this thesis is based.

5. Major Results and Novelty

Detailed crustal-scale seismic images have been obtained for the first time for the south-
east portion of the Sunda margin (Shulgin et al., 2009; Planert et al., 2010; Shulgin et al.,
2010; and Lueschen et al., 2011). The interpreted geophysical transects of the Sindbad

project cover the full variety of the subduction system in the area: the subducting oceanic
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crust and the continental shelf, the accretionary complexes, the outer arc highs, the forearc
basins, and the slopes of the volcanic island arc. The deep sampling profile has also been
interpreted in the vicinity of the 2004/2005 Sumatra earthquakes termination zones, as part of
the SeaCause project (Shulgin et al., 2012). The combined analysis of seismic wide-angle
refraction and reflection data, multichannel seismic data and shipboard gravity reveals the
velocity and density structure across the entire subduction system in two key domains along
the Sunda margin and results in the new geophysical models of the subduction complex in
various tectonic environments. These geophysical models provide a solid basis for the
geodynamic interpretations of the subduction processes. They also advance our understanding
of the regional seismicity patterns and their links to the subduction settings. The major results
related to newly developed geophysical models and their geodynamic interpretations, which

are published in 5 peer-reviewed original research articles that compose the thesis:

1) The crustal structure of the incoming Indo-Australian plate has been revealed in
detail along a set of adjacent profiles in the area of the Sunda-Banda arc transition (Fig.5). At
this segment of the margin, the geophysical models show distinct changes in the structure of
the incoming crust which ranges from the normal (7 km thick) oceanic crust offshore Lombok
(Planert et al., 2010) to 12 km thick crystalline crust of the Australian continental shelf
(Shulgin et al., 2009). The transition from the Sunda arc to the Banda arc is clearly attributed
to the approach of the continental shelf to the subduction zone. According to the geophysical
models, the subduction east of Sumba island has presently ceased, and the transition from the
oceanic subduction to the continent collision regime is proposed (Shulgin et al., 2009). The

present convergence state of the margin can be regarded as a precursor for the future thrust-
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and-fold belt that may develop with time into a Himalayan-type orogeny. This interpretation

explains the absence of shallow seismicity at this segment of the margin.

2) The sediment structure constrained by the geophysical models shows a significant
variation across the transition zone between the Sunda and Banda arcs. The thickness of
sediment along the entire Savu transect is at least 3 km (Shulgin et al., 2009), while
westwards, offshore Lombok, the trench is almost devoid of sediments (Planert et al., 2010).
Within the eastern end of the Sunda margin, the oceanic plate varies in its morphology from
the “normal” oceanic crust of abyssal plain to sea plateau and continental shelf (Shulgin et
al., 2009; Shulgin et al., 2010; Planert et al., 2010). The amount of sediment determines
whether the segment of the margin is in the erosive or accretive state, as well as the overall
size of the accretionary complex. The lower plate is further acting as a shaping tool, affecting
the evolution and the deformation of the accretionary body and the forearc structure. Offshore
Lombok, a well-developed forearc basin is recovered, and its size diminishes towards Sumba

and Java.

3) The analysis of the MCS data from the Sindbad project shows that the oceanic crust
offshore Lombok, Sumba, and eastern Java is heavily faulted and fractured into 5-10 km wide
blocks (Lueschen et al., 2011). Such faulting pattern suggests that faults and fractures control
the geometry of the duplexes at the plate interface. In addition, fracturing may facilitate
transporting fluids to the base of the crust, thus providing an explanation for the low seismic

velocities in the uppermost mantle which can be attributed to serpentinization.

4) The entire crustal-scale seismic velocity and density structure of the oceanic Roo

Rise plateau is modeled for the first time as a part of the Sindbad project. The thickness of the
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plateau crust is interpreted to be 15 km (Shulgin et al., 2010). The subduction of an
anomalous relief, such as the Roo Rise or its edge features, results in local frontal erosion,
frontal slope steepening, and inhomogeneous deformation of the forearc as evidenced by the
high-resolution bathymetry studies (Lueschen et al., 2011). In addition, the effect of the
anomalous relief subduction is manifested in the increased number of shallow earthquakes,
localized around the plate entry point, which is clearly seen in the seismicity patterns. Two
geodynamic scenarios are proposed to explain an uneven uplift of the forearc high when the
anomalous relief is present in the subduction zone: (a) accretion of the fractured Roo Rise
fragments above the static forearc backstop, or (b) basal accumulation of the Roo Rise edge

fragments (Shulgin et al., 2010).

5) The model of the crustal structure of the subduction zone offshore northern Sumatra,
in the rupture area of the 2005 Sumatra earthquake, has been developed as a part of SeaCause
project (Shulgin et al., 2012). The oceanic plate carries a thin sedimentary cover (<1 km) on
top of the 8 km thick oceanic crust. The accretionary complex is composed of a 35 km wide
active frontal prism, bounded by a ca. 85 km wide accretionary prism (Shulgin et al., 2012),
which is significantly larger as compared to the southeast part of the margin. The location of
the profile south of the proposed segment boundary between the 2004 and 2005 Sumatra
earthquakes provides an opportunity to link the changes in the seismicity patterns to the
variations in the structure of the subduction complex across the boundary. The major
difference is observed in the amount of sediment on the oceanic plate (3.5 km versus <1 km)
and in the trench (5 km versus 3 km), which results in the distinct differences in the volumes
of the accretionary complexes. The size of the accretionary prism controls the pore fluid

pressure, which, in turn, defines the slip properties of the megathrust, thus controlling the
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seismogenesis. The observed difference in the sediment amount suggests that the segment
boundary (attributed to the subduction of the 96°E fracture zone) acts as the barrier in the
trench-parallel sediment transport. Therefore, it is concluded that the seismicity pattern and
the associated geohazards are, to the first-order, controlled by the amount and physical

properties of the sediment in the trench.

6. Prospects in subduction system research

Geophysical models of convergent margins, mostly obtained by active seismic methods,
provide static 2D snapshots of the current state of subduction zones at different locations.
Installations of seismic networks in marine environments are still largely local, targeted, and
temporal campaigns. As a result, the marine part of subduction zones is not as well known as
their land-side. In order to enhance our knowledge and understanding of the subduction zone

behavior, further efforts are required in several directions.

1) Recent technological advances allow for acquisition of new types of geophysical
data. The ongoing Ocean Drilling Project in the Nankai Trough will provide direct data on in-
situ characteristics of the seismogenic zone as well as rock samples from the outer and inner
wedges. Similar new data will be collected at the erosive type of margin offshore Central
America. Remote seismological and gravity “sampling” is efficient in gaining information on
the internal and deep structure of the subduction zones. Such studies should be complemented
by electromagnetic methods, which have different parameter sensitivity and resolution and
thus expand the range of physical parameters available for joint interpretation. The transition
from 2D to 3D data acquisition and modeling techniques is crucial for further advances in
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subduction studies, given short-wavelength structural heterogeneity of convergent margins.
3D data are also required in numerical simulations of the Earth 3D dynamics and will lead to
the change in the interpretations of diverse geophysical data from “profiles” to “areas” and

“volumes”.

2) The transition from snapshots to time-dependent observations is also important.
Presently, studies of earthquakes cycles are limited to seismic monitoring since this is almost
the only available real-time instrument. Data on the stress field at the seafloor are either
absent or limited to individual locations. During the last decade, the GPS and INSAR systems
provided fundamental breakthrough in understanding of stress and strain regimes on land
during coseismic and postsesimic relaxations. Unfortunately, for the marine environment such
systems are only at the early stage of development, but will definitely be highly beneficial

when launched.

To conclude, the upcoming research of convergent margins should incorporate a
complete multitude of geophysical methods within a solid framework routine, including
active and passive seismics, electromagnetics, gravity, marine geodesy, ocean drilling
programs etc., further enhanced by the shift from current 2D data acquisition setups to
3D+time schemes and from 2D data interpretations to 3D modeling. | am looking forward to

continue my research in this exciting area.
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[1] The eastern Sunda arc represents one of the few regions
globally where the early stages of continent-arc collision can
be studied. We studied along the western limit of the collision
zone at the Sunda-Banda arc transition, where the Australian
margin collides with the Banda island arc, causing widespread
back arc thrusting. We present integrated results of a refraction/
wide-angle reflection tomography, gravity modeling, and
multichannel reflection seismic imaging using data acquired
in 2006 southeast of Sumba Island. The composite structural
model reveals the previously unresolved deep geometry of
the collision zone. Changes in crustal structure encompass
the 10—12 km thick Australian basement in the south and the
2224 km thick Sumba ridge in the north, where backthrusting
of the 130 km wide accretionary prism is documented. The
structural diversity along this transect could be characteristic
of young collisional systems at the transition from oceanic
subduction to continent-arc collision. Citation: Shulgin, A.,
H. Kopp, C. Mueller, E. Lueschen, L. Planert, M. Engels, E. R.
Flueh, A. Krabbenhoeft, and Y. Djajadihardja (2009), Sunda-Banda
arc transition: Incipient continent-island arc collision (northwest
Australia), Geophys. Res. Lett., 36, 110304, doi:10.1029/
2009GL037533.

1. Introduction

[2] The convergence of the Indo-Australian plates and
Eurasia and resulted in the formation of the Sunda and Banda
island arcs. The transitional zone between the arcs is located
south of Flores Island and is characterized by the change in
the tectonic regime along the boundary. This segment of the
plate boundary was only little investigated previously. In the
scope of this study we address the problem of constraining
the entire crustal scale structure and current geodynamic
regime at the transitional zone using seismic reflection and
wide-angle investigations and gravity modeling.

2. Tectonic Setting

[3] The plate boundary south of Sumba Island, Indonesia,
is marked by a change in the tectonic regime (Figure 1) from
subduction of the Indo-Australian oceanic lithosphere along
the Sunda margin in the west that began ~45 m.y. ago [Hall,
2002] to continent - island arc collision along the Banda arc in
the east [Audley-Charles, 1975; Katili, 1989; Milsom, 2001;
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Audley-Charles, 2004]. This margin experiences the early
stages of continent-island arc collision as a result of the
interaction between the Australian margin and the Banda
island arc in the Pliocene [Hall and Smyth, 2008].

[4] Our goal is to constrain the deep crustal structure and
tectonic evolution of the forearc using geophysical data
collected during the RV Sonne SO-190 cruise in 2006. Our
profile starts at ca. 12.5°S at the transition from the Late
Jurassic oceanic lithosphere of the Argo Abyssal plain to the
rifted Triassic continental crust of the Scott plateau [van der
Werff, 1995] that is marked by the eastern termination of the
Java trench at the transition to the Timor trough (Figure 1).
Northwards, the oblique collision of the rifted continental
crust of the Scott plateau with the forearc commenced 3—
5 Maago [Harris, 1991] atarate of ~7 cm/yr [Curray, 1989].
The current convergence rate at the Timor trough is ~15 mm/yr
[Bock et al., 2003] and it is manifested in back arc thrusting
[Silver and Reed, 1988]. The Sumba Block, farther north, is
believed to be an isolated tectonic block trapped between the
trench and the volcanic arc (see Rutherford et al. [2001] and
Hall and Smyth [2008] for discussion). Ridge structures of
the Sumba Ridge include the submarine basement high,
extending from Sumba Island to Savu Island and then merg-
ing with outer high crest towards Timor Island (Figure 1)
[Silver et al., 1983]. The basement of the ridge is dated from
>80 to ~18 Ma, as inferred from the outcrops of intrusives
and volcanic rocks together with sediments on Sumba and
Savu Islands [Karig et al., 1987], which might have been a
part of the Paleogene Sumba-Banda forearc [Hall and Smyth,
2008].

[5] The origin of the abnormal width of the forearc south
of Flores Island is enigmatic (Figure 1). Seismicity deeper
than 30 km is absent between the islands of Sumba and Timor,
while further north common earthquakes deeper than 100 km
[Engdahl and Villaserior, 2002] suggest the presence of the
subducting slab below the Banda island arc, further confirmed
by geochemical data from Flores Island [Elburg et al., 2004].
However, most volcanic rocks of the Banda islands consist of
primitive basalts typical of a volcanic arc built on oceanic
lithosphere [Hamilton, 1988]. The complex basement thus
reflects different periods of extension, subduction, and colli-
sion in Eastern Indonesia [Hall and Smyth, 2008].

3. Data Acquisition and Modeling

[6] Here we present a Vp seismic tomography model
along the Sunda - Banda arc transition, further constrained
by gravity modeling. Marine seismic investigations (Figure 1)
were carried out by multichannel seismic reflection profiling
(MCS), accompanied by gravity measurements, and seismic
refraction profiling with ocean-bottom seismometers (OBS)
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Figure 1. Simplified tectonic and bathymetric map of the Sunda-Banda Arc transition. Red line - seismic profile discussed in

this study. Dashed red-black line - the MCS section shown in Figure 2. Yellow star - OBS location shown in Figure 2. Red
triangles - active and Neogene volcanoes. Dashed blue line - a submarine Sumba Ridge (SR). Dashed red line - the crest of the
outer forearc high. Black lines - faults [after Rutherford et al., 2001; Audley-Charles, 2004]. Relocated earthquakes in the
region are shown by filled circles, color-coded with depth [after Engdahl and Villaserior, 2002].

and hydrophones (OBH) [Mueller et al., 2008] (Text S1 of
the auxiliary material).

[7] The seismic velocity model was constrained by joint
refraction/reflection 2D tomographic inversion [Korenaga
et al., 2000]. Data from a total of 36 stations were used as
input to the tomographic modeling. First, ~16,000 first
arrival phases with offsets of up to 120 km were picked;
subsequently, ~4,000 reflected phases were added to the
dataset. We applied a ““top to bottom” approach with a simple
layered starting model, initially constraining the model only
for the near offsets and then increasing the depth extent of
the ray coverage to constrain the entire model space. The
structure of the sediments and the upper crust was controlled
by the MCS data (Figure 2), thus constraining the upper
section of the profile in great detail. Calculated uncertainty of
traveltimes for ~85% of the all picked phases lies within the
picking error range of 50 ms.

[8] The resulting Vp seismic tomography model was
extended 100 km to the north and south and to a depth of
75 km to be used in forward gravity modeling. Velocities
were converted to densities [Christensen and Mooney, 1995;
Carlson and Herrick, 1990] and the subducting slab extended
to 75 km depth underneath the island arc, where the deep
seismicity commences. A constant density of 3.35 g/cm’ was
assumed for the mantle (Figure 3c).

4. Results (South to North Along 121°E)
4.1. Scott Plateau: Australian Crust

[¢9] The 2 km thick sedimentary cover of the Java trench
has average Vp seismic velocities of 2—3 km/s in the trench

'Auxiliary materials are available in the HTML. doi:10.1029/
2009GL037533.

section. A facies transition from deep marine fine grained
carbonates to Upper Cretaceous shallow marine clastic
deposits [Stagg and Exon, 1979] recognized in the MCS
data forms the décollement at ~5 km depth (Figure 2a). A
mud diapir observed at CDP 12900 (Figure 2) may be related
to high pore pressures in the lower unit, also a series of linear
mud diapirs nearby have been reported by Breen et al. [1986].
At depths between 6 km and 10 km Vp below the reflection
gradually change from 3.5 km/s to 5 km/s (Figure 3a). Upper
crustal velocities are ~6.0 km/s and increase to 6.7—7.0 km/s
in the lower crust (Figure 3a), as revealed by the Puc and Plc
phases (Figure 2¢). The transition from the upper to the lower
crust is marked by a strong reflection well documented by Pic
phases. The Moho is recovered by the PmP phases at a depth
of 20 km and is apparently dipping northwards at an angle of
~1°. Thus, the thickness of the crystalline crust reaches 10 to
12 km only. Although a continental crust with an Australian
affinity was proposed to exist further east [Kaneko et al.,
2007], these values are in contrast to the typical thickness of
the continental crust in NW Australia [Collins et al., 2003]
and at other continental shelves [e.g., Ritzmann and Faleide,
2007].

4.2. Frontal Prism and the Neogene Accretionary
Wedge

[10] Imbricate thrusting (Figure 2a) and relatively low
seismic velocities of 2.5-3.5 km/s down to 6—7 km depth
indicate the presence of a large, ~20 km wide, frontal prism
arcward of the deformation front (51 km distance). The
~60 km wide Neogene accretionary prism, imaged in the
MCS data and confirmed by Vp values <4.0 km/s, is located
between 85—130 km profile distance and forms the middle
prism, app. bounded by the 3 km/s isoline. It is characterized
by a laterally inhomogeneous velocity field and thrust fault-
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Figure 2. (a) MCS depth migrated section for the areas around Timor Trough (location shown in Figure 1). (b and ¢) example
ofthe OBS data used in this study. Yellow triangle - the OBS position, shown in Figure 2b and 2¢. Red dots show the computed
travel-times of the seismic rays shot through the tomography model.

ing, observed in the MCS data. A system of splay faults that
originate at the décollement and trend upwards at the angle of
~20° marks the transition to the middle prism (Figure 2a).
The trench fill is composed of Mesozoic and Cenozoic
sediments, eroded from the Australian continental shelf, with
the lower part composed of clastic and volcano-clastic rocks,
and the upper part composed of deep-water carbonates
[Breen et al., 1986]. The upper half of the sediments in the
Timor trough is incorporated into the frontal prism. The lower
1000—1200 m of the clastic unit are currently bypassing the
frontal prism (Figures 2a and 3a) and most likely underplate
below the accretionary prism. The décollement is traced as a
high-amplitude reflector for 30 km landward of the deforma-
tion front and extends to a depth of 6 km.

4.3. Paleo-accretionary Wedge

[11] The central section of the profile (140—210 km)
suffers from limited energy penetration due to anomalous
high attenuation and/or significant scattering. The opaque
seismic character of the forearc high as observed both in the
wide-angle and MCS data together with moderate Vp in the
sedimentary cover (ranging from 2 km/s below the sea floor
to 5 km/s at a depth of 10 km) (Figure 3a) suggests that the
forearc high is composed of pre-Neogene accreted material
that forms the paleo-accretionary complex. This material is
probably derived from the stratigraphic units currently pres-
ent on the Scott Plateau, which are composed of Jurassic
sandstones overlain by Cretaceous marine shales [Breen
et al., 1986] and could have accumulated during the initial
subduction of the passive Australian margin [van der Werff
et al., 1994] or during the subduction of Jurassic oceanic
lithosphere of the Banda embayment (as shown by Hall and
Smyth [2008]). Geologically the prism may be linked to the
southern part of Timor, underlain by the outcropping Kolbano
Complex, including Jurassic-Pliocene folded sediments of
Australian origin, representing a segment of the accretionary
complex [Karig et al., 1987]. As suggested by numerical

modeling of collisional margin settings [Selzer et al., 2008],
the opaque seismic character of the deeper portion may be
caused by basally stacked packages of highly scattering rock
fabric thus inhibiting deep energy penetration.

4.4. Sumba Ridge

[12] The crest of the Sumba ridge [Silver et al., 1983] is
located at 250 km profile distance; the basement top (app.
corresponding to the 4 km/s isoline) is at a depth of 3 km
below sea level at the crest and slopes down to 9 km depth in
the south and to 6 km depth in the north (Figure 3a). A sharp
velocity change in the upper crust at ~200 km distance marks
the southern limit of the Sumba ridge. A vertical displace-
ment of the basement occurs at 260 km underneath a small
sedimentary basin and again at the northern edge of the ridge
(at 310 km). The ridge is covered by sediments (presumably
eroded from the Sumba, Savu and Timor islands) with a
thickness of 0.5 km increasing to more than 2 km in thickness
at its flanks. A crustal reflection observed below the entire
northern portion of the profile at depths of 15—17 km
probably corresponds to the transition between the upper
and the lower crust (Figure 3a). Vp velocities vary from
5.5 km/s to 6.4—6.5 km/s in the upper crust, and from 6.7—
6.8 km/s to 7.1 km/s in the lower crust and are typical of a
mature arc massif or possibly of a fragment of a continental
crust, which can be linked to the existence of a volcanic arc in
the eastern Indonesia during the Paleogene, traces of which
may be found in the highest nappes of Timor and other Banda
islands [Hall and Smyth, 2008]. The PmP phases indicate the
slightly southwards dipping Moho at a depth of ~26 km
below the Sumba ridge. Available Pn phases indicate Vp ~
8.0 km/s in the forearc mantle.

4.5. Savu Basin

[13] The transition from the Sumba ridge to the Savu basin
(at 310 km) is marked by sea floor deepening and an increase
in sedimentary thickness. The sedimentary fill eroded from
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Figure 3. (a) Results of seismic tomography and gravity modeling a) Recovered tomography model, black lines - seismic
reflectors. Red triangles - the OBS/OBH locations. Yellow triangle - OBS location (Figure 2). Pink line along the distance
axis - MCS data shown in Figure 2. (b) Ray path coverage obtained during the tomographic inversion. Insert shows the time
residuals distribution. (c¢) Combined model. Background color and numbers - density based the tomography and gravity
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modeling. Interfaces not seismically resolved - dashed lines. (d) results of gravity modeling. Red line - observed data; black

line - calculated gravity field.

the island arc [Audley-Charles, 2004] reaches a total thick-
ness of 3 km with Vp velocities ranging from <2 km/s to 4 km/s
(Figure 3a). The basement topography and sedimentary
layering are consistent with earlier seismic reflection profiles

in the Savu basin [Karig et al., 1987; Breen et al., 1986;
van der Werff et al., 1994]. Our wide-angle data for the first
time document the Moho at a depth of 26 km.
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4.6. Crustal Structure From Seismic Inversion
and Gravity Modeling

[14] Figure 3¢ shows the tectonic model based on the
results of the reflection seismic imaging, the wide-angle
tomography, and gravity modeling. In the south, the crust
of Australian affinity is dipping arcward at an angle of ~10—
11°. The 10—12 km thick crystalline crust of the Scott plateau
as a promontory of the Australian continent (described above)
underthrusts the Banda forearcs.

[15] Between the Sumba ridge and the trough, the accre-
tionary complex shows thrusting and represents a nascent
orogeny, forced by post-Pliocene convergence and buoyant
uplift associated with the transition from active oceanic
subduction to continent-island arc collision. The complex is
composed of a frontal prism, where active frontal accretion is
documented, juxtaposed against a 130 km wide accretionary
prism. The central section of the profile (140—210 km dis-
tance) consists of the paleo-accretionary prism bounded
northwards by the Sumba ridge, which acted as backstop to
the paleo-prism during the time of accretion. Most likely the
paleo-prism was added to the Sumba ridge, during the SSW
tectonic escape of Sumba Island, caused by the initial contact
of Australia and the Banda arc [Rutherford et al., 2001]. The
Savu thrust marks the tectonic transition from the accretion-
ary wedge to the tectonic units of the Sumba ridge. Vertical
growth of the prism facilitated backthrusting over the Sumba
ridge along the Savu thrust [Silver and Reed, 1988], however,
motion along the Savu thrust must primarily be driven by
high basal friction due to the low relief difference between the
prism and the ridge. The crustal thickness of the Sumba ridge
is ~23 km with crustal densities ranging from 2.65 g/cm’ to
2.90 g/em®. Towards the island arc, the thickness of the
crystalline crust is ~20 km below the Savu basin with the
upper plate Moho at a depth of ~26-27 km, as also
supported by gravity modeling. The crustal thickness is
increased compared to the Lombok basin west of Sumba
Island, which is underlain by 7 km thick crust (E. Lueschen
et al., Structure, evolution and tectonic activity at the Eastern
Sunda forearc, Indonesia, from marine seismic investiga-
tions, submitted to Tectonophysics, 2009).

5. Discussion

[16] Newly acquired seismic reflection/refraction and
gravity data east and south of Sumba Island resolve the deep
crustal structure at the Sunda-Banda arc transition (Figure 3c).
The current system can be regarded as a precursor of a fold-
and-thrust belt, which may develop in the forearc as the
collision progresses. The wide-angle seismic data resolve the
full crustal structure of the Sumba ridge and the Savu basin
and for the first time provide the geophysical background
for geodynamic models of nascent collisional systems. The
observed variations in crustal structure along the profile may
be typical for tectonic settings with continental margins
approaching island arcs. The observed variations in the
crustal structure along the profile are similar to the present
structure around Taiwan, formed by the transition from
subduction to collision of Eurasia and the Philippine Sea
plate [Huang et al., 2006; Sibuet and Hsu, 2004].
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[1] The Sunda-Banda arc transition at the eastern termination of the Sunda margin
(Indonesia) represents a unique natural laboratory to study the effects of lower plate
variability on upper plate deformational segmentation. Neighboring margin segments
display a high degree of structural diversity of the incoming plate (transition from an
oceanic to a continental lower plate, presence/absence of an oceanic plateau, variability of
subducting seafloor morphology) as well as a wide range of corresponding fore-arc
structures, including a large sedimentary basin and an accretionary prism/outer arc high of
variable size and shape. Here, we present results of a combined analysis of seismic
wide-angle refraction, multichannel streamer and gravity data recorded in two trench
normal corridors located offshore the islands of Lombok (116°E) and Sumba (119°E). On
the incoming plate, the results reveal a 8.6-9.0 km thick oceanic crust, which is
progressively faulted and altered when approaching the trench, where upper mantle
velocities are reduced to ~7.5 km/s. The outer arc high, located between the trench and the
fore-arc basin, is characterized by sedimentary-type velocities (Vp < 5.5 km/s) down

to the top of the subducting slab (~13 km depth). The oceanic slab can be traced over
70-100 km distance beneath the fore arc. A shallow serpentinized mantle wedge at

~16 km depth offshore Lombok is absent offshore Sumba, where our models reveal the
transition to the collisional regime farther to the east and to the Sumba block in the north.
Our results allow a detailed view into the complex structure of both the deeper and

shallower portions of the eastern Sunda margin.

Citation: Planert, L., H. Kopp, E. Lueschen, C. Mueller, E. R. Flueh, A. Shulgin, Y. Djajadihardja, and A. Krabbenhoeft (2010),
Lower plate structure and upper plate deformational segmentation at the Sunda-Banda arc transition, Indonesia, J. Geophys. Res.,

115, B08107, doi:10.1029/2009JB006713.

1. Introduction

[2] The Sunda-Banda arc transition comprises the por-
tions of the Indonesian island arc where the tectonic regime
changes from oceanic-island arc subduction along the
eastern Sunda arc to continent-island arc collision along the
Banda arc (Figure 1). Such a setting offers a broad spectrum
of tectonic/geologic variation regarding the lower plate as
well as the upper plate, which makes this plate boundary an
ideal target to study detailed aspects of subduction zone
processes.

[3] Scientific investigations at subduction zones con-
ducted during recent years have increasingly put their focus
on the physical interaction between the lower plate and the
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B08107

fore arc and related aspects of material transfer and bal-
ancing. The physical and chemical properties of the lower
plate, including its crustal and mantle structure/composition,
fluid content, sedimentary cover, and thermal character
(plate age), as well as the convergence rate are essential to
processes of accretion, erosion and arc magmatism of the
upper plate (see Clift and Vannucchi [2004] for a review).
However, modern seismic and acoustic data are still rare for
the eastern Sunda arc and the transition to the Banda arc and
hence, this study aims at providing a clearer picture of the
area’s tectonic setting.

[4] Subduction zones may grow by frontal or basal
accretion and may be classified as a compressive regime.
Extension and large-scale subsidence on the contrary orig-
inate from erosive processes, which are often favored by a
rough seafloor topography and a sediment-starved deep sea
trench. Thus a change from an accretionary to a non-
accretionary/erosive regime may be expected, concurrent
with a change in the tectonic evolution of fore-arc structure.
The eastern Sunda arc comprises a well-developed outer arc
high and a major fore-arc basin (Lombok Basin). The deeper
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Figure 1. Regional map with features discussed in the text and close-up of work area with profile dis-
tribution of the SINDBAD seismic refraction experiment. Red points mark the locations of ocean bottom
seismic recorders. In this study we present results for the corridors at 116°E and 119°E (yellow profiles)
characterized by the subduction of oceanic crust of the Argo Abyssal Plain. The westernmost (113°E) as
well as easternmost (121°E) corridors (black profiles) represent distinct tectonic regimes dominated by the
subduction of thickened crust of the Roo Rise and Scott Plateau, respectively. The 121°E corridor is dis-
cussed in the work of Shulgin et al. [2009] and Shulgin et al (submitted manuscript, 2010). Focal me-
chanisms correspond to Mw = 8.3 main shock and 4 days aftershock series of the 1977 Sumba earthquake
(http://www.globalcmt.org). Yellow dashed lines display magnetic anomalies from Miiller et al. [2008].
Plate convergence is (white arrow) from Simons et al. [2007].

structure of these features is, however, not yet resolved and  [e.g., Ranero et al., 2003]. The 1977 Sumba earthquake, one

their origin is still not fully understood.

of the largest normal-faulting earthquakes (Mw = 8.3) near

[5] Near the trench, the formation and reactivation of an oceanic trench, occurred at the extreme eastern limb of
faults is related to the bending of the oceanic plate and often  the Java trench in our study area (Figure 1). Hence, it pro-
results in the hydratization of the oceanic crust and mantle vides an opportunity to examine the amount and depth
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extent of lower plate alteration as response to large bending
stresses. Possible dewatering processes in the lower plate
during subduction may also control the long-term tectonics
of the fore arc, because these processes are pertinent to the
functioning of seismogenic zones [e.g., Peacock, 2001,
Bostock et al., 2002; Ranero et al., 2008]. At the eastern
Sunda arc, there is a historical absence of large interface
thrust earthquakes in a strip of 50-150 km between the
along-trench seismicity and the onset of the Wadati-Benioff
zone, which still requires further explanation [e.g., Spicik
et al., 2007].

[6] The seismic and acoustic measurements, combined
with gravimetric studies, conducted during R/V Sonne
cruise SO190 allow a quantification of the “raw materials”
(seafloor sediments, oceanic crust and mantle lithosphere),
which are carried into the system at the deep sea trench, but
also investigate the complex structure of the adjacent fore
arc up to close to the volcanic arc. The results of this study
may offer insights into the role of the lower plate, as the
point of origin in the “subduction factory”, as well as into
the reactions and consequences for the tectonic evolution of
the overriding plate.

2. Tectonic Setting

[7] Convergence between the Indo-Australian Plate in the
south and the Eurasian Plate in the north is active since the
late Oligocene [Hamilton, 1988; Hall and Smyth, 2008] and
currently occurs at a rate of ~70 mm/yr in N13°E direction
offshore Bali [Simons et al., 2007]. Eastward from about
121°E, however, the relative motion at the Timor Trough
has slowed down to ~15 mm/yr, and the development of
back-arc thrusts appears to account for sustained northward
motion of Australian lithosphere [Bock et al, 2003]
(Figure 1). The seismic profile offshore Flores from Shulgin
et al. [2009] shows a 12—15 km thick crust comprising the
promontory of the Australian continental shelf, which cur-
rently underthrusts beneath the Banda fore arc, resulting into
thickening and uplift of the outer arc ridge. Hence, con-
ventional subduction cannot be occurring here.

[8] The transition from the Scott Plateau, which is marked
by shallower seafloor depths and increased sedimentary
coverage on the Australian continental shelf, to the oceanic
lithosphere comprising the Argo Abyssal Plain occurs at
~120°E (Figure 1). The 1977 Sunda earthquake series [e.g.,
Spence, 1986] occurred at this transition region in the oce-
anic plate. Relocation of hypocenters and focal mechanisms
are consistent with normal faulting throughout the upper
28 km of oceanic lithosphere (Figure 1). The earthquake
produced a 10 m tsunami wave height on the island of
Sumbawa, which suggests substantial deformation of the
ocean bottom and associated fault displacement at very
shallow depths. The aftershock area implies at least 200 km
of fault rupture, with a concentration of aftershocks ~100 km
northeast of the main shock close to the termination of the
Java trench, where the underthrust Scott Plateau could have
acted as a rupture barrier [Spence, 1986; Lynnes and Lay,
1988]. Spence [1986] attributes the origin of the large ten-
sional stresses which caused the Sumba earthquake series to
large bending stresses of slab-pull origin, facilitated by
increased resistance to subduction of the adjacent Scott
Plateau. Yet the resulting consequences of the inferred large
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bending stresses on the structure of the subducting oceanic
lithosphere in this area are unresolved.

[9] Seafloor age of the oceanic lithosphere increases
toward the east from Early Cretaceous at 110°E to Late
Jurassic close to 120°E [Heine et al., 2004; Miiller et al.,
2008]. The trend of magnetic seafloor anomalies is ~45—
60° and thus oblique to the relative plate motion, which is
almost perpendicular to the trench (Figure 1). The west-
ernmost portions of our study area comprise the branches of
an oceanic plateau, the Roo Rise, which is characterized by
seafloor up to 1500 m shallower compared to the adjacent
seafloor of the Argo Abyssal Plain.

[10] Fore-arc structures along this margin include a well-
developed outer arc high (OAH) which is visible as a con-
tinuous bathymetric feature along the entire Indonesian fore
arc, starting with Simeulue island offshore northern Sumatra
as its subaerial expression and continuing as a submarine
bathymetric elevation from offshore western Java to off-
shore the island of Sumba (Figure 1). The observed decrease
in dimension and height of the OAH toward the east is
related to the younger age of the eastern Sunda margin [e.g.,
Van der Werff, 1995] and to changes in trench sediment
contribution and subducting seafloor morphology of the
incoming Indo-Australian Plate. The related subduction
processes at the plate boundary result in an accretionary
regime offshore Sumatra and western Java [Schliiter et al.,
2002; Kopp and Kukowski, 2003], whereas erosive pro-
cesses dominate off central and eastern Java, where the
subduction of the Roo Rise results in a northward retreat of
the trench and the OAH [Kopp et al., 2006]. Farther east
offshore Lombok and Sumbawa, however, the sediment
input to the trench as well as the internal structure of the
oceanic crust are largely unknown and as a consequence the
processes governing the origin and evolution of the OAH
are still unclear. A good indication of sediment origin and
thickness farther south in the Argo Abyssal Plain can be
gained from the results of DSDP site 261 (Figure 1), which
drilled into a rugged oceanic basement of late Jurassic age at
~530 m below seafloor covered by Cretaceous claystones,
Upper Miocene and Pliocene nannofossil oozes and Qua-
ternary radiolarian clays [Heirtzler et al., 1974].

[11] The overriding plate is of continental nature off
Sumatra [Kopp et al., 2001] and changes to an island arc
type off Java/Lombok and farther east, although the internal
structure of the islands and the adjacent fore arc is still
largely unknown due to the lack of deep seismic data. The
Lombok Basin forms a major fore-arc basin and is located
between the OAH and the volcanic arc in the north (Figure 1).
Its termination in the west is controlled by the subduction of
the Roo Rise and related uplift of the adjacent fore arc
[Kopp et al., 2006] and in the east by the collision of the
Australian continental shelf with the crystalline basement
comprising the island of Sumba [Shulgin et al., 2009]. The
origin of Sumba is still enigmatic; it is not part of the
modern Banda volcanic arc but according to a number of
investigators [e.g., Rutherford et al., 2001; Hall, 2002]
originated at a relict northern hemispheric arc system, situ-
ated south of West Sulawesi. The island migrated to its
current position in the middle to late Miocene, as response to
incipient collision with Australia, and now forms an integral
part of the fore arc.
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[12] In 2006, R/V Sonne cruise SO190 investigated the
Sunda-Banda arc transition during two consecutive legs
within the scope of the Seismic and Geoacoustic Investiga-
tions Along the Sunda-Banda Arc Transition (SINDBAD)
project. During leg 1, almost 5000 km of multichannel
streamer (MCS) seismic data and coincident shipboard
gravity data were acquired between 112°E and 122°E. The
MCS data are discussed in the work of Liischen et al. [2010].
Leg 2 included the acquisition of more than 1700 km of wide-
angle reflection and refraction seismic profiles in four dif-
ferent corridors of the margin (Figure 1), at 113°E (offshore
eastern Java), 116°E (offshore Lombok), 119°E (offshore
Sumba) and 121°E (offshore Flores). Additionally, seafloor
swath mapping on both legs resulted in an almost complete
coverage of the trench and the lower slope between 113°E
and 121°E. The westernmost (113°E) as well as easternmost
(121°E) corridors represent distinct tectonic regimes domi-
nated by the subduction of thickened crust of the Roo Rise
and Scott Plateau, respectively. The 121°E area is discussed
in the work of Shulgin et al. [2009] and A. Shulgin et al.
(Structural architecture of oceanic plateau subduction off-
shore Eastern Java and the potential implications for geo-
hazards, submitted to Geophysical Journal International,
2010). In this study we present results from the analysis of
deep penetrating seismic and shipboard gravity data to
resolve the internal structure of the incoming and the
overriding plates for the corridors at 116°E and 119°E.

3. Bathymetric Features

[13] At 116°E offshore Lombok, seafloor depths on the
incoming oceanic plate are in the range of 5.0-5.5 km and
reach up to 6.8 km in the trench. In the Argo Abyssal Plain,
basement structures can be traced on the seafloor, aligned at
angles of 45-60° and subparallel to the magnetic anomalies
(Figure 1). Hence, these structures most likely correspond to
original seafloor fabric imprinted during seafloor spreading.
For distances less than ~40 km seaward of the trench,
however, the prevailing strike of basement structures chan-
ges to a more trench parallel tectonic fabric (compare white-
dashed lines in Figure 2), which may reflect recent activity
and the onset of plate-bending related normal faulting in the
oceanic plate.

[14] Where our seismic profile crosses the trench, the
deformation front reveals a local indentation, indicating the
erosion of the lowermost inner trench slope. Farther east,
however, equivalent portions of the inner trench wall (>5 km
depths) appear to be rather undisturbed. Here, more than three
arrays of trench-parallel ridges and troughs suggest the
presence of a frontal imbricate fan (Figure 2).

[15] Landward of the trench, the OAH seafloor rises up to
water depths of 2.4 km (slope angle ~5°). Corresponding
seafloor portions are characterized by a trench-parallel tec-
tonic fabric including two pronounced ridges spaced ~25 km
apart (Figure 2). On a MCS seismic profile located at
~114°E, Miiller et al. [2008] identified recent vertical dis-
placements of the seafloor and associated deformation at
shallow depths as manifested in the uplift and tilting of
small piggyback basins between the two tectonic ridges atop
of the OAH. These structures are associated with landward
dipping splay faults, which penetrate the entire crust and
connect to the plate interface. The importance of such faults
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for tsunami generation during great subduction zone earth-
quakes was recently demonstrated for Sumatra [Sibuet et al.,
2007], North Ecuador [Collot et al., 2008] and Nankai
[Moore et al., 2007]. North of the OAH, the Lombok Basin
exhibits a very smooth and virtually flat seafloor with water
depths of 4.4 km.

[16] At 119°E offshore Sumba, water depths are slightly
shallower for the oceanic plate and the trench (4.8-5.0 km
and 6.5 km) and the corresponding seafloor is smoothed by
a sediment blanket for distances >30 km seaward of the
trench (Figure 2). Farther north, seafloor morphology
changes abruptly, where a series of northward dipping
normal faults induces intense fracturing and stepwise down-
flexure of the oceanic crust at the outer trench wall. In the
trench, however, two faults, dipping to the south and strik-
ing at low angles relative to the trench, subduct beneath the
inner trench wall, which results in pronounced indentations
of the deformation front and the adjacent slope (Figure 2).
The strike of these features is ~65°, i.e., subparallel to the
magnetic anomalies. The 1977 Sumba earthquake epicenter
[Engdahl and Villaserior, 2002] is located roughly where the
western fault subducts beneath the inner trench wall. The
focal mechanism of the main shock (strike angle 61°; dip
angle 67°; slip angle —98°; Global CMT Catalog, http://
www.globalemt.org) and the location of aftershocks with
respect to the main shock (Figure 1) are consistent with a
rupture zone striking at low angles relative to the trench.
Hence, theses data suggest a possible link between plate-
bending related normal faulting, extending to perhaps
30-50 km depth [Spence, 1986; Lynnes and Lay, 1988], and
the reactivation of inherited fault structures in the oceanic
crust, as indicated by the observed trend oblique to the trench
and subparallel to the magnetic anomalies. Fan-shaped slide
deposits with a lateral dimension of ~25 km are visible
~30 km east of where our profile crosses the trench
(Figure 2). We speculate that this slide was caused by slope
failure due to the subduction of equivalent seafloor fabric.

[17] Offshore Sumba, the lateral and vertical dimensions of
the outer arc high are smaller (~55 km compared to ~80 km
offshore Lombok) and the transition in seafloor topography
from the elevated segments toward the adjacent fore-arc
portions in the north is much more subdued (Figure 2).

4. Seismic Data

[18] Offshore Lombok, profile 31/32 consists of two
overlapping profiles and runs perpendicular to the trench
reaching a full length of 354 km (Figure 2). A total of 46
IFM-GEOMAR ocean bottom hydrophones/seismometers
(OBH/S) [Bialas and Flueh, 1999] were deployed on this
line at ~6 km average instrument spacing. The profile
extends from 100 km seaward of the trench to close to the
island of Lombok, crossing the Lombok Basin and profile
33 at ~222 km profile distance. Profile 33 runs in a trench-
parallel direction and covers a 113 km long portion of the
Lombok Basin. On this line, 16 OBH/S were deployed at
~6 km instrument spacing.

[19] The 119°E corridor offshore Sumba comprises two
additional seismic profiles: the 250 km long trench-
perpendicular profile 22 and the 145 km long crossing
profile 21, covered with 27 and 18 OBH/S at ~6 km
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Figure 2. Perspective views of the (top) 116°E and (bottom) 119°E corridors including acquired seafloor
bathymetry and seismic velocity profiles. The red lines are seafloor projections of the seismic shots; black
spheres mark the instrument locations. Seafloor fabric locally crops out as basement structures on the oce-
anic plate. Offshore Lombok, inherited seafloor fabric strikes at angles of 45°—60°; plate-bending related
normal faults trend more parallel to the trench (white dashed lines). The trench is largely devoid of sed-
iment. A well-developed outer arc high comprises pronounced ridge structures. The Lombok Basin is
characterized by a virtually flat seafloor. Offshore Sumba, inherited seafloor fabric strikes at angles of
60°—70° and seems to be reactivated as response to plate bending (red star marks epicenter of 1977 Sumba
main shock). The subduction of basement structures locally results in the erosion of the lower slope and
subsequent slope failure (note the coincidence of the eastern indentation and the slide). Annotated features
are discussed in the text.
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instrument spacing, respectively (Figure 2). Line 21 covers
the OAH at its highest elevation.

[20] The seismic source used for wide-angle profiling was
an eight element 64 1 G-gun cluster fired at 3000 psi in
constant time intervals, resulting in a nominal shot spacing
of 130 m. Data processing included the localization of the
ocean bottom instruments using the arrival time of the direct
wave and the exact shot point geometry. In a second step, a
time-gated deconvolution was applied to remove predictable
bubble reverberations to produce a signal free of the dis-
turbing interference of multiple and primary phases [Wiener,
1949]. Finally, a time and offset-variant Butterworth filter
was applied in which the passband moves toward lower
frequencies as record time and offset increases to account
for frequency changes caused by signal attenuation.

[21] For the seismic velocity analysis we chose the
tomographic method of Korenaga et al. [2000] (TOMO2D),
which determines the 2-D velocity structure together
with a floating reflector from the simultaneous inversion
of refracted and reflected phases. The method employs a
hybrid ray-tracing scheme combining the graph method
with further refinements utilizing ray bending with the
conjugate gradients method. Smoothing and damping con-
straints regularize the iterative inversion. The velocity model
is defined as an irregular grid hung from below the seafloor.
We used a horizontal node spacing of 250 m and a vertical
node spacing, which linearly increases from 100 m at the
seafloor to 250 m at 30 km depth below seafloor. Model
regularization is accomplished by the use of correlation
lengths, which control the size of those model areas affected
by a velocity update of a grid cell [Korenaga et al., 2000].
We used a horizontal correlation length, which linearly in-
creases from 1.5 km at the seafloor to 6 km at the model
bottom, and a vertical correlation length with corresponding
values of 0.2 km and 1.5 km, respectively. For reflector
nodes, the appropriate regularization length scales are taken
from the horizontal 2-D velocity correlation lengths at the
corresponding depths.

[22] From the coincident MCS seismic profiles we
incorporated the well resolved sedimentary portions as a
priori structure into our starting models and fixed these areas
during the iterations using spatially variable velocity
damping. To make use of secondary arrivals and different
reflections we utilized a “layer stripping” approach and
subsequently built the velocity model from top to bottom.
This approach further involves the use of spatially variable
velocity damping for the upper layers, e.g., when restricting
the picks to the lower layers, and the incorporation of
velocity jumps into the input models at primary features
such as the basement, plate boundary and the crust-mantle
boundary (Moho). In practice, we used a 1-D velocity
starting model and inverted first for the upper units (fore arc,
outer arc high) down to the next major structural interface
(fore-arc Moho, plate boundary). We then again used a 1-D
velocity starting model for the inversion of the next deeper
unit (fore-arc mantle, oceanic crust, oceanic mantle). RMS
travel time misfits for the final velocity models shown here
are in the range of 60 ms for a total of 9.000 (profile 21) to
26.000 (profile 31/32) arrivals, which were manually picked
and assigned with individual pick uncertainties in the pro-
cessed seismic sections (see Figures 3 and 4 for data ex-
amples of profile 31/32).
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4.1. Profile 31/32

[23] Figure 5 shows the final tomographic solution of
profile 31/32, the corresponding derivative weight sum
(DWS), which is a measure of ray density in the neigh-
borhood of a model node [Toomey and Foulger, 1989], and
the coincident prestack depth-migrated (PSDM) MCS pro-
file from Liischen et al. [2010]. The incoming oceanic crust
is on average 8.6 km thick and largely devoid of sediment,
except for an isolated sediment pond at ~20 km profile
distance (Figure 5a). This sediment accumulation occurs
in a structural trap related to the original seafloor fabric
imprinted during seafloor spreading (compare Figure 2).
About 40-50 km seaward of the trench velocities start to
decrease in the crust and in the underlying mantle, resulting
in anomalously low mantle velocities of ~7.5 km/s directly
beneath the Moho (Figure 5a; see Figure 3 for data
examples). The area of reduced velocities coincides with the
onset of plate-bending related normal faulting in the MCS
seismic data (Figure 5c; compare white-dashed lines in
Figure 2).

[24] The OAH reveals relatively low velocities of
2.5-5.5 km/s above the plate boundary. The plate boundary
is constrained by reflections in both the wide-angle and
MCS seismic data over a distance of at least 70 km beneath
the OAH down to ~15 km depth (dip: 5-8°) (Figure 6). The
plate interface is of irregular shape, suggesting in places
several hundreds of meters vertical displacement.

[25] The Lombok Basin is characterized by up to 2.8 km
of sediment infill comprising velocities of 1.6-2.8 km/s
(Figures 5 and 6). The underlying crust is 9-10 km thick
and reveals a pronounced model portion with velocities of
6-6.8 km/s (see Figure 4 for data example). The transition
from the low velocity portions beneath the OAH to velocities
>5.5 km/s beneath the Lombok Basin occurs abruptly over a
distance of 10-30 km around profile km 180 (Figure 6).
Velocities in the upper fore-arc mantle are in the range of
7.4-7.8 km/s and thus significantly lower compared to those
expected for unaltered mantle peridotite [Carlson and
Miller, 2003].

[26] In order to demonstrate the resolving power of the
data in different parts of the model, a synthetic test was
performed where a known model has to be resolved using
the same profile geometry and data coverage as in the real
experiment. A set of Gaussian velocity anomalies of +3%
velocity perturbation and dimensions of 25 km x 5 km was
imposed in a checkerboard pattern on the final velocity
solution of profile 31/32 (Figure 7). Synthetic traveltimes
were computed through this model and Gaussian noise with
a standard deviation equal to a quarter of the individual pick
uncertainty was added to the synthetic traveltimes. The
inversion was initialized using the underlying velocity
model as a starting model. The aim of this approach is to test
the algorithm’s capability of resolving small perturbations
within the original tomographic output and whether
anomalies are transferred into different areas during this
process. Lower and upper plates were investigated sepa-
rately, in order to incorporate reflections from the major
interfaces and according to the tomographic approach cho-
sen for these profiles. As displayed in the recovery panels of
Figure 7, the incoming oceanic crust is well resolved, as is
the oceanic uppermost mantle. Resolution of the upper plate
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Figure 4. Seismic record section (reduced to 8 km/s) of OBH 53 on profile 31/32. (top) Interpreted seis-
mic arrivals are labeled: Pg oah (turning rays within the outer arc high), Pg fore arc (turning rays within
the fore-arc crust), Pn fore arc (turning rays in the upper fore-arc mantle), PmP fore arc (reflected rays at
the fore-arc Moho), and PmP ocean (reflected rays at the oceanic Moho). (middle) Picks are shown as
blue bars according to their pick uncertainty; computed traveltimes are shown as red dots. Blue lines rep-
resent traveltimes for offsets not constrained by picks. (bottom) Corresponding raypaths of the picked tra-
veltimes through the final tomographic solution of profile 31/32.
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Figure 5. (a) Final tomographic velocity model of profile 31/32. Triangles indicate locations of ocean
bottom seismographs. Red arrow displays line intersection with profile 33. White lines mark structural
interfaces: sedimentary portions are derived from the analysis of high-resolution MCS seismic data; plate
boundary, oceanic Moho and fore-arc Moho are obtained from the joint refraction and wide-angle reflec-
tion tomography. (b) Derivative weight sum for the final tomographic velocity model. (c) Prestack depth-
migrated MCS line BGR06-313 from Liischen et al. [2010]. All models are plotted at 3 X vertical

exaggeration. OAH, outer arc high.

diminishes at a depth of 18 km, but the entire crust and
upper mantle wedge are resolved (please refer to Figures S1
and S2 of the auxiliary material for additional resolution
tests with synthetic anomalies confined to the oceanic
mantle underneath the trench and an evaluation of the
impact of different mantle starting models on the tomo-
graphic solution of profile 31/32).!

'Auxiliary materials are available in the HTML. doi:10.1029/
2009JB006713.

4.2. Profile 33

[27] On this line, the basement of the Lombok Basin is
found in depths of 2.0 km to 3.7 km beneath the seafloor
and resolved sediment velocities reach 2.8 km/s (Figure 8).
Since no MCS seismic data are available for profile 33 also
the sedimentary portions were modeled using refracted and
wide-angle reflected seismic phases (see Figure 9 for data
examples). The underlying crust shows some thickness
variations around average values of 10 km and it includes a
~6 km thick portion of velocities of 6—6.8 km/s and rela-
tively low velocity gradients. The velocities in the upper-
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Figure 6. (top) Close-up of prestack depth-migrated MCS line BGR06-313 (modified from Liischen
et al. [2010]). The plate interface reveals a pronounced vertical relief. The outer arc high is character-
ized by landward dipping faults. (bottom) Final tomographic velocity model and line drawing overlain
over PSDM image. Possible splay faults connect to the seafloor, where they are associated with changes
in slope angle and tectonic ridges. Arrows indicate movement along faults. See text for discussion.

Models are plotted at 3.5x vertical exaggeration.

most mantle are in the range of 7.4 km/s, reaching 7.7 km/s
in 21 km depth and thus are slightly lower compared to
profile 31/32 at the line intersection.

4.3. Profile 22

[28] In the southernmost model portions the incoming
oceanic plate reveals an up to 600 m thick and largely
undisturbed sedimentary cover; approaching the trench,
however, the sediments are entirely crosscut by plate-
bending faults (Figure 10). The onset of basement structures
at the seafloor ~30 km seaward of the trench coincides with
a vigorous decrease of crustal and upper mantle velocities.
Compared to those velocity portions located 60 km south of
the trench, corresponding velocities at the trench are up to
1.2 km/s lower in the mid crust and 0.6 km/s in the lower
crust directly above the Moho. The oceanic crustal thickness
is 9.0 km on average and hence slightly thicker than on
profile 31/32. The resolved upper mantle portions reveal
velocities of 7.4-7.8 km/s (see Figure 11 for data examples),
which is perhaps slightly lower than corresponding veloci-
ties on profile 31/32.

[20] The plate interface is constrained by wide-angle
reflections up to distances of 100 km landward of the trench
down to ~22 km depth (dip: 5-8°) (Figure 10a). The
boundary is of irregular shape, at least in its shallower
portions, with pronounced indentations suggesting vertical

displacements locally exceeding 1 km (Figure 10d). The
pronounced asperity close to 105 km profile distance
(Figure 10d) appears to lie in the trace of equivalent struc-
ture subducted at the western indentation of the lowermost
inner-trench slope (compare Figure 2). Hence, the relief on
the oceanic plate beneath the lower OAH slope may in
places be associated with the subduction of inherited sea-
floor fabric, which is likely reactivated as response to plate
bending.

[30] On this line, velocities beneath the OAH are <5.5 km/s
down to ~11 km depth and thus only slightly lower than
corresponding velocity portions farther north (Figure 10a).
Different to the fore-arc setting observed offshore Lombok,
there is only a thin sedimentary cover (no mature sedi-
mentary basin) and crustal type velocities are observed
down to ~25 km depth. Beneath the northern model edge,
some steep seaward dipping reflections are observed in the
wide-angle seismic data set (Figure 10b; see Figure 12 for
data example). From the velocity information gained from
the few rays penetrating those areas, however, it seems
unlikely that this reflector is associated with a major velocity
discontinuity such as the crust-mantle boundary.

4.4. Profile 21

[31] Compared to the previous lines data quality on profile
21 is only moderate, which is most likely related to the
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(a) Tomographic model for P33 (RMS~52ms for 11000 rays)
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Figure 8. (a) Final tomographic velocity model of profile
33 (Lombok Basin). Triangles indicate locations of ocean
bottom seismographs. Red arrow displays line intersection
with profile 31/32. White lines mark structural interfaces:
basement and fore-arc Moho are obtained from the joint
refraction and wide-angle reflection tomography. (b) Deriv-
ative weight sum for the final tomographic velocity model.

rather complex morphology and internal structure of the
OAH close to the transition to the collisional regime (see
Figure 13 for data examples). The velocity model suggests
significant structural changes between the western and the
eastern model portions and a transition zone between ~60 km
and ~100 km profile distance where the depth of the
oceanic Moho increases from 19 km to 23 km (Figure 14).
In the western model portions velocities reach 5.3 km/s
above the plate boundary which can be traced as a contin-
uous reflector in 11-12 km depth up to ~80 km profile
distance (Figure 14b). Along the entire profile, the oceanic
slab is characterized by an intracrustal reflector, which is
associated with the 5.5-6.0 km/s iso-velocity line. In the
eastern model portions, there is evidence for two shallower
reflectors, although their continuation is sometimes unclear
due to the lack of reflection coverage. If the lower reflector
represents the eastern continuation of the plate boundary,
this would imply a ~13 km thick subducting oceanic slab in
the eastern model portions versus a 8—9 km thick slab in the
western model portions (Figure 14). Accordingly, we
interpret the observed change toward greater thickness of the
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lower plate as the transition to the collisional setting com-
prising the promontory of the Australian continental shelf.
Resolved mantle velocities are in the range of 7.7-8.0 km/s
and thus, ~0.3 km/s higher compared to corresponding
velocities on profile 22 at the line intersection.

5. Gravity Data

[32] Gravity data were acquired every second using the
KSS31M sea gravimeter system built by Bodenseewerk
Geosystem GmbH. Using the navigation information from
the ship, the measured data were corrected for the Eotvos
effect and for the instrumental drift by tying it to calibrated
land stations after completion of the cruise. The Free-Air
Anomaly (FAA) was then obtained by subtracting the
WGS67 normal gravity.

[33] We used the TOMO2D code [Korenaga et al.,
2001], which adopts the method of Parker [1973] modi-
fied by topographic correction terms, to calculate the 2-D
FAA gravity response to a velocity-derived density
model. For sediment, as resolved from MCS seismic data,
we used the empirical velocity-density relationship p =
1+ 1.18(Vp — 1.5)%* [e.g., Korenaga et al., 2000]. Carlson
and Herrick’s [1990] conversion formula for igneous crust,
p =3.81 — 6.0/Vp, was adopted for the upper oceanic crust
(Vp < 6.0 km/s) and we used a constant density of 2.90 g/cm®
for the lower oceanic crust. Beyond the depth of seismic
penetration the thickness and velocity structure of the sub-
ducting slab were held constant and its geometry was
inferred from the distribution of Wadati-Benioff hypo-
centers [Engdahl and Villaserior, 2002]. For the upper
oceanic mantle we used the Vp versus p relationship of
Carlson and Miller [2003], which accounts for the depen-
dence of Vp with the degree of serpentinization and we
limited the density to maximal 3.23 g/cm® for the deeper
mantle portions.

[34] According to thermal simulations, serpentine breaks
down via dehydration reactions in the subducting oceanic
mantle at depths greater ~50 km (>600°C) and for old/cold
slabs likely at much greater depths [Peacock, 2001; Riipke
et al., 2004]. Hence, we expect that hydrated oceanic
mantle will not recover its density by metamorphic
deserpentinization reactions within the depth range of our
models. We thus held constant the reduced mantle densities
within the shallowmost oceanic mantle portions landward of
the trench, even though Vp partly increases in our models by
possible fracturing recover.

[35] For the subsequent gravity modeling we tested
several models, keeping unchanged the density distribution
in the oceanic crust and mantle, and changing only the
densities in the overriding plates. The major aim of the
applied approach is to test whether our seismically derived
fore-arc geometries (mantle wedge offshore Lombok,
crustal wedge offshore Sumba) can explain the gravity data
reasonably well by using widely accepted velocity to
density conversions.

5.1. Gravity Modeling of Profile 31/32

[36] For the overriding plate we used Hamilton’s [1978]
relation for shale, p = 0.917 + 0.747Vp — 0.08Vp?, for
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(a) Tomographic velocity model for P22 (RMS~57ms for 18000 rays)
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crustal portions characterized by Vp < 5.7 km/s. We then
tested three different laws for the deeper crustal portions and
the fore-arc mantle (Figure 15): (1) Carlson and Herrick’s
[1990] relation (igneous crust) and a constant mantle den-
sity of 3.20 g/cm”, (2) Christensen and Mooney’s [1995]
nonlinear regression for continental crustal rocks, p =
5.055 — 14.094/Vp, and a constant mantle density of
3.21 g/cm3 , and (3) a constant density of 2.80 g/cm3 for the
crust and the same Vp versus p relationship used for oceanic
mantle.

[37] For the overriding plate, the relationships of Carison
and Herrick [1990] (igneous crust) and Christensen and
Mooney [1995] (continental crust) yield a comparable fit
by adjusting the fore-arc mantle density from 3.20 g/c:rn3 to
3.21 g/em® (Figure 15b). The fit is slightly improved for a
model comprising a constant crustal density of 2.80 g/cm’
and a fore-arc mantle comprising the same Vp versus p
relationship used for oceanic mantle (Figure 15¢). Thus, the
gravity data is consistent with mantle alteration and a
shallow fore-arc mantle, as inferred from the analysis of
seismic refraction data.

5.2. Gravity Modeling of Profile 22

[38] Similar to the above described scheme we tested four
different scenarios for those fore-arc portions characterized
by Vp > 5.7 km/s (Figure 16): (1) a constant density of
2.75 g/em® and Birch’s [1961] conversion law for lower
crustal rocks, p = (Vp + 1.0)/2.67, for model portions
between the intracrustal reflector and the top of the sub-
ducting slab, (2) Carison and Herrick’s [1990] relationship
(igneous crust) for the entire crust, (3) Christensen and
Mooney’s [1995] relationship (continental crust) for the
entire crust, and (4) a constant density of 2.80 g/cm® and a
constant density of 2.95 g/cm® for model portions between
the intracrustal reflector and the top of the subducting slab.

[39] The results show that a model comprising a locally
lightened mantle density yields a good match to the
observed gravity anomaly, again implying that the oceanic
mantle beneath the trench has been altered. For the over-
riding plate, the relationship of Carlson and Herrick [1990]
yields a rather poor match to the observed gravity anomaly,
at least up to ~200 km profile distance (Figure 16b).
Applying Christensen and Mooney’s [1995] conversion law
(continental crust) provides a much better match to the
observed data for these model portions but underpredicts the
FAA anomaly for greater profile distances. Accounting for
the dichotomy of the crust (upper fore arc and lower fore
arc), either by using constant densities of 2.80 g/cm® and
2.95 g/cm’® or by using 2.75 g/em? and Birch’s [1961]
conversion law, respectively, yield an altogether better
RMS fit. However, assuming the presence of crustal-type
densities beneath the steeply seaward-dipping reflector
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yields a good fit of the gravity data. Hence, these results are
in accordance with our seismically derived model, which
lacks a shallow mantle wedge offshore Sumba.

6. Discussion

6.1.

[40] A thickened oceanic crust is observed on both trench-
perpendicular profiles. In case of profile 31/32, average
values of 8.6 km are interpreted as the transition to the
easternmost extensions of the Roo Rise and another bathy-
metric high near the trench close to 114.5°E (Figure 1),
which locally reveal crustal thicknesses >15 km [Curray
et al., 1977; Shulgin et al. (submitted manuscript, 2010)].
The refraction profile offshore Lombok Strait from Curray
et al. [1977] runs ~50 km west of profile 31/32 and re-
veals velocities of 8.1 km/s at 23 km depth at the trench
(compared to velocities of ~7.9 km/s at ~22 km depth at the
trench on profile 31/32). Owing to the large shot spacing
and related difficulties in following secondary arrivals from
one record to another, their evaluation of layer thickness is
mainly based on the recordings of refracted arrivals, which
makes their interpretation of Moho depths from these early
shot records ambiguous. Hence, their depth for the 8.1 km/s
velocity layer may not mark the top of the mantle, which
here is constrained at ~17 km depth, but may indicate the
lower limit of the observed mantle alteration.

[41] On profile 22 the crustal thickness of 9.0 km is likely
related to the transition to the Scott Plateau representing the
promontory of the Australian continental shelf [Shulgin
et al., 2009]. This is confirmed by the trench-parallel pro-
file 21 off Sumba which suggests structural changes of the
subducting crust manifested in a thickness increase of ~5 km
over a distance of 40 km to the east (Figure 14). Most of the
observed crustal thickening is related to the thickening of
the upper crustal layer. The profile of Shulgin et al. [2009] at
121°E (Figure 1) reveals a 15 km thick crust beneath the
Scott Plateau which seems to thin out northward when
subducting beneath the Sumba Ridge. The crust shows a
pronounced intracrustal reflector at roughly mid-crustal
depths and is interpreted to be of continental nature.
Accordingly, we interpret the easternmost portions of profile
21 as the ocean-continent transition in the subducting plate
(Figure 14).

[42] Both trench-perpendicular profiles show a reduction
of crustal and upper mantle velocities at distances <30-50 km
seaward of the trench (Figures 5a and 10a). Obtained
uppermost mantle velocities (down to ~2 km beneath the
Moho) in the trench are well resolved and independent of
the mantle starting model; they represent a robust feature of
the tomographic inversion (please refer to Figures S1 and S2
in the auxiliary material for additional resolution tests with

Oceanic Plate and Trench

Figure 10. (a) Final tomographic velocity model of profile 22. Triangles indicate locations of ocean bottom seismographs.
Red arrow displays line intersection with profile 21. White lines mark structural interfaces: sedimentary portions are derived
from the analysis of high-resolution MCS seismic data; plate boundary, oceanic Moho and seaward dipping intra-fore-arc
reflector are obtained from the joint refraction and wide-angle reflection tomography. (b) Derivative weight sum for the
final tomographic velocity model. (c) Prestack depth-migrated MCS line BGR06-317 from Liischen et al. [2010].
(d) Close-up of BGR06-317. Subduction of basement asperities, located near 95 km and 105 km profile distance, results in
local indentations of the deformation front (compare Figure 2). All models are plotted at 3 x vertical exaggeration. OAH,

outer arc high.
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Figure 12. Seismic record section (reduced to 8 km/s) of OBH 209 on profile 22. (top) Interpreted seis-
mic arrivals are labeled: Pg oah (turning rays within the outer arc high/fore arc), PiP fore arc (reflected
rays at the intracrustal fore-arc reflector), and PmP ocean (reflected rays at the oceanic Moho). (middle)
Picks are shown as blue bars according to their pick uncertainty, computed traveltimes are shown as red
dots. Blue lines represent traveltimes for offsets not constrained by picks. (bottom) Corresponding ray-
paths of the picked traveltimes through the final tomographic solution of profile 22.
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(a) Tomographic model for P21 (RMS~64ms for 9000 rays)
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Figure 14. (a) Final tomographic velocity model of profile
21 (outer arc high). Triangles indicate locations of ocean
bottom seismographs. Red arrow displays line intersection
with profile 22. White lines mark structural interfaces
obtained from the joint refraction and wide-angle reflection
tomography (see text for details). (b) Derivative weight sum
for the final tomographic velocity model.

synthetic anomalies confined to the oceanic mantle under-
neath the trench and an evaluation of the impact of different
mantle starting models on the tomographic solution of
profile 31/32). The apparent coincidence of the velocity
decrease with the onset of faulting can be interpreted as the
result of fracturing and subsequent alteration of the oceanic
crust and serpentinization of the underlying upper mantle.
Reduced upper mantle velocities within a similar range close
to the trench and associated with the bending of the oceanic
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plate prior to subduction are found, e.g., at the Middle
America trench [Grevemeyer et al., 2007; Ivandic et al.,
2008] and offshore Chile [Contreras-Reyes et al., 2007].

[43] Assuming that the velocity reduction in the upper
mantle is exclusively caused by serpentinization, velocities
of 7.9-7.4 km/s would imply a 0.6-2.4% increase in water
content resulting in 5-19% serpentinization of mantle peri-
dotite as a maximum estimate [Carison and Miller, 2003].
However, the velocity model of profile 31/32 shows
that upper mantle velocities recover to some extent from
~7.5 km/s at the trench to ~7.7 km/s beneath the lower slope
of the OAH (Figure 5a; please also refer to Figure S2 of the
auxiliary material). The partial recovery of mantle velocities
at depths of ~20 km may indicate compressive sealing of
cracks by slab-refolding and fracture-filling precipitation,
because metamorphic de-serpentinization reactions occur at
much greater depth during subduction of old (cold) oceanic
lithosphere [Peacock, 2001; Riipke et al., 2004; Faccenda
et al., 2009]. Hence, the presence of mantle-penetrating
cracks and faults likely controls the extent of the low
velocity anomaly at the trench and reduces the possible
degree of mantle serpentinization to probably less than 15%.

[44] On profile 22, the amplitude and intensity of the
crustal low-velocity anomaly is larger and occurs more
tightly confined to the trench, respectively. This is likely
related to the stronger fragmentation of the oceanic crust as
indicated by the greater basement relief with vertical throws
of sometimes >1 km (Figure 10d). Moreover, upper mantle
velocities in the uppermost 2—3 km depth beneath the Moho
do not recover within the resolved model portions downdip
of the trench. These observations may indicate increased
tensional tectonic forces in the subducting plate.

[45] Spence [1986] inferred from the absence of large
interface thrust earthquakes in the Sumba region, that
gravitational pull of the old (dense) sinking oceanic litho-
sphere might have partially decoupled the subducted plate
from the overriding plate. The juxtaposition of old (Late
Jurassic) oceanic crust and continental crust close to ~120°E
provides one of the most dramatic lateral gradients in
interplate seismic coupling in the world. The combination of
slab-pull on an uncoupled slab in the Java trench and the
strong resistive force of the buoyant crust of the Scott
Plateau to the east appears to store a tremendous amount of
elastic tensile strain energy in the lithosphere at the junction
of the two zones [Spence, 1986]. The inferred stress in the
oceanic slab is transferred updip to the bending-region at the
trench, leading to the 1977 Sumba earthquake, and to
intense fracturing and alteration of the subducting oceanic
crust and the underlying upper mantle.

6.2. Fore-Arc Offshore Lombok

[46] The most striking feature of the OAH offshore
Lombok is the portion of low seismic velocities (Vp < 5.5 km/s)

Figure 13. Seismic record sections (reduced to 8 km/s) of OBH 007 and OBH 013 on profile 21. (top) Interpreted seismic
arrivals are labeled: Pg oah (turning rays within the outer arc high), Pg ocean (turning rays within oceanic crust), Pn ocean
(turning rays in the upper oceanic mantle), PtopP (reflected rays at the plate interface), PiP ocean (reflected rays at an
intracrustal oceanic reflector), and PmP ocean (reflected rays at the oceanic Moho). (middle) Picks are shown as blue bars
according to their pick uncertainty; computed traveltimes are shown as red dots. Blue lines represent traveltimes for offsets
not constrained by picks. (bottom) Corresponding raypaths of the picked traveltimes through the final tomographic solution
of profile 21.
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Figure 15. Gravity modeling of profile 31/32. (a) Observed free-air gravity anomaly (black points).
Solid lines are from models obtained by changing overriding plate densities and keeping the same struc-
ture for oceanic crust and mantle (see text). For all calculations, Hamilton’s [1978] conversion law for
shale is used for fore-arc portions characterized by Vp < 5.7 km/s. Blue line is for using Carlson and
Herrick’s [1990] conversion law (igneous crust) for fore-arc crust (Vp > 5.7 km/s) and a constant fore-arc
mantle density of 3.20 g/em®. Green line is for using Christensen and Mooney’s [1995] conversion law
(continental crust) for fore-arc crust (Vp > 5.7 km/s) and a constant fore-arc mantle density of 3.21 g/cm”.
Red line is preferred model shown in Figure 15c¢. (b) Residual free-air gravity anomaly (RFAA) obtained
by subtracting calculated from observed anomaly. Model with Carison and Herrick’s [1990] conversion
law has RMS of 6.5 mGal (blue line). Model with Christensen and Mooney’s [1995] conversion law has
RMS of 6.2 mGal (green line). Preferred model has RMS of 5.7 mGal (red line). (c) Preferred density
model using a constant density of 2.8 g/cm?® for fore-arc crust (Vp > 5.7 km/s) and Carlson and Miller’s
[2003] conversion law for both the oceanic and fore-arc mantle (restricted to maximal 3.23 g/cm?).
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Figure 16. Gravity modeling of profile 22. (a) Observed free-air gravity anomaly (black points). Solid
lines are from models obtained by changing overriding plate densities and keeping the same structure for
oceanic crust and mantle (see text). For all calculations, Hamilton’s [1978] conversion law for shale is
used for fore-arc portions characterized by Vp < 5.7 km/s. Black line is for using a constant density of
2.75 glem?® for the upper fore arc (Vp > 5.7 km/s) and Birch’s [1961] conversion law (lower crust) for the
lower fore arc between intracrustal reflector and top of subducting slab. Blue line is for using Carison and
Herrick’s [1990] conversion law (oceanic crust), restricted to maximal 2.9 g/cm3, for the entire fore arc
(Vp > 5.7 km/s). Green line is for using Christensen and Mooney’s [1995] conversion law (continental
crust), restricted to maximal 2.9 g/cm’, for the entire fore arc (Vp > 5.7 km/s). Red line is preferred model
shown in Figure 16c. (b) Residual free-air gravity anomaly (RFAA) obtained by subtracting calculated
from observed anomaly. Model with Carison and Herrick’s [1990] conversion law has RMS of 6.4 mGal
(blue line). Model with Christensen and Mooney’s [1995] conversion law has RMS of 5.8 mGal (green
line). Model with Birch’s [1961] conversion law for the lower fore arc has RMS of 4.5 mGal (black line).
Preferred model has RMS of 4.0 mGal (red line). (c) Preferred density model using a constant density of
2.8 g/em® for the upper fore arc (Vp > 5.7 km/s) and 2.95 g/cm’ for the lower fore arc between intracrustal
reflector and top of subducting slab.
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down to the plate interface (down to ~13 km depth), which
points toward a sedimentary rock origin of this feature
(Figure 5). On the lowermost inner trench slope (>5 km
depth) profile 31/32 suggests the presence of a frontal prism,
which displays low seismic velocities (Vp~3 km/s) and
originates from frontal accretion of trench sediments. The
MCS profile draws only one imbricate thrust sheet
(Figure 6), probably due to local indentations of the trench,
but more than three arrays of thrust ridges appear at the
seafloor farther to the east (Figure 2).

[47] Currently, only moderate sedimentary portions are
involved in the formation of the OAH, comprising mainly
the thin (<600 m) predominantly pelagic sedimentary cover
visible atop the oceanic plate and some turbidites and slump
deposits from the inner trench slope [Liischen et al., 2010].
A possible sediment supply from the fore arc is blocked due
to the higher elevation of the OAH representing an effective
barrier from the depocenters of the Lombok Basin. How-
ever, taking into account the ~25 Ma long period of sub-
duction at the eastern Sunda Arc [e.g., Hall and Smyth,
2008], continuous accretion of sediment could have
formed major portions of the OAH although involved sed-
imentary volumes are moderate [Van der Werff, 1995].

[48] Sediment supply may have been more abundant
before the approach of the Roo Rise to the trench. Off
eastern Java, the onset of subduction of the Roo Rise
resulted in an uplift of the trench and subsequent truncation
of sediment supply from the Bengal Fan. At present, how-
ever, only ~1.5 km sediment thickness are trapped west of
this barrier in the trench off western Java [Kopp et al., 2002],
which suggests little effects on trench sediment contribution
off Lombok and farther east.

[49] Beneath the higher elevated OAH portions the MCS
seismic profile of Liischen et al. [2010] displays a number of
landward dipping faults associated with a prominent slope
break and with the system of tectonic ridges and the small
basin in between (Figure 6). This morphological array of
ridges and piggyback basins in between correlates with
similar structures farther west, where these features are
associated with landward dipping splay faults [Miiller et al.,
2008; Liischen et al., 2010]. Offshore Lombok, at least two
faults seem to penetrate the entire OAH and connect to the
plate interface (Figure 6). The higher-elevated OAH portions
display only minimal reflectivity. Hence, from the available
data it is difficult to judge whether these faults are “out of
sequence” splay faults or reactivated imbricate thrust faults
which are shortened and steepened due to compression.

[s0] Profile 31/32 reveals a sharp lateral increase of crustal
velocities beneath the landward slope break of the OAH
suggesting distinct lithological changes associated with the
transition from the northern ridge to those fore-arc portions
capped by the sedimentary strata comprising the Lombok
Basin (Figure 5). Crustal velocities beneath the basin rapidly
increase to 5.5-6.0 km/s and then rise somewhat more
gentle to ~6.8 km/s above the upper plate Moho. A similar
lateral velocity change from 4.0 km/s to 5.5 km/s is
observed offshore Chile at the transition from the outer rise
to the Valparaiso Basin and is interpreted as a lithological
transition from accreted sediment to continental margin
framework [Flueh et al., 1998]. On profile 31/32, there is a
portion of high velocities, located at 7-10 km depth and
~180 km profile distance, which are bounded by landward
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dipping reflections (Figure 6). The observed structure could
be interpreted as the tip of the basement of the Lombok
Basin, which was tilted and lifted up by underthrusting
along with the thickening of sediments during OAH gen-
eration. Such architectures are common in ancient accre-
tionary terranes exposed on land [Dickinson and Seely,
1979]. The uplift and northward tilt of the basement beneath
the northern ridge and the seismic facies of the Lombok
Basin crust distinct from the OAH may be suggestive for an
arcward dipping backstop located beneath the landward
slope break of the OAH. On a magnetic profile crossing the
OAH this transition is marked by a sharp negative anomaly
(~40 km wide, =300 nT amplitude), which might result from
a package of steeply inclined tectonically accreted volcanic
sills [Mueller and Neben, 2006]. Results from the analysis
of MCS data show an irregular topography of the Lombok
fore-arc basement reminiscent of horst and graben structures
at rifted continental margins or stacked ophiolite sheets and
nappes, which could be formed by underthrusting of
younger oceanic blocks and subsequent steepening due to
continuous compression [Liischen et al., 2010].

[5s1] The thickness of the fore-arc crust on profile 31/32
ranges from 9 km beneath the portions of highest sedimentary
infill to 11 km at ~250 km profile distance (Figure 5). There is
no distinct lateral change in crustal velocities in the northern-
most model portions, but crustal thickness likely increases to
>14 km here. A high velocity lower crust (6.8-7.2 km/s),
which represents about 30% of the total crust of the subducting
oceanic plate, is lacking in the fore-arc crust, resulting in an
average crustal velocity (considering crustal velocity portions
characterized by Vp > 6.0 km/s) of 6.51 + 0.07 km/s compared
to 6.71 + 0.09 km/s for the subducting plate. From the distri-
bution of zircon ages in sedimentary and igneous rocks from
southeast Java, Smyth et al. [2007] infer the presence of a
Gondwana continental fragment from northwest Australia,
which was accreted offshore East Java in the Late Cretaceous;
the eastern extent of this fragment is unknown but the oceanic
type velocity structure beneath the Lombok Basin rather pre-
cludes a possible continuation into this area.

[52] The fore-arc crust in our models could be interpreted
as an altered, heavily fractured piece of an older oceanic
terrane, perhaps formed during the opening of the Indian
Ocean during Cretaceous to middle Eocene times, which
was hindered from subduction due to its increased buoy-
ancy; a similar scenario was previously invoked to explain
the origin of the fore arc offshore Lombok Strait [Curray et
al., 1977] and western Java [Kopp et al., 2002]. The rela-
tively constant crustal velocity of the fore-arc basement may
imply a distinct change in lithological composition toward
the volcanic arc, unless the arc massif is composed mainly
of oceanic crust or ophiolite as the fore-arc basement. The
base of the fore-arc basement marks the crust mantle
boundary, as the seismic and gravity data strongly support
the presence of shallow mantle material here.

[53] The uppermost mantle offshore Lombok exhibits
rather low velocities (7.4—7.8 km/s). Similar velocity struc-
tures are observed beneath the Izu-Bonin intraoceanic arc and
are interpreted as “Moho transition zone” comprising mafic
restite and cumulatives resulting from processes of anatexis
and magmatic differentiation of the mafic and ultramafic
crustal components [Tatsumi et al., 2008; Kodaira et al.,
2008]. In order to invoke analogous processes beneath the

22 of 25



B08107

fore arc offshore Lombok, this scenario would imply the
presence of a paleoarc ~100 km south of the present volcanic
front near 250-300 km profile distance on line 31/32, where
the velocity reduction in the upper mantle appears to be
enhanced. In East Java a paleoarc, which was active from
Eocene to early Miocene times, is located ~50 km south of the
current volcanic front [Smyth et al., 2008; Hall and Smyth,
2008]. The coincident magnetic profile of line 31/32 shows
a generally smooth magnetic field across the Lombok Basin,
but beginning with ~265 km profile distance displays mag-
netic anomalies of £100 nT [Mueller and Neben, 2006],
which would correspond to the location of enhanced velocity
reduction in the upper mantle and thus to the inferred origin
of this structure from a possible paleovolcanic arc.

[s4] However, the strong Moho reflection associated with
the top of the 7.4-7.8 km/s layer beneath the Lombok Basin
(see Figures 4 and 9) argues for a distinct lithological
boundary rather than a “chemically transparent” Moho
located within the mafic restite/cumulate layer. In this alter-
native scenario, sub-fore-arc water release from subducted
sediment and crust facilitates a significant degree of mantle
serpentinization (up to 19% according to the Vp relationship
of Carison and Miller [2003]) [Bostock et al., 2002;
Hyndman and Peacock, 2003; Riipke et al., 2004].

[s5] The presence of a shallow mantle wedge off Java was
already proposed by Kopp et al. [2002, 2009] based on
seismic wide-angle and refraction data, and a possible con-
tinuation farther east of this feature was suggested by
Grevemeyer and Tiwari [2006] on the basis of gravity mod-
eling. The profile of Curray et al. [1977] conducted ~50 km
west of profile 31/32 shows a fore-arc Moho at ~18 km depth
and upper mantle velocities of 7.8-8.4 km/s in the fore arc off
the Lombok Strait. Hence, their Moho depths are ~2 km
deeper and observed mantle velocities are 0.4-0.6 km/s
higher than the results of this study (compare discussion of
the results of Curray et al. [1977] in section 6.1).

[s6] Oleskevich et al. [1999] suggest that the downdip
limit and thus the width of the seismogenic coupling zone,
which controls the potential magnitude of large megathrust
earthquakes, is governed by the depth of the intersection of
the thrust with the fore-arc mantle and the presence of weak
hydrous minerals in the mantle wedge, which do not support
seismogenic stick-slip behavior. Offshore Java a shallow
serpentinized mantle wedge underlying the fore-arc basin
would limit the width of the coupling zone to only 3040 km,
compared to >120 km offshore Sumatra [Grevemeyer and
Tiwari, 2006]. Thermal modeling shows that the updip
limit of the seismogenic zone (~100°C isotherm [Hyndman
and Wang, 1993]) offshore Java is located ~80 km land-
ward from the trench [Grevemeyer and Tiwari, 2006]. Off-
shore Lombok, the similar trench-normal convergence rate
and dip but the older age of the subducting plate suggest a
thermally defined updip limit that reaches farther landward
from the trench and thus, the width of the seismogenic
coupling zone is likely to be even narrower here. The dis-
tribution of earthquake hypocenters off Lombok and Sum-
bawa shows a band of extensional mechanisms closely
confined to the trench and some events revealing compres-
sional mechanisms beneath the fore-arc basin and the
volcanic arc [Spicdk et al., 2007]. The OAH belongs to a
>100 km wide zone in between characterized by virtually
no teleseismically recorded earthquakes related to the plate

PLANERT ET AL.: STRUCTURE OF THE SUNDA-BANDA ARC

B08107

boundary (down to a regional threshold magnitude of ~5.5)
[e.g., Engdahl and Villaseiior, 2002]. These observations
strongly contrast with the adjacent Sumatra-Andaman mar-
gin segment where the recent and historic earthquake record
suggests a much larger potential for destructive subduction
zone megathrust earthquakes than for Java and Lombok [Lay
et al., 2005; Newcomb and McCann, 1987]. Thus, the shal-
low serpentinized mantle wedge, which is absent offshore
Sumatra [Kieckhefer et al., 1980; Kopp et al., 2002], might
be the major factor limiting the magnitude of rupture off-
shore Java and Lombok. The system of possible splay faults
in the outer arc high, however, demonstrates that potential
movements can be transmitted to shallow seafloor portions
and thus, this margin is nevertheless prone to a serious
tsunami hazard [Miiller et al., 2008; Kopp et al., 2009;
Liischen et al., 2010] (Figure 6).

6.3. Fore-Arc Offshore Sumba

[57] The strong relief of the plate boundary imaged in
both the wide-angle and MCS seismic data suggests sig-
nificant vertical steps between dissected oceanic blocks,
probably further increased due to plate bending during
subduction (Figure 10d). Where these asperities subduct
beneath the trench they entrain lower slope material and
cause slope failure in their wake (see slide in Figure 2) and
thus, may unbalance the mass budget along this margin
segment toward local erosion of the frontal prism.

[s8] Contrary to the geometry offshore Lombok, the
similar velocity structure of the OAH and the adjacent fore-
arc portions farther north may imply similar constituents
(Figure 10). Velocities in the northern fore-arc portions
suggest a greater heterogeneity and related vertical velocity
gradients are lower (velocities do not reach 6 km/s within
the uppermost 6—10 km beneath the basement, compared to
~5 km on profile 31/32). In our models the base of this unit
is marked by the steep seaward dipping reflector identified
in the wide-angle seismic data. The seismic refraction data,
however, do not support the presence of mantle velocities
directly below this reflector and the gravity data go conform
with the presence of crustal-type densities between the
reflector and the plate interface (Figure 16). We interpret
this deeper unit as the westward extension of the crystalline
basement beneath the Sumba Ridge in the seismic profile of
Shulgin et al. [2009] at 121°E and eventually as the onset of
the “Sumba block” [e.g., Rutherford et al., 2001]. In the
structural interpretation of Shulgin et al. [2009], the seaward
dipping interface separates the paleoaccretionary prism from
the Sumba Ridge crust, which extends down to the crust-
mantle boundary at 26-28 km depth. Hence, these models
do not support the presence of a shallow mantle wedge
south and east of the island of Sumba.

7. Conclusions

[s59] The combined analysis of seismic wide-angle
reflection and refraction data, multichannel streamer data
and shipboard gravity data, reveals the velocity and density
structure of the incoming oceanic plate and the overriding
plate offshore Lombok and offshore Sumba at the transition
to the collisional regime farther east.

[60] 1. Offshore Lombok, the incoming oceanic crust is on
average 8.6 km thick and largely devoid of sediment.
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Seismic velocities in the crust and in the uppermost mantle
are reduced within 40 km seaward of the trench, which
coincides with the onset of normal faulting in the bathym-
etry and MCS seismic data. Velocities of 7.4—7.9 km/s in the
uppermost ~2 km beneath the Moho suggest the presence of
mantle-penetrating cracks and faults as well as significant
degrees of mantle serpentinization.

[61] 2. Velocities in the outer arc high rarely exceed
5.5 km/s down to the top of the subducting slab, which is
traced over at least 70 km beneath the fore arc down to
~15 km depth. These bulk velocities are characteristic of an
accretionary origin, with highly compacted sediments
(possibly partially metamorphosed) at depth. The complex
shape of the plate boundary in our models indicates a highly
fractured oceanic crust.

[62] 3. In the Lombok Basin up to 3.7 km of sedimentary
strata overlies a 9—11 km thick crust which is characterized by
an oceanic type velocity structure. Velocities of 7.4—7.8 km/s
beneath a distinct Moho reflector suggest a hydrated mantle
wedge at ~16 km depth beneath the Lombok Basin, which is
also supported by the gravity modeling for this corridor.
Because serpentinites are expected at shallow depths in the
mantle wedge, they may control, at least partially, the
seismological stick-slip behavior of the megathrust; in par-
ticular, they may reduce the width of the seismic coupling
zone and thus limit the potential magnitude of large sub-
duction megathrust earthquakes offshore Lombok. The
system of possible splay faults in the outer arc high, how-
ever, demonstrates that potential movements can be trans-
mitted to shallow seafloor portions and thus poses a serious
tsunami threat for this margin.

[63] 4. Offshore Sumba, the oceanic crust is on average
9.0 km thick and at greater distance from the trench com-
prises a thin (<600 m) largely undisturbed sedimentary
cover. Within 30 km seawards of the trench, intense frac-
turing of the crust coincides with a vigorous decrease of
crustal velocities. Here, upper mantle velocities reach 7.4—
7.8 km/s. If the adjacent Scott Plateau resists to be sub-
ducted, pervasive rupture of the oceanic crust and subse-
quent serpentinization of the underlying mantle may be the
effect of increased tensional tectonic forces due to sustained
slab-pull.

[64] 5. Slope indentations and the presence of fan-shaped
slide deposits in the trench suggest that subduction of pro-
nounced seafloor asperities, including reactivated seafloor
fabric and plate-bending faults, locally contribute to the
frontal erosion of the lower slope.

[65] 6. From west to east the subducting slab thickens
from ~9 km to ~13 km beneath the outer arc high, which we
interpret as the transition from the oceanic crust of the Argo
Abyssal Plain to the promontory of the Australian conti-
nental shelf comprising the Scott Plateau.

[66] 7. Our seismic and gravity models do not support the
presence of a shallow mantle wedge beneath the fore arc. A
steep seaward dipping reflector in the northernmost model
portions of profile 22 may be related to the transition to the
“Sumba block” farther north.
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1 INTRODUCTION

SUMMARY

The region offshore Eastern Java represents one of the few places where the early stage of
oceanic plateau subduction is occurring. We study the little investigated Roo Rise oceanic
plateau on the Indian plate, subducting beneath Eurasia. The presence of the abnormal bathy-
metric features entering the trench has a strong effect on the evolution of the subduction system,
and causes additional challenges on the assessment of geohazard risks. We present integrated
results of a refraction/wide-angle reflection tomography, gravity modelling, and multichan-
nel reflection seismic imaging using data acquired in 2006 south of Java near 113°E. The
composite structural model reveals the previously unresolved deep geometry of the oceanic
plateau and the subduction zone. The oceanic plateau crust is on average 15km thick and
covers an area of about 100 000 km?. Within our profile the Roo Rise crustal thickness ranges
between 18 and 12 km. The upper oceanic crust shows high degree of fracturing, suggesting
heavy faulting. The forearc crust has an average thickness of 14 km, with a sharp increase to
33 km towards Java, as revealed by gravity modelling. The complex geometry of the backstop
suggests two possible models for the structural formation within this segment of the margin:
either accumulation of the Roo Rise crustal fragments above the backstop or alternatively
uplift of the backstop caused by basal accumulation of crustal fragments. The subducting
plateau is affecting the stress field within the accretionary complex and the backstop edge,
which favours the initiation of large, potentially tsunamogenic earthquakes such as the 1994
M, = 7.8 tsunamogenic event.

Keywords: Tomography; Subduction zone processes; Oceanic plateaus and microcontinents;
Crustal structure; Asia.

The Sunda arc forms a part of more than 5000-km-long continu-
ous subduction system, spanning from Flores and Sumba islands in

The converging margins around the world are major areas for gen-
erating the most devastating earthquakes and tsunamis. Any vari-
ations in the subduction systems are of extreme importance due
to the changes in the geohazards situation. In this work we in-
vestigate the subduction of a previously little investigated oceanic
plateau—the Roo Rise, its structure and its interaction with the Java
margin at around 113°E. We focus on the recovery of the structural
architecture in the region and its tectonic interpretation. We pro-
vide insights on the following questions for this particular region:
(1) what are the effects of an oceanic plateau subduction, (2) what
consequences does the subducting plateau have on the forearc de-
formation, (3) what is the structure of the forearc in such settings
and (4) what are the effects that the subducting plateau have on the
earthquake and tsunami generation?

12

the east to Burma in the northwest. The transition from the Sunda arc
to the Banda arc is located at around 121°E, where the Australian
continental shelf is approaching the trench (Shulgin et al. 2009).
Both arcs are active since the Eocene collision of India and the Sun-
daland (the continental core of the southeast Asia (Hamilton 1988;
Hall 2002; Hall & Smyth 2008) and are formed by the subduction of
the Indo-Australian Plate underneath Eurasia (Hamilton 1979). The
basement underneath Eastern Java is formed by arc and ophiolithic
rocks accreted during the Mesozoic (Hall & Smyth 2008). Based on
zircon dating, Smyth et al. (2007) propose an Archean continental
fragment of Australian origin to be trapped between the forearc and
the present volcanic arc in Eastern Java. The current convergence
rate offshore Western Java is estimated to be 6.7 & 0.7 cm yr—* in the
direction 11°N that is almost perpendicular to the trench (DeMets
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etal. 1994; Tregoning et al. 1994). A northward shift of the volcanic
arc is recognized in Eastern Java with the present-day arc located
ca. 50 km to the north of an older currently inactive volcanic arc
(Hall & Smyth 2008); the shift is associated with changes in the
subduction setting and interaction with the proposed Gondwana
revenue (Smyth et al. 2007).

The Roo Rise oceanic plateau is located offshore Eastern Java.
Oceanic plateaus are defined as a large, relatively flat subma-
rine region that rises well above the level of the ambient seabed
[Encyclopedia Britannica]. Oceanic plateaus can be formed from
the remnants of continental crust or be a part of marine large ig-
neous provinces. Currently there are no definitions based on the
crustal structure. Their presence at the subduction zones is crucial
in the evolution and dynamics of convergent margins. The subduc-
tion of the oceanic plateau triggers qualitatively different processes
in the subduction system as compared to the subduction of ‘normal’
oceanic crust (White et al. 1992). The major differences caused by
the approach of elevated rough bathymetric features (sea plateau,
seamounts) to the trench include active frontal erosion of the margin,
uneven uplift and deformation of the forearc, and a principally dif-
ferent regime of seismicity (Yamazaki and Okamura, 1989; Scholz
& Small 1997). The migration of the trench is also in a good agree-
ment with the numerical modelling of oceanic plateau subduction,
comparable to the subduction of the Roo Rise (Gerya et al. 2009;
Mason et al. 2010).

A 135-Ma-old Indian oceanic crust is currently subducting off-
shore Central-Eastern Java (Moore et al. 1980; Masson 1991) in the
vicinity of the Roo Rise oceanic plateau. The Roo Rise is a broad
smooth bathymetric feature with a number of isolated summits with
an average elevation of about 2000 m above the adjacent oceanic
floor (Fig. 1). It forms the eastern extension of the Christmas Is-
land Seamount Province (Fig. 1). Planert et al. (2010) determine
a crustal thickness of 10km and show that earlier estimates by
Curray et al. (1977) may be regarded as a lower limit. Rock sam-
ples taken across the entire Christmas Island Seamount Province do
not show any clear formation time trend across the region (\Werner
et al. 2009). Based on dredged samples (dredging location closest
to the study area is shown in Fig. 1), the Roo Rise is composed of
strongly altered olivine phyric lava fragments with Mn-crusts and
sediment. The formation of the plateau is associated with a series
of large magmatic events as no formation time trend is observed.
The increased crustal thickness should be accommodated by thick-
ening of the gabbroic or basaltic layer (van Hunen et al. 2002). In
order to explain the absence of a correlated gravity anomaly, the
presence of a low density compensating crustal root was suggested
(Newcomb & McCann 1987). Currently, the northern flank of the
Roo Rise enters the trench (Fig. 1). Based on the bathymetry the
edge of the plateau, which already subducted could be located as far
as 70 km north from the trench, implying that it started to subduct
1.1-1.3 Ma. However, there is no direct evidence.

Offshore Central-Eastern Java, where the northern portion of the
Roo Rise has already started to subduct, a northward displacement
of the trench by 40 km on average is observed; the subduction of
the individual seamounts causes an additional landward retreat of
the deformation front by up to 10 km (Kopp et al. 2006). The bathy-
metric data collected in the trench area around 113°E (Fig. 1) show
the trench is mostly devoid of sediments, except for local ponded
accumulations associated with original seafloor fabric (Planert et al.
2010). Similar observations have been reported for the trench seg-
ment in between 108°E and 114°E (Curray etal. 1977; Masson et al.
1990). This study is a part of a large scale effort where data along
the margin from Java to Lombok have been collected and analysed,
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for details on the adjacent profiles please see Planert et al. (2010),
Shulgin et al. (2009) and Lueschen et al. (2010). These profiles
augment earlier work on the Sumatra and Sunda Strait and Western
Java (Kopp et al. 2002), so that we are able to describe the entire
Sunda Arc subduction zone.

The forearc high, characterized in this area by a number
of isolated well-defined peaks, shows an average elevation of
ca. 800-1200 m, contrasting with the deeper forearc high ridges
to the west (Kopp et al. 2001, 2002) and to the east offshore
Lombok (Planert et al. 2010) (Fig. 1). The location of the fore-
arc high peaks correlates with the proposed locations of completely
subducted seamounts; however, the estimated subducted volume is
smaller than the observed uplift of the forearc (Masson et al. 1990).

A number of tsunamogenic earthquakes have been recorded in
the areas of seamount subduction offshore Java, which brings these
locations into special focus in terms of geohazards. In 1994 and
2006, magnitude 7.8 earthquakes stroke offshore Java causing more
than 1000 deaths due to the triggered tsunamis. Abercrombie et al.
(2001) showed that the highest slip was collocated with the proposed
location of a subducted seamount. More recently, Bilek & Engdahl
(2007) and Kopp et al. (2009a) enhanced the idea of the correlation
of structural forearc highs and associated subducted structures with
the maximum slip of tsunami-generating earthquakes. The distribu-
tion of shallow earthquakes shows a pronounced spatial clustering,
associated with the rough oceanic seafloor (Fig. 1).

2 DATA ACQUISITION
AND MODELLING

We present Vp seismic tomography models of the Java fore-
arc (Fig. 2, discussed below) (located offshore Eastern Java at
113°E), which are further constrained by gravity modelling. The
SINDBAD marine seismic experiment onboard R/V “Sonne’ in
2006 (Fig. 1) included multichannel seismic reflection profiling
(MCS) accompanied by gravity measurements, seismic refrac-
tion profiling with ocean-bottom seismometers (OBS) and hy-
drophones (OBH) (Mueller et al. 2008) and high-resolution multi-
beam bathymetry.

2.1 Acquisition

The corridor near 113°E consists of three wide-angle seismic re-
fraction/reflection profiles with collocated MCS data and gravity
measurements. Two profiles (P-42 and P-43) run north—south and
are joint to one continuous transect, trending approximately perpen-
dicular to the trench (Fig. 1). A total of 46 ocean bottom stations
(Bialas & Flueh 1999) were deployed along these profiles. The pro-
files P-42/P-43 have an overlap of about 75km, and we will refer
to this joint profile as P4-23. P-41 is a shorter, east-west trending,
trench parallel line located on the top of the forearc high (Fig. 1).
During OBS recording, four G-gun clusters with a total volume
of 64 | shot at 210 bar were used as seismic source. The average
spacing between the shots is around 150 m; the average instrument
spacing is 7 km. For the MCS reflection profiling, shots of ten G-gun
clusters fired at 135 bar with the total volume of 56 | at a shot spac-
ing of 50 m were recorded on a 3000 m long 240-channel streamer
(Lueschen et al. 2010).

2.2 Processing

The processing of the ocean bottom data included the localization
of the ocean bottom instruments using the arrival time of the direct
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Figure 1. Topographic map of the study area. Seismic profiles examined in this study are shown by magenta lines in panel A and B and with black lines on C
plot. Panel (a) shows the global bathymetry/elevation for the area around the Java trench. The insert map at the right shows the detailed geometry of the profiles
and the location of ocean bottom stations shown in Figs 3 and 4, overlain on the bathymetry map. The spatial extent of the Roo Rise oceanic plateau is shown
with dark shading. Yellow star marks the dredging samples location on Roo Rise (Werner et al. 2009). Panel (b) is a close up of the area marked by blue box
in A. The multibeam bathymetry data collected during the cruise (the colourscale is identical to A) reveals seamounts and normal faults. Panel (c) shows the
earthquake spatial and depth distribution and the focal mechanisms for the area marked by the red box in A (data are taken from the Harvard Centroid Moment

Tensor catalogue).

water wave and the exact shot point geometry. A time-gated decon-
volution was applied to remove predictable bubble reverberations to
produce a signal free of the disturbing interference of multiple and
primary phases (Wiener 1949). Finally, a time and offset-variant
Butterworth filter, in which the pass-band moves towards lower fre-
quencies as record time and offset increase, was applied to consider
frequency changes caused by signal attenuation. The processing of
the MCS data is described in detail by Lueschen et al. (2010).
Data examples are shown in Figs 3 and 4 for profiles P4-23 and
P-41, respectively. For line P4-23, the stations located on the oceanic
plate south of the trench (instruments 97-107) show clear records
of the refracted phases together with clear oceanic Moho reflections

(PmP) (Fig. 3a). These stations recorded Pn oceanic mantle phases
reaching offsets up to 180 km (Figs 3a and b). The stations placed
on top of the accretionary prism and forearc high (instruments
83-96) recorded refracted arrivals within shorter offsets compared
to stations deployed on the oceanic crust. Reflections from the top
of the oceanic crust (PtocP) were recorded as well as the oceanic
Moho reflections (PmP) (Fig. 3b). Clear records of the forearc Moho
reflections (PmfP) and the forearc Pnf phases with offsets up to
150 km are seen on the stations deployed along the northern part of
the profile (instruments 108-128) (Figs 3c and d). For the trench-
parallel profile P-41, the first arrival phases are clearly identified
within 50 km offset, together with the reflections from the top of the

© 2010 The Authors, GJI, 184, 12-28
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Figure 2. The results of the joint tomographic inversion for the profiles P4-23 and P-41. Top plots show the modelled Vp velocity distribution together with
the recovered deep reflector geometry. Bottom plots show the seismic ray path density distributions. Both of the profiles are plotted with the identical scales
and colourcodes. The solid black lines are the actually recovered positions of the reflectors and the dashed lines are the extrapolated positions based on the

velocity distribution, MCS, and gravity models. Vertical blue line shows the cross points of the profiles.

basement (PtfP) (Fig. 4). Several stations (instruments 58-59, 61
and 72-74) on this profile have recorded plate interface reflections
(PpintP) (Fig. 4).

2.3 Tomographic inversion

The seismic velocity distribution was modelled by joint refrac-
tion/reflection 2-D tomographic inversion (Korenaga et al. 2000).
We applied a ‘top to bottom’ approach with a simple layered start-
ing model. The grid spacing was defined by 250 m in the horizon-
tal direction and with vertical spacing increasing with depth from
50 m at the top to 330 m at 40 km depth. The correlation length
parameters were chosen to be 1km x 0.2km (horizontal x verti-
cal) at the top and linearly increasing with depth to 8 km x 4 km at
40 km depth. Initially, the model was constrained only for the near
offsets; then the depth extent of the ray coverage was increased to
include the entire model space, with a simultaneous inversion for
the reflector positions based on the available reflection phases. 46
stations were available for profile P4-23 with a length of 334 km,
resulting in ~36 500 first arrival traveltime picks and ~7000 re-
flected picks. The shorter (135km long) profile P-41 was covered
by 21 stations, summing up to ~9300 first arrival traveltimes and
~1200 reflected picks. Data examples are shown in Figs 3 and
4. All available picked traveltimes and the fit of the correspond-
ing computed traveltimes are shown on Fig. S1. The structure of the
sediment and the basement topography were adopted from the MCS
data (Lueschen et al. 2010), thus constraining the upper section of
the profiles in great detail. Additionally, the top of the oceanic crust
as identified in the depth-migrated MCS data was incorporated into
the tomography model. The generalized routing during the inver-
sion was as follows: constraining the interface geometry based on
the corresponding MCS depth sections where available; inverting
the near offset refracted phases to verify the consistency between
data sets; fixing the upper section of the model with a weight of

© 2010 The Authors, GJI, 184, 12-28
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1000 compared to the deeper sections. Then, we ran the simultane-
ous inversion for the velocity and reflector geometry for the next
depth layer. Subsequently, we fixed the obtained layer structure and
repeated the previous step for the following deeper layer. Finally, we
kept the entire crustal structure fixed and inverted for the velocity in
the upper mantle. The final models for all of the profiles are shown
in Fig. 2.

2.4 Resolution tests

Several tests were performed to check the resolution of the obtained
models. Initially, we used a forward ray shooting method to compute
the synthetic traveltimes for the first arrival and reflected phases
through our final models. The comparison of the seismic sections
and the synthetic calculated traveltimes for several stations on both
of the profiles is shown in Figs 3 and 4. The calculated traveltimes,
as predicted by the tomographic Vp velocity models, are in a good
agreement with the recorded seismic sections. All the refracted
phases, including Pg and Pn, are fitted to the observed arrivals. The
reflection phases (PmP, PmfP and PtocP) also match the recorded
data; however, pre-critical reflections are not clearly identified in
the seismic record sections.

Checkerboard resolution tests have been computed for both of
the profiles to gain information on the spatial and amplitude res-
olution, which is dependent on the given ray geometry and the
velocity distribution. The final Vp velocity model is perturbed by a
small (compared to the real) value using a checkerboard pattern (for
P4-23 additionally an isolated Gaussian anomaly pattern was used).
Synthetic traveltimes are computed through the perturbed medium
for the same source—receiver geometry as in the tomographic in-
version. Subsequently, the tomography is computed based on the
synthetic traveltimes in order to recover the initial perturbation pat-
tern. The results of a test for P4-23 are shown in Figs 5(a)—(c).
Three different anomaly sizes were used in the tests: 5 x 2.5km,
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Figure 3. A forward ray shooting test for the selected stations on profile P4-23. For each station the first arriving and reflected traveltimes through the final
model were computed and plotted on top of the actual seismic records. Bottom plots show with grey lines the picked phases, with width of the line representing
the picking uncertainty. The computed traveltimes through the final model show good fit to the picked phases. Blue line — first arriving phases, green —
reflections from the oceanic crust Moho, red — reflections from the forearc crust Moho. Top sections in each of the subplots show the schematic model of the
profile. Solid lines correspond to well-defined reflectors constrained by wide-angle seismic data; dashed lines — structural interfaces constrained from MCS
and/or gravity data, but purely resolved by the OBS data set. The corresponding ray paths, colourcoded as described above, are shown above each station in the

model window.

10 x 5km and 20 x 10km (horizontal x vertical size). For all of
them the starting model was perturbed using £5 per cent values.
For the small scale perturbation, the model is recovered down to a
depth of 12 km, which roughly corresponds to the top of the forearc
basement that we define to be around 5 km s~ isocontour (Fig. 5a).
The 20 x 10 km size perturbation was adequately recovered down to
a 20 km depth, which correlates with the location of the horizontal

segments of the oceanic and forearc crust (Fig. 5¢). The middle size
pattern showed, as expected, an intermediate resolution down to a
16 km depth (Fig. 5b). Portions of the model deeper than ~20 km
failed to be recovered even with the biggest size pattern. To check
the model validity for these areas, a resolution test using a single
isolated Gaussian anomaly was performed. The anomaly was cen-
tred at 130 km offset and at 25 km depth. The tests were performed

© 2010 The Authors, GJI, 184, 12-28
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Figure 3. (Continued.)
for 4+10 and —10 per cent anomalies. As displayed in Figs 5(f) and sions with similar geometries (i.e. a small number of crossing rays),
(h), for the negative anomaly it was not possible to recover neither it is normal to observe the effect of averaging of the anomaly along
the shape nor the real amplitude of the anomaly due to the geometry the whole ray path between the crossing points. This is the case
of the seismic rays in this area, which are mostly non-crossing. For with the P4-23 profile. Additionally, the structure was checked by
the positive anomaly test, the amplitudes were recovered; however, fitting the position of the critical distances for PmP reflections, this
the location is smeared along the ray paths. In tomographic inver- supports the obtained depth and velocity contrast at Moho (Fig. 6).

© 2010 The Authors, GJI, 184, 12-28
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Figure 3. (Continued.)

Based on the resolution tests, it is likely that during the tomographic
inversion the actual Vp velocity values tend to be overestimated and
can be in the range of -7 to 43 per cent from the ones recovered
for depths greater than 20 km.

Similar to P4-23, checkerboard tests were conducted for profile
P-41. The results are shown in Figs 5(d) and (e). Two different
pattern sizes were tested: 5 x 2.5km and 10 x 5km, both with a
=45 per cent amplitude perturbation. The smaller size anomalies are
recovered down to 6 km depth, while the larger ones are recovered
down to 12 km depth.

2.5 Gravity modelling

The resulting Vp velocity seismic tomography model for profile
P4-23 was extended by 100 km both to the north and to the south and
down to a depth of 75 km, to be used in forward gravity modelling.
Seismic velocities were converted to densities using empirical and
experimental relationships (Christensen & Mooney 1995; Carlson
& Herrick 1990) and the subducting slab was extended down to
75km depth, where the deep seismicity is observed. A constant
density of 3.30 g cm~3 was assumed for the forearc mantle, with

© 2010 The Authors, GJI, 184, 12-28
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the exception of the 30-km-long innermost mantle wedge where a
density of 3.27 g cm~2 was used (Fig. 7). The calculated gravity
response of the model is in a good agreement with the observed
data. The maximum misfit of 15-20 mGal is observed at the edge
of the profile.

The area around the profile P4-23 shows a high degree of bathy-
metric changes in the east-west direction, associated with isolated

© 2010 The Authors, GJI, 184, 12-28
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forearc highs and the extended shelf zone offshore Java to the west
of the northern termination of the profile. There is also a possibility
for lateral variations of forearc crust offline the profile. Although
these features should produce measurable 3-D effects on the grav-
ity field along the profile, their effects were ignored in the gravity
modelling. Despite the above mentioned simplifications, the grav-
ity modelling confirms the features resolved by the tomographic
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inversion (Fig. 7). The increased crustal thickness of the Roo Rise
is required to fit the gravity field. The low mantle velocities, re-
covered in-between offsets of 60 and 160 km, correlate with the
zone of a decreased mantle density of 3.29 g cm~2. Such geom-
etry of the forearc crust and the decreased density in the forearc
mantle, associated with a relatively slow velocity in the forearc
mantle, are required to fit the gravity data. Additionally, the pos-
sibility for the near vertical backstop, as seen offshore Lombok
(Planert et al. 2010) has been tested (Fig. 7). The larger misfit with
the observed gravity, compared to dipping backstop, further sup-
ports that the study area is transitional from Lombok domain to Java
domain.

3 RESULTS AND DISCUSSION

The results are discussed from south to north of the region, start-
ing from the southern segment of profile P4-23 towards Java.
They are based on the joint interpretation of the wide-angle reflec-
tion/refraction tomography models, MCS data, and gravity model
shown in Figs 2, 7, 8 and 9.

3.1 Roo Rise crustal structure

The southernmost section from 0 to 65 km offset on the north-south
striking profile (P4-23) is the area where the Roo Rise oceanic
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plateau enters the trench (Fig. 2). The water depth is increasing here
from 3 km at the southern end of the profile in the oceanic domain
to 6 km depth at the trench. The Vp velocity structure of the upper
portion of the oceanic plate is laterally homogeneous: velocities
increase from about 2.7 to 3.0kms~! below the seafloor (bsf) to
5km;s! at about 2km depth bsf (Fig. 8). At greater depth, the
velocity gradient decreases and the velocities rise to 6.5-6.8 km s~
at the Moho which is located at 20-16 km depth (Fig. 2). Thus, the
crustal thickness of the plateau varies from 18 km to 11 km (Fig. 2);
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these values are significantly greater than predicted earlier (Curray
et al. 1977). The position of the critical distance for the PmP reflec-
tions (Fig. 6) fits the data, confirming the velocity model and the
oceanic Moho topography. As is seen in the velocity model (Fig. 2),
the major increase of the crustal thickness is accommodated by
thickening of the lower oceanic crust. The gravity modelling of
this crustal block yields a reasonable fit to the observed gravity
field, which confirms the thickened (up to 20 km) crust underneath
the oceanic plateau (Fig. 7). This result confirms the suggestion of
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Newcomb & McCann (1987) for the presence of a deep crustal root.
The observed northward thinning of the Roo Rise crust (Fig. 2) may
have several explanations. The most straightforward explanation is
to interpret the region with the thinnest crust as the edge of the
plateau and its transition to the conventional oceanic crust. Alter-
natively, this region may represent localized crustal thinning still
within the Roo Rise that extends further north. Variations in crustal
thickness of up to several kilometres are common for magmatically
overprinted oceanic crust and may be associated with past, now
inactive, phases of localized increased magmatic activity (Kopp
et al. 2004). The interpretation of seismicity by Abercrombie et al.
(2001) suggests the presence of subducted seamounts and thus im-
plies a northward extension of the Roo Rise into the subduction
complex. However, as it was shown by the numerical modelling,
the presence of a buoyant oceanic plateau subducted below ~30 km
should lead to the formation of a flat subduction and ceasing of
magmatism in the volcanic arc (van Hunen et al. 2002; Gerya et al.
2009; Mason et al. 2010). Since it is not the case in this area, we
conclude that the main block of the Roo Rise is currently only
approaching the trench and the anomalous crustal features present
below the forearc are the isolated edge structures of the plateau (i.e.
individual seamounts).
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Starting from an offset of 60 km further northwards, the oceanic
crust is highly fractured and is cut by a number of normal faults
clearly visible in the MCS data (Lueschen et al. 2010) (Fig. 8) and
in the multibeam bathymetry data at the surface (Fig. 1a and b).
The observation of the faults and fractures is in an agreement with
the results of Masson et al. (1990) which show that the subducted
oceanic crust is fractured by normal faults due to the tension in its
upper part caused by plate bending. Below the trench, the oceanic
crust thins to about 10 km and maintains this thickness upon sub-
duction (Fig. 2). The velocities at the top are about 3.5-4.0km s!
increasing to 5km s~ at a 2km depth below see floor, and grad-
ually increasing to 6.5-6.6 km s~ at the Moho. The modelled low
velocities are presumably caused by the highly fractured, altered
fluid-filled crust which causes the decrease of effective velocities.
In addition, velocity smoothing implemented in the tomographic
inversion is also likely to contribute to this effect. The lateral varia-
tions of the Vp velocity structure within the oceanic crust are small
(Figs 2 and 8).

Comparison of the obtained structure of the Roo Rise with sim-
ilar terrains in other regions shows similarities both in the velocity
distribution and the crustal thickness. The Hikurangi plateau, off-
shore New Zealand, which is similar in structure but much larger, is
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Figure 9. Joint interpretation models for profile P4-23 based on combined results of seismic tomography, MCS and gravity modelling. Thick solid lines are
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lines are the line-drawing interpretation of the collocated MCS profile. Plots A and B show two variants for the structure of the backstop. (a) Interpretation
based on the geometry of the forearc backstop observed to the west from our profile. (b) Interpretation based on the backstop geometry to the east of our profile

and the ideas of Bangs et al. (2003).

reported to have 10-23-km-thick crust, and Vp values ranging from
4.9t0 7.2km s~ (Davy et al. 2008; Scherwath et al. 2010). Similar
to the Roo Rise, much of the crustal thickening is accommodated
by the increase of the lower crust. However, comparing to other
Large Igneous Provinces, with common thicknesses of 20-40 km
(Coffin & Eldholm 1994), the Roo Rise is at the lower end of these
values. This could be due to seismically resolving only the edge of
the plateau, but not its centre, where the crust could be thicker. An-
other comparison could be done with the Nazca ridge offshore Peru,
which is more comparable with the size of the Roo Rise, sampled in
the study. The crustal thickness of the Nazca ridge reaches 16 km,
with Vp values ranging from 4.5 to 6.6 km s~ in the upper crust and
6.7 to 7.5 km s~ in the lower crust (Hampel et al. 2004). Similar to
the Roo Rise and Hikurangi plateaus most of the crustal thickening
is accommodated by the lower crust. However, the velocities in the
lower crust are much higher compared to the Roo Rise.

3.2 Accretionary prism structure

Starting from the trench (90 km offset) and further north, an active
frontal prism is observed, characterized by thrust faults and fronting
the accretionary prism (Fig. 8). The frontal prism extends laterally
for about 12-15 km. Due to the minor sediment input into the sys-
tem, the frontal slope of the accretionary prism (from 95 to 125 km

offsets) is about 8°-10° with only about 2°-3° in its upper portion,
so that the mean slope of ~5.2° is at the high end of the slope
angle range within the neighboring segments (Kopp et al. 2006).
The frontal prism is characterized by low Vp velocity values rang-
ing from 2 to 2.8 km s~*. Further north, in the accretionary prism
which extends from 105 to 185 km offsets, velocities increase from
2km s~ below the sea floor to about 3.5 km s~* at a depth of 3-4 km
bsf; the Vp velocity in the consolidated sediments in the deeper part
of the accretionary prism (6 to 10 km depth) ranges from 3.5 to
5.0km s at the top of the basement.

The accreted sediments forming the forearc high are resolved on
both profiles, allowing for a 2.5-D interpretation of this area at the
profiles crossing (Fig. 2). The velocity—depth distribution in the sed-
iments is similar for both of the profiles, with Vp velocities starting
at 2 km st and reaching 5 km s~ at the top of the basement at 8 km
depth (for the forearc region, we assume the top of the basement
to correspond to approximately 5 km s~* isocontour). However, the
north—south striking profile suggests a semi-horizontal basement
interface extending laterally for, at least, 40 km. This is in contrast
to the observations along the east—west profile which reveals a rather
undulating topography of the top of the basement, varying from 6 to
10 km depth. This observation can be explained in several ways. It
is possible that the forearc crust is composed of several small-scale
independent crustal fragments, and thus displays a blocky style of
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basement. Another explanation would be to consider the subduction
of the basement topographic relief located off profile P4-23, and
thus unresolved on it. The presence of such features in the incoming
oceanic crust would perturb and dynamically deform not only the
overlaying sedimentary packages, but also affect the crustal edge of
the backstop.

3.3 Forearc crustal structure

The forearc crust carrying a number of sedimentary basins is located
further north, from ~185 km offset and to the northern termination
of the profile (Fig. 2). The depth of the basins ranges from ~1200
to 1500 m, which is less than in the well-developed forearc basins
to the east and to the west where the sediment infill reaches 3 km
(Kopp et al. 2009a; Planert et al. 2010). The Vp velocity of the
sediment in the basins ranges from 1.7 to 3.0km s~ in the up-
per 1-1.5 km (Fig. 2). The velacities in the consolidated sediments
above the basement increase from 3.5 to 5.0 km s~*. The crystalline
crust of the forearc displays Vp velocities ranging from 5.0 km s* at
the top (~5 km depth) to 6.5-7.0 km s~* at the Moho. The northern
segment of the profile (from ~220 km offset) shows higher veloci-
ties in the lower crust, while in between 160 and 220 km offset the
velocities in the lower crust do not exceed 6.5 km s~ (Fig. 2). For
the same location (~180 km offset) on the trench-parallel profile,
lateral velocity variations in the lower forearc crust are even higher,
reaching values up to 7.1km s~* at 60 km offset of profile P-41
(unfortunately, the low signal-to-noise ratio and a complex 3-D ray
propagation for most of the stations on this profile made reflection
modelling debatable, especially for the plates interface). The fore-
arc Moho shows minor undulations, as revealed by the tomography
model. In the northern section, the Moho is located at a 18 km depth,
deepening to ~20 km at around 270 km offset, and then shallowing
again to about 17 km at ~320 km offset. It indicates that the thick-
ness of the crystalline crust is in the range of 12—16 km. The results
from the neighboring segments (111°E and 115°E) image the fore-
arc Moho in a depth range of 14-18 km (Kopp et al. 2009b; Planert
et al. 2010), in agreement with our results. Further to the north, the
gravity modelling (Fig. 8) requires a sharp deepening of the Moho
to a depth of at least 30 km underneath Java. Crustal deepening can
be associated either with the transition to the island arc-like crustal
block below Java, or with the presence of the Gondwana revenue as
suggested by Smyth et al. (2007). Unfortunately, this section is not
covered by the seismic data and, due to the non-uniqueness of the
gravity modelling, cannot be reliably interpreted.

3.4 Oceanic mantle

The deep structure (below ~20 km depth) of the profile was resolved
mostly in the southern-central portion of the study area (Fig. 2).
However, the model resolution is limited for the deep part (Fig. 5).
The calculated Vp velocity values have an uncertainty of about
—7 + 3 per cent due to the velocity averaging along the ray paths
(Fig. 5). In the uppermost oceanic mantle, the velocities are esti-
mated to be in the range from 7.5to 7.9 km s~. The area of the lower
seismic velocities is located between 85 and 170 km offset: it starts
approximately below the trench and extends to a depth of at least
30 km where the resolution of our model diminishes. The velocities
in the forearc mantle are lower as compared to the oceanic mantle;
we observe the values of around 7.5-7.6 km s~* under the forearc
Moho (Fig. 2). The calculated velocity structure of the forearc and
the underlying mantle is in a good agreement with the results calcu-

© 2010 The Authors, GJI, 184, 12-28
Geophysical Journal International © 2010 RAS

Oceanic plateau subduction 25

lated for the adjacent segments offshore Lombok and Central Java
around 110°E (Kopp et al. 2009b; Planert et al. 2010).

3.5 Backstop geometry and structure

The backstop edge is located at ~160 km offset; it represents a
near-vertical feature bounding the accretionary prism at depth. The
forearc high pattern caused by the Roo Rise approach is unusual, as
for the ‘normal’ oceanic subduction a continuous ridge-like fore-
arc high structure is expected. This should be an effect caused by
the oceanic plateau subduction. We speculate on possible scenar-
ios for the structure of the forearc backstop which would explain
the observed bathymetry (Fig. 1). Possible options are shown in
Fig. 9.

Variant A is based on the geometry of the forearc backstop ob-
served on the profiles to the west from this study, where the backstop
gently dips towards the trench (Kopp & Kukowski 2003). The term
backstop defines a region within a forearc that is characterized by
an increased yield strength compared to the region trenchward of
it and thus by its ability to support larger deviatoric stresses. The
kinematic discontinuities which form a backstop may be ‘static’, as
would be the case for the continental arc basement, or ‘dynamic’
and thus still deforming, though at a slow rate, as may be expected
for compacted accreted material resulting from an earlier phase of
accretion (Kopp & Kukowski 2003). In the latter case, the material
located southward of the ‘static’ backstop would represent buoy-
ant fragments of the oceanic plate, of the Roo Rise nature, which
were detached from the plate and stacked over the static backstop
(i.e. little-deforming continental arc basement, following Kopp &
Kukowski (2003)). This scenario is valid under conditions that the
oceanic crust, currently subducted below the accretionary complex,
was as fractured as the segment currently observed at around trench,
and that there were some elevated relief features that would have de-
tached from the plate. In this case, the observed forearc high would
correspond to the area of maximum stacking of such relief revenues
against the static forearc backstop. This correlates with the location
of the forearc highs and also explains the relatively shallow fore-
arc basins, as they would experience uplift together with a lateral
compression.

Variant B is based on the similarities of our study region to
the Lesser Antilles subduction zone. The subduction of the large
aseismic Tiburon ridge might be comparable by size and scale to
the subduction of the Roo Rise. Following this analogy and the ideas
of Bangs et al. (2003) and Christeson et al. (2003), we speculate on
the other option for the backstop structure (Fig. 9b). In this case, the
static forearc backstop geometry is similar to the one observed on
the profile located eastwards from the study area, offshore Lombok
(Planert et al. 2010). The observed forearc high then would be
linked to the bending-related uplift of the forearc edge, caused by
the presence of stacked fragments of the oceanic origin below it.
The same conditions should be valid for this scenario as in option
A. For this case, the location of the forearc high and its uplift are
correlated with the uplift of the crystalline forearc edge.

The choice of any particular variant is governed by the geom-
etry of the static forearc backstop at its exact location, which is
not resolved in the study. However, both of the options would in-
fluence the geohazard potential for the area, including tsunami and
earthquakes. The detailed assessment of the geohazards is outside
of the scope of this study. Following, will provide some insight
on the earthquake and tsunami potential of the region. In order to
trigger a tsunami, a sufficient vertical movement of the seafloor is
required. This can be achieved either by crustal movements on the
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trust faults as a result of earthquake slip, or as a result of a sub-
marine landslide, possibly triggered by an earthquake. The 2004
Sumatra earthquake and tsunami is an example of the large mega-
thrust event where the major slip was accommodated on the trust
faults, resulting in ~14 m uplift (Sibuet et al. 2007). Similar settings
are expected for the Chili and the Cascadia margins. The subma-
rine landslides are the explanation for the tsunamis in the Atlantic
region and other regions such as Papua New Guinea and Puerto
Rico (ten Brink et al. 2009), which puts them into a special class
of geohazard as the initiating earthquakes can be much smaller
than in mega-thrust events. Offshore Java, where the frontal erosion
causes the oversteepening of the frontal slope, any changes in the
seismicity regime are of high importance. Both proposed crustal
interpretations invoke local deformation of the backstop and the
overlaying sediments and can lead to the formation of large lat-
erally inhomogeneous stress gradients in the area, thus increasing
the probability of rupture on the normal faults in the oceanic crust
due to load as well as on thrust faults within the accretionary prism
and within the seismogenic zone. It explains the observed increased
level of the shallow seismicity clustered around 113°E (Fig. 1) and
the dynamically caused perturbations of the basement top and as-
sociated forearc high. A similar seismicity pattern is observed in
the Lesser Antilles subduction zone where the clustering of shallow
seismicity is spatially correlated with the collision of the subducting
aseismic ridge with the backstop (Christeson et al. 2003). Unfortu-
nately, the lack of deep penetrating seismic reflection data imaging
the internal structure of the observed crustal edge and the absence
of local relocated seismicity leaves this question open for further
research.

The northward shift of the active volcanic arc observed on Java
(Fig. 1) can be correlated to the northward trench r advancing in the
vicinity of the Roo Rise, approaching the trench. The presence of
elevated bathymetric features associated with sea plateau subduc-
tion can cause the frontal erosion of the accretionary complex and
thus the landward migration on the trench. Numerical modelling
shows that it can be considered as an initial stage of the formation
of a flat shallow subduction and ceasing of melt production (van
Hunen et al. 2002; Gerya et al. 2009). Furthermore, a proposed
Gondwana revenue (Smyth et al., 2007), located in between the
trench and Southern Java, can be also responsible for producing
complex interaction processes within the subduction system, re-
sulting in the northward volcanic arc propagation. The structure of
this lithospheric block and the processes that it triggers are unclear
and should be studied in order to understand the entire dynamics of
this subduction margin.

Summarizing, we observe the complex subduction of abnormally
thick oceanic crust under the rigid forearc crust. The accretionary
complex is experiencing an inhomogeneous current uplift due to
one of the proposed scenarios. The approach of the buoyant oceanic
plateau to the trench causes active frontal erosion as well as internal
deformation of the accreted sediments which, in turn, dynamically
affects the tip of the forearc crust and the structure of the forearc
basins. This complex deformation pattern has a strong effect on
local seismicity and increases the geohazard risk for tsunamogenic
seismic events.

4 CONCLUSION

The summary of our results is shown in Fig. 9. In the 113°E seg-
ment of the Java trench, we observe the approach of the oceanic

plateau Roo Rise to the trench, and the effects it causes on the local
subduction regime.

The Roo Rise is characterized by variable crustal thickness rang-
ing from 18 to 12 km and shallowing towards Java. It extends lat-
erally for at least 70 km within our profile (Fig. 2). Based on the
bathymetric data and its link to the presence of a deep compensat-
ing crustal root, the thickened oceanic plateau crust with an average
thickness of about 15 km is expected to cover an area of approxi-
mately 100 000 km? (200 km x 500 km) offshore Central-Eastern
Java. The transition to normal oceanic crust is not well defined,
but the plateau can extend into the subduction system up to 60 km
northward from the trench.

The structure of the upper crust of the incoming oceanic plate
shows a high degree of fracturing in its top section. This fracturing is
clearly visible in the high-resolution bathymetry and MCS transect
down to 2 km below the top of the crust (Fig. 8). It is possible that
the crust is cut by faults even to a greater depth, as indicated by
the low mantle velocities that require fluid percolation (Carlson &
Miller 2003), and by an increased level of shallow crustal seismicity
(Abercrombie et al. 2001; Bilek & Engdahl 2007).

Within our profiles, we do not recover any direct evidence for the
presence of the bathymetric features on the oceanic plate currently
present below the accretionary prism. Depth variations of the base-
ment observed on the trench-parallel profile, may serve as evidence
for bathymetric features associated to the RooRise.

Gravity modelling requires a sharp crustal thickness increase
below Java. As the region is not covered with seismic data, we can
only speculate on the origin of this crustal structure. The thick crust
can be a part of the Gondwana revenue as suggested by Smyth et al.
(2007).

The approach of the Roo Rise to the trench has strong effects on
the local seismicity setting. The geohazard risks should be recon-
sidered as this segment of the margin has an increased probability
for tsunamogenic earthquakes.
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Figure S1. The comparison of all the picked traveltimes avail-
able for the tomographic inversion for the two profiles. The picked
traveltimes are shown by black dots for the refracted phases and
green dots for the reflected phases. Corresponding computed trav-
eltimes through our final models are shown by red and blue dots,
for the refracted and reflected phases, respectfully. Top plot is the

fit comparison for the N-S profile, bottom—for the E-W profile.
Note, the identical distance and timescale for both plots.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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Forearc structures of the eastern Sunda Arc are studied by new multichannel reflection seismic profiling. We
image a high along-strike variability of the subducting oceanic plate, the interface between subducting and
overriding plate, the accretionary wedge, the outer arc high and forearc basins. We highlight ongoing
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sunda Arc While frontal accretion plays a minor role, the growth of the outer arc high is mainly attributed to oceanic
Indonesia sediments and crustal fragments, which are attached to the base of the upper plate and recycled within the

forearc. We image ongoing large-scale duplex formation of the oceanic crust. The incoming oceanic crust is
dissected by normal faulting into 5-10 km wide blocks within a 50-70 km wide belt seaward of the deep sea
trench. These blocks determine the geometry and evolution of duplexes attached to the base of the
overriding plate landward of the trench. Long-lasting and ongoing subsidence of the Lombok Basin is
documented by distinct seismic sequences. In the Lombok Basin we image mud diapirs, fed from deeply
buried sediments which may have been mobilized by rising fluids. We propose a wrench fault system in the
eastern Lombok forearc basin that decouples the subduction regime of the Sunda Arc from the continent-
island arc collision regime of the western Banda Arc. The observed tectonic activity of the entire forearc
system reflects a high earthquake and tsunami hazard, similar to the western part of the Sunda Arc.
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Accretionary prism

Outer arc high

Forearc basin

Multichannel seismic profiling

1. Introduction At the eastern end of the Sunda Arc the convergent system changes

from oceanic subduction to continent-island arc collision of the Scott

The 7000 km long Sunda Arc has long been considered as a
classical accretionary margin system where the Indo-Australian
oceanic plate is underthrust beneath the South-East Asian continent,
active since the Upper Oligocene (Hamilton, 1979, 1988). The
accretionary margin has produced an accretionary wedge and a
pronounced outer arc high forming the subduction complex landward
of the deep sea trench, deep forearc sedimentary basins and a volcanic
arc (Dickinson, 1977). These structures evolve in response to a
number of key parameters, such as age, composition and structure of
the subducting plate, convergence rate and direction, and the
thickness and origin of the incoming sediments (e.g. Van der Werff,
1996; and references therein). Mass transfer, backstop and accretion-
ary mechanics of this ‘subduction factory’ offshore Sumatra and Java,
ranging from accretionary to erosive styles, have recently been
studied by Kopp and Kukowski (2003) and Kopp et al. (2001, 2006).

* Corresponding author. Leibniz Institute for Applied Geophysics (LIAG), Stilleweg 2,
30655 Hannover, Germany.
E-mail address: Ewald.Lueschen@liag-hannover.de (E. Liischen).

0040-1951/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.tecto.2010.06.008

Plateau, part of the Australian continent, colliding with the Banda
island arc and Sumba Island in between. The origin of Sumba Island is
still debated (Rutherford et al., 2001; and references therein).

The Sunda Arc is known as an active convergence zone producing
tremendous earthquakes, tsunamis and volcanic hazards. The M,, 9.3
Indian Ocean earthquake and tsunami of December 26, 2004 killed
more than 250,000 people. Numerous investigations have been
commissioned near the epicentre offshore northern Sumatra to
evaluate the earthquake and tsunami hazards. These projects have
mapped seafloor morphology and imaged deep structures and faults
in order to better understand the origin of megathrust earthquakes
and tsunamis in the western portion of the Sunda Arc subduction
system (e.g. Henstock et al,, 2006; Ladage et al., 2006; Singh et al.,
2008; Franke et al., 2008). Little attention concerning tectonics,
structural geology and risk analysis has been paid recently to the
eastern part of the Sunda Arc, south of eastern Java, the islands of Bali,
Lombok, Sumbawa and Flores, so far. This area is the focus of the
SINDBAD project (Seismic and Geoacustic Investigations Along the
Sunda-Banda Arc Transition), a joint German-Indonesian project that
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carried out cruise SO190 with R/V SONNE end of 2006 in two con-
secutive legs (Fig. 1).

In this paper we present an overview on new seismic images with
the main goals (i) to image and characterise the interaction between
the subducting and the overriding plate, (ii) to investigate the
structure and evolution of the subduction complex and the Lombok
forearc basin in response to the variation in age and structure of the
incoming oceanic plate (Roo Rise and Argo Abyssal Plain) and (iii) to
characterise the transition from ocean-island arc subduction in the
eastern Sunda Arc to continent-island arc collision at the western
Banda arc. The data comprise 4933 km of multichannel reflection
seismic (MCS) profiling, combined with magnetic and gravimetric
measurements, sediment echo sounding and swath bathymetry, as
well as refraction/wide-angle seismic measurements with ocean
bottom seismometers (OBS) for velocity modelling on four corridors
coincident with N-S running MCS profiles (Fig. 1). Preliminary
interpretations were presented by Miiller et al. (2008).

2. Regional tectonic setting

The subduction of the Indo-Australian plate along the Java Trench
is active since the late Oligocene (e.g. Hamilton, 1979). The overriding
plate is continental including Sumatra and western Java (Kopp et al.,
2001) and the basement below the forearc basin offshore Bali and
Lombok is probably rifted crust of continental character in transition
to oceanic character at Sumbawa and further east (Banda Sea) (Van
der Werff, 1996). The convergence rate increased from 5 cm/a to
7 cm/a during the last 10 Ma (7.3 cm/a today according to the global
velocity model MORVEL, DeMets et al.,, 2010) and is almost
perpendicular to the Java Trench, in contrast to oblique convergence

Argo Abyssal Plain
(oceanic crust)

offshore Sumatra, where plate motion is partitioned into thrust and
strike-slip movements. The volcanism of the island arc was initiated
during the Pliocene and changes from an intermediate composition
on East Java to a mafic composition on Sumbawa, which documents a
transition from a continental to an oceanic overriding upper plate
(Hamilton, 1988). The present-day configuration of plate boundaries
in South-East Asia shows a quite complex history of interaction of the
Pacific, the Indo-Australian and the Eurasian plate. Reconstructions
and modelling by Hall (2002, with a comprehensive literature list)
and Hall and Smyth (2008) suggest major plate reorganisations at 45,
25 and 5 Ma. Seismological mantle tomography indicates seismic
velocity anomalies to a depth of 1500 km attributed to the subducted
lithospheric slab, which is probably continuous below Java but
discontinuous and detached from the seismogenic slab below
Sumatra (Widiyantoro and Van der Hilst, 1997). Seismicity is present
in clusters tracing the Wadati-Benioff zone from the outer-trench
bulge of the subducting oceanic plate to maximum 300 km depth
beneath Sumatra and even 600 km depth beneath the eastern Sunda
Arc (e.g. Widiyantoro and Van der Hilst, 1997; Spicak et al., 2007).
The subducting oceanic Indo-Australian plate in the study area
(Fig. 1) can be subdivided into three distinct provinces: Roo Rise, Argo
Abyssal Plain and Scott Plateau. The Roo Rise offshore Java is
characterized by a rough morphology more than 1500 m above the
surrounding seafloor level. The subduction of seamounts with their
irregular relief contributes to subduction erosion and to the block
structure of the outer arc high (Kopp et al., 2006). The trench here is
less deep in comparison to adjacent regions, 5600 m to 6000 m versus
7000 m, respectively (Masson et al., 1990). The Argo Abyssal Plain
offshore Lombok and Sumbawa (Fig. 1) is smooth at water depths of
5000-5500 m and has a pelagic sediment cover of about 600 m, which

112°E 114°E

Sunda Arc

110°E

116°E

122°E

Banda Arc

118°E 120°E

> <

Fig. 1. Location map and inset (upper right) of the SINDBAD survey SO190 with 4933 km of multichannel reflection seismic (MCS) profiling (red lines) and 4 corridors of wide-angle/
refraction seismic measurements with ocean bottom seismometers (OBS, red/white dotted lines). Yellow lines are magnetic lineations of reinterpreted anomalies based on studies of
Heine et al. (2004) and SO190 measurements. Age of the oceanic plate ranges from early Cretaceous (MO) to late Jurassic (M25). Convergence rates (inset, upper right) of 73 mm/yr
in the study area are according to the global velocity model MORVEL (DeMets et al., 2010). Bathymetry from Sandwell and Smith (1997) is based mainly on satellite gravity data.
Lines discussed in the text: North-South: 1 = BGR06-305, 2 = BGR06-303, 3 = BGR06-313, 4 = BGR06-311, 5 = BGR06-317, 6 = BGR06-319; East-west: 7 = BGR06-307, 8 =

BGR06-308, 9 = BGR06-310.
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was sampled at DSDP site 261 (e.g. Heirtzler et al.,, 1974; Van der
Werff, 1995). The oceanic crust including the Roo Rise and the Argo
Abyssal Plain dates from late Jurassic (M25=155Ma) to early
Cretaceous (M0 =125 Ma, Fig. 1) and is (particularly the Argo Abyssal
Plain) regarded as a remnant of the Tethys ocean (e.g. Heine et al.,
2004). In contrast, the Scott Plateau at the eastern part of the Indo-
Australian plate in the study area is of continental character and has
been colliding with Eurasia since Late Miocene (e.g. Harris, 1991; Van
der Werff, 1995). This collision controls the uplift of the Sumba Ridge
and the development of the Savu Basin. The origin of Sumba Island is
still debated. It could be part of Australia, alternatively of Sundaland or
part of an island arc which rifted to its present position during
Miocene times (Rutherford et al., 2001, and references therein).

The structure of the subduction complex (accretionary wedge, outer
arc high) and the forearc basins have been studied by Hamilton (e.g.,
1979,1988), Van der Werff (1995, 1996) and Van der Werffetal. (1994)
using single-channel seismic recordings of relatively low resolution and
depth penetration, and, in parts, using multi-channel seismic profiling
provided by industrial companies and other institutions in the 1980s.
These data have shown that the accretionary wedge consists of
imbricated thrust sheets consisting of a melange of sediments/rocks
offscraped from the subducting plate. Forearc basins are fed from the
growing volcanic arc and the outer arc high as the oldest part of the
accretionary prism. In the context of large megathrust earthquakes and
ruptures, the subduction complex offshore Sumatra shows abrupt uplift
of several meters, the forearc basin subsidence is in the same order of
magnitude (Briggs et al, 2006). The youngest thrust faults in the
accretionary wedge sole out at a pronounced décollement between
upper and lower plate. The structure and stratigraphy of forearc
subduction systems with subduction complexes (accretionary wedge,
outer arc ridge) and forearc basins have been described in general terms
by Dickinson and Seely (1979) and Dickinson (1995). Thickness and
width of the subduction complex decrease from the western Sunda Arc
towards the eastern Sunda Arc in response to the decreasing thickness
of seafloor sediments on the incoming plate (4 km offshore Sumatra,
1.3 km offshore western Java, less than 1 km in our study area). The
sediment thickness reflects the southward progradation of immense
submarine fans from the Bay of Bengal sourced from the Himalayan
collision belt (Dickinson, 1995). Modern MCS data of the western and
central Sunda Arc are presented by Schliiter et al. (2002), Kopp and
Kukowski (2003), Franke et al. (2008), Singh et al. (2008) and Berglar et
al. (2010). Material accretion from the lower to the upper plate
dominates in the western and central Sunda Arc, whereas erosional
processes at the base of the upper plate are facilitated by seafloor
roughness of the Roo Rise, low sediment supply and higher convergence
rate further east (Kopp et al.,, 2006).

The Lombok Basin is one of the largest (600 x 120 km) and deepest
(4 km water depth) of the forearc basins located between the outer
arc high and the magmatic arc (Fig. 1). The forearc basins are
separated by transverse ridges with elevations of 1000-1500 m above
the basin seafloor and a thin sediment cover. To the East, the Lombok
Basin is controlled by the collision of the Scott Plateau with Sumba
Island and the Banda arc, resulting in an uplift of the eastern part of
the basin. The basement of the Lombok Basin is of unknown nature,
but has been interpreted variously as anomalously thick oceanic crust,
rifted continental crust or as metamorphosed accretionary prism
(Dickinson, 1995). Five almost undeformed seismostratigraphic units
have been interpreted in the Lombok Basin based on early seismic
measurements until the 1980s and analogies to well data from the Bali
Basin in the backarc area north of Bali (Van der Werff et al., 1994).
Horst and graben structures in the basement have also been
recognized, suggesting that the basement is of continental origin.
The maximum sediment thickness amounts to around 4.5 km.
Carbonate platforms developed during the Eocene. This implies that
the basement subsided from the sea surface by nearly 10 km (Van der
Werff et al., 1994).

3. Methods, data acquisition, and processing

During Leg 1 of cruise SO190 with research vessel SONNE from 9th
October to 9th November 2006, twenty profiles of multichannel
seismic reflection (MCS) data were acquired (Fig. 1). A tuned G-gun
array comprising 16 airguns with a total volume of 50.8 1, working
pressure of 145 bar, array length of 15.5 m and a towing depth of 6 m
served as seismic source. The shot interval of 18 s corresponds to 50 m
at a speed of about 5 kn. Data were acquired with a 240 channel
streamer of 3 km length (group interval: 12.5 m). Record length was
14 s at a sampling interval of 2 ms. Nominal coverage was 30-fold.

Conventional common midpoint (CMP) processing of the twenty
MCS lines produced Kirchhoff poststack time and depth sections as a
standard, mainly for a first quality control. Kirchhoff prestack depth
migrations (PreSDM) on the six North-South running lines and most
of the intersecting lines (Fig. 1) were then used for velocity building
and enhanced imaging. Major issues in seismic processing were
identified in multiple rejection and velocity model building. For
seabottom multiple attenuation various approaches were tested,
among them parabolic Radon filter with inner trace mutes, f-k-filter
and wave equation based prediction. However, because of varying
results within individual seismic lines, the filter attenuated success-
fully the multiples, but often also deep reflections, e.g. from the
interface between upper and lower plate, we decided to use
consistently a prestack time-variant bandpass filter (passband 4-
26 Hz in the lower part of the recordings where higher-frequency
multiples prevail) permitting residuals of the multiples in some parts
of the sections. A frequency range of 4-120 Hz proved to be profitable
in the upper sedimentary part of the sections. After conversion of
smoothed stacking velocities to interval-depth velocities, these
models served as initial models for the migration velocity analysis
(MVA) using PreSDM of common offset sections. The upper,
sedimentary part of the velocity models was iteratively improved
from top to bottom using the focussing technique. Because of the
limited offset range, this approach was not sensitive enough for the
deeper parts of the profiles. Therefore, the upper, sedimentary part
was fixed and then extended towards greater depth using the
tomography approach of the refraction/wide-angle modelling (see
below). Because of computing time considerations, the frequency
range was limited to 4-60 Hz for prestack depth migration. The
resulting velocity-depth model was additionally used for poststack
time and depth migrations with the full frequency and resolution
range. Therefore, for interpretational and quality control purposes
poststack time and depth migrations as well as prestack depth
migrations were considered.

Leg 2 of cruise SO190 from 11th November to 22nd December
2006 was dedicated to refraction/wide-angle seismic observations
with ocean-bottom-seismometers (OBS). A cluster of 8 G-guns with a
total volume of 641 was used as seismic source. Average spacing
between shots was 100/150 m and average OBS spacing was 6 km. 28
instruments were used on 239 sites. Four corridors were covered,
including some cross-lines (Fig. 1), resulting in approximately 1900
line-km. Seismic tomography inversion for the Vp velocity distribu-
tion was performed by running a joint refraction/reflection inversion
(Korenaga et al., 2000), complemented by forward seismic modelling
and gravity modelling. Individual corridors are described and
interpreted by Shulgin et al. (2009) and Planert et al. (2010).

Swath bathymetry was acquired by the shipboard 12-kHz SIMRAD
EM 120 system. The data from the two legs were edited (for outliers)
and merged to provide a consistent map over the area, extending the
maps compiled by Ladage et al. (2006) and Franke et al. (2008)
towards the East.

Echosounding was performed by the shipboard PARASOUND
system which works as a low-frequency sediment echosounder and
as a high-frequency narrow beam sounder to determine the water
depth with a hull-mounted transducer array. It utilizes the parametric
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effect which produces additional frequencies through non-linear
interactions of acoustic waves of similar frequencies, 18 kHz and
22 kHz, which produce a resulting frequency of 4 kHz. Depth
penetration in flat sedimentary sections is often of the order of 100-
150 m. The analogue traces of 250 ms around the seafloor are
digitized onboard and transformed into the seismic SEG-Y format
with the time delay and GPS-based coordinates saved to their headers,
and were thus suited to seismic processing.

We also recorded magnetic data using a towed magnetometer
array consisting of two total field sensors (Overhauser type) operating
in gradiometer mode and one oriented vector magnetometer
(fluxgate type). Gravity data were obtained by the gyro-stabilized

Askania type sea gravimeter KSS31M. Details of potential field data
acquisition and processing are described in the cruise report (BGR,
2006).

4. Major structural units

Fig. 2 shows a compilation of the six N-S running 250-380 km long
profiles, consistently processed with the PreSDM approach. They
extend from the Indo-Australian plate over the deep sea trench, the
accretionary prism, the outer arc high, the forearc basin to the slope of
the island arc. The most striking observation concerns the imaging of
the subducting upper/lower plate interface over 70 km and related
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Fig. 2. Compilation of six North-South running profiles from West (top) to East (bottom) traversing oceanic crust, deep sea trench, accretionary prism, outer arc high and forearc
basin (see Fig. 1 for location) derived from Kirchhoff prestack depth migration (PreSDM) with a frequency range of 4-60 Hz. Profile BGR06-313 shows exemplarily a velocity-depth
model according to refraction/wide-angle seismic tomography on coincident profile P31. Triangles indicate positions of ocean-bottom seismographs. Vertical exaggeration of all

sections is 2:1.
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splay faults within the accretionary prism and outer arc high.
Comparable seismic imaging results are known from the Nankai
Trough offshore Japan (Park et al., 2002). Velocity control is shown
exemplarily for line P31 (coincident with the longest MCS line BGRO6-
313). In the following we discuss the individual sections from South to
North based on Fig. 2, then in chapter 5 in more detail from West to
East in Figs. 3-14.

4.1. Indo-Australian crust

The subducting oceanic crust is characterized by only a few
hundred meters thick sedimentary cover. The sediment thickness on
the continental Australian crust (Scott Plateau) just south of the main
deformation front reaches 2 km (Fig. 2, easternmost section BGR06-
319). The water depth seaward of the trench changes from about
3500 m in the westernmost profile (Roo Rise) to 5000 m (Argo
Abyssal Plain) and again to 3500 m at the Scott Plateau on the
easternmost profile. A pronounced bulge seaward of the trench is not
observed even on the longest profile BGR06-313. Instead, a stepwise
downbuckling over a distance ranging between 30 km and 70 km,
decreasing from West to East, is observed before reaching the deep
sea trench and the deformation front. This is an indication of an old
non-elastic lithosphere under rigid deformation. The steps or vertical
displacements are related to normal faulting within the oceanic crust
as response to the downbending. Crustal and mantle velocities are
remarkably decreasing when approaching the deep sea trench,
probably caused by intruding seawater (normal faults as pathways)
and subsequent serpentinization. On profiles BGR06-311 and -317,
where the sea floor is particularly smooth, continuous reflections from
the crust-mantle boundary are observed, indicating a 7-9 km thick
crystalline oceanic crust.

4.2. Subduction complex

In the deep sea trench only little sediments accumulated due to the
thin sediment cover of the oceanic crust. Landward of the deep sea
trench, a pronounced interface of complex shape between upper and
lower plate is observed over a distance of 50-70 km on most of the
profiles. Further imaging of the plate interface is prevented most
likely due to the increasing subduction angle or due to a loss of
reflectivity because of dewatering. The 70-120 km wide (widest
opposite to the Roo Rise) subduction complex on top is up to 12 km
thick with sediment-type velocities. Van der Werff (1995) postulated
that the decreasing width of the complex towards the East may be due
to the younger age of the subduction system. The accretionary wedge
and its older part, the outer arc high, has long been suggested as being
trench-fill turbidites, pelagic sediments and oceanic crust scraped
from the descending oceanic plate by the leading edge of the
overriding plate to which they become accreted (e.g. Karig and
Sharman, 1975; Schliiter et al., 2002). Our sections show that the
entire subduction complex is characterized by a northward dipping
system of imbricate thrust sheets with major thrust faults of listric
shape connecting seafloor and plate interface. These faults are
associated with pronounced breaks in morphology at the seafloor.
Small piggy-back sedimentary basins are observed between the
morphologic kinks, particularly seaward of the Lombok forearc basin.

4.3. Forearc basin

The Lombok forearc basin located between the outer arc high and
the volcanic island arc is up to 120 km wide with up to 4500 m of
sediment thickness and water depth of about 4000 m (Fig. 2, lines
BGR06-303, -313 and -311). The basement is characterized by a
central high or horst. Several unconformities are visible within the
sedimentary succession. The basin is underlain by anomalously low
mantle velocities at relatively shallow depths of about 15 km, which

might be due to an alteration from dehydration processes by rising
fluids within the subducting oceanic plate. Seismostratigraphic
analysis of the basin fill based upon early seismic profiling in the
context of hydrocarbon exploration has been carried out by Van der
Werff et al. (1994). On the westernmost profile BGR06-305 a
basement high or ridge without sediments divides the basin into
two parts with 1-1.5 km sediment thickness. The easternmost profiles
BGR06-317 and -319 are characterized by the collision of the oceanic/
continental Indo-Australian plate with the block of Sumba Island.
Underthrusting of the Scott Plateau beneath a large accretionary
prism and the Sumba block is observed, which produces uplift and a
large bivergent structure. The Savu basin with up to 4 km sediment
thickness is shown at the northern end of the easternmost profile.

5. Results and discussion

In the following Sections 5.1-5.4 we discuss the main structural
units, the Roo Rise (Section 5.1) and the Argo Abyssal Plain
(Section 5.2) with their influence on the overriding plate, the Lombok
forearc basin (Section 5.3) and the transition zone between the
subduction regime in the West and the collision regime in the East
(Section 5.4) in further detail. All figures with few exceptions are
based on the PreSDM approach.

5.1. Roo Rise and forearc

On profile BGR06-305, in the west of the study area (Fig. 3), we
zoom into the coupling zone of upper and lower plate with the
accretionary wedge on top. Landward of the Roo Rise the seabottom is
about 1-2 km higher than on the other profiles. The downbending
oceanic crust is segmented by steep normal faults which appear to
become reversed due to compression when approaching the deep sea
trench. Exceptionally, sediments gradually accumulate over a distance
of 30 km in front of the trench up to 2 km thickness within the trench.
This is probably due to reverse backthrusting and folding induced by
the toe of the accretionary wedge. Turbiditic slumps from the inner-
trench slope (3-4°) may contribute to this thickness. There are signs
of buried seamounts beneath the accretionary prism (Fig. 3) similar to
those interpreted by Collot et al. (2008) at the erosional North
Ecuador-South Colombia oceanic margin. Correspondingly, the
bathymetry exhibits signs of subcircular indentation at the inner
trench slope. The boundary between upper and lower plate, which is
imaged over 70 km length, is of irregular shape with km-wide vertical
displacements obviously imprinted by the complex shape of the
subducting oceanic basement. This may be interpreted as duplex
building with most of the oceanic sediments beneath and in front of
the accretionary wedge. Landward dipping reflections at the toe of the
accretionary wedge indicate that sediment sheets are attached to the
base of the wedge. The wedge is fairly transparent over a distance of
about 20 km. However, at the pronounced slope break, a series of
steep landward dipping reflections, obviously thrust sheets, connect
to the plate interface at about 9 km depth. Here, the interface changes
its dip and shape abruptly. We speculate that a major block of the Roo
Rise or perhaps even the onset of the Roo Rise, has arrived here and
produced compression-related uplift during the last 500,000 years (at
a convergence rate of 7.3 cm/a). The splay faults of the thrust sheets,
which originate here, and the pronounced slope break indicate recent
movements which produce the ridge between adjacent forearc basins.
This uplift is also confirmed by pronounced unconformities of a
sedimentary wedge with steeply dipping reflections at the western
part of the Lombok forearc basin.

The deformation pattern within the subduction zone and forearc is
imaged on all N-S running profiles, however, most prominently, on
profile BGR06-303 (Fig. 4). Normal faulting dissecting the oceanic
crust with vertical offsets of 0.5 km and block widths of 5-10 km is
observed on the outer-trench slope. Most of the oceanic sediments are
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subducted and underplated beneath the acrretionary wedge to form a
several kilometer thick reflection pattern including duplex structures.
A single décollement is not observed. Instead, a zone of ~2-3 km
thickness showing high amplitude reflections characterizes the
interface between subducting and overriding plate. Thrusts are
observed across the whole subduction system and form an imbricate
fan system. The thrusts branch from the duplex zone and generate
pronounced breaks in seafloor morphology at their upper end. The
length of the duplexes seems to be controlled by the length of the
dissected blocks of the incoming oceanic crust. In the case of a sudden
major slip between upper and lower plate, perhaps causing also a
greater earthquake, it will appear that this slip is partitioned into
several branches (see arrows in Fig. 4). The slip may be deviated at the
edges of the dissected oceanic blocks, which might act as bulldozers
against the bottom of the upper plate, towards the seabottom where
they cause horses with breaks in the morphology. From there the
sediments are partly transferred towards the trench where they
are recycled, and/or fill the piggy-back basins at the slope. At the toe
of the accretionary wedge slump activity can be recognized by the
echosounder recordings (Fig. 4b). Therefore, the subducted sediments
may be partly incorporated into a cycle, first being underplated
beneath the outer arc high, then thrusted upward and slumped down
into the trench again. This cycle is ongoing, and first of all, recently
active over the entire subduction complex along out-of-sequence
splay faults, not only at the accretionary wedge. This is convincingly
demonstrated by the structure of several small piggy-back basins
(Fig. 5). Their sediment infill is entirely seaward tilted in the two
southernmost piggy-back basins by thrust activity of the outer arc

0 25 50 75

high basement sheets. In the middle piggy-back basin, a vertical
displacement of about 100 m, particularly seen in the echosounder
recordings, indicates recently active movements. In the northernmost
basin the reflectors are almost horizontal, but thrusting along splay
faults may tilt these sediments in the future, similar to the two
southerly located basins, thus indicating out-of-sequence thrusts.

5.2. Argo Abyssal Plain and forearc

The piggy-back basins on the outer arc high are located between
major breaks in seafloor morphology. These breaks and corresponding
basins can be correlated in E-W direction over more than 300 km
(Fig. 6). This segment length at a water depth of 1-2 km gives a
tremendous tsunami hazard in case of a sudden displacement of
several meters related to a megathrust earthquake. The E-W
extension of the piggy-back basins and their confining breaks in the
seabottom morphology correlate with the extension of the Lombok
forearc basin, and furthermore, roughly with the E-W extension of the
Argo Abyssal Plain. Therefore, a genetic relationship between these
major structural units of the subduction system can be assumed. The
high perpendicular convergence rate of 73 mm/yr in combination
with old oceanic crust, which is relatively cold and brittle, may be
responsible for growth and deformation of the entire forearc system,
despite of relatively low sedimentary input as compared to the arc
further west. Because of the general segmentation of the oceanic crust
in E-W as well as in N-S direction, slip in case of large earthquakes
originating at the megathrust within the seismogenic zone (beneath
the forearc basin) will not proceed along a single décollement towards
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Fig. 3. Details of profile BGRO6-305 (PreSDM). For location see inset. Note the prominent interface between lower (oceanic, Roo Rise) and upper plate, and thrust sheets and splay
faults within the subduction complex. The bottom of the highly reflective sediments is offset by about 1 km beneath the toe of the accretionary wedge, which might be caused by

subducting seamounts.
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Fig. 4. Details of profile BGR06-303 (PreSDM). See inset for location. Arrows mark relative movements, normal faulting in the outer trench, thrust faulting within the subduction
complex. Note that arrows for opposite relative movements are omitted for clarity. Frame (a) marks position of lower left section. Echosounder (b) detail shows slump activity from

the inner trench slope. Frame (c) in the upper right corner points to Fig. 5.

the trench, but will be transferred and partitioned into several splay
faults as outlined before. Reduced friction due to high water content
within the duplexes and the splay faults will facilitate this process. We
interpret the high reflectivity of the interface duplexes and the splay
faults as due to high porosity with a high fluid content. Seismicity is
not observed along the 50-70 km imaged upper/lower plate transi-
tion zone (e.g. Spicak et al., 2007). From seismological, bathymetric
and echosounding evidence from the great 2004 Sumatra earthquake
area Sibuet et al. (2007, and references therein) concluded that the
main slip was partitioned into three splay faults distributed over the
outer arc high with co-seismic motion (destructive tsunami) of
maximum slip at the Upper Thrust Fault. A tsunami catalog of
Indonesia (1600-1999) from Hamzah et al. (2000) lists about 10
destructive tsunamis in the East Sunda Arc.

Duplex formation at different scales and modes is the prevailing
process at the plate interface upper/lower plate instead of a single
décollement. A 1-2 km thick duplex structure is visible beneath the
toe of the accretionary wedge on profile BGR06-313 (Fig. 7). The
upper/lower plate transition consists of a series of branching thrusts
building multiple imbricates. These imbricate sheets are composed of
a melange of oceanic sediments and crystalline crust as well as

sediments of the upper plate wedge. The geometry of the glide planes
is concave upward and continues generally into landward dipping
thrusts of the outer arc high. The preexisting oceanic spreading
structures and blocks, where fracturing of the oceanic crust is
initiated, strike obliquely to the profile direction, thus causing possible
offsets between splay faults and duplexes (Fig. 7). Crosscutting
features in the upper/lower plate interface are also indicative of this 3-
D effect. In principle, younger parts of the oceanic plate underthrust
the already subducted parts, which are continuously compressed and
steepened. Since about 1500 km of oceanic plate have been subducted
already, a continued process as described may have formed the
basement of the outer arc high, the forearc basin as well as the
basement of the island arc east of Java, composed of ophiolite sheets
and napes as described e.g. by Nicolcas (1989). Stratigraphic studies of
the Sumatran forearc islands revealed an inhomogeneous basement
with large intact sections of ophiolitic material on some islands and
evidence for both oceanic and continental basement elsewhere
(Samuel et al., 1997) which might indicate similar characteristics of
the forearc basement in our study area. At this point we predict that
the basement of the forearc basin exhibits a heavily broken geometry
because of steeply dipping ophiolitic sheets (compare Fig. 12). Seismic
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Fig. 5. Pattern of three piggy-back basins on top of the outer arc high. Arrows indicate proposed thrust activity within the outer arc high basement, which is responsible for tilting of
small basins. A: Echosounder image. B: Post-stack time-migrated (4-120 Hz) section corresponding to frame (c) in Fig. 4. The vertical displacement of 100 m in the centre of the
section marks recent activity. C: Coincident pre-stack depth migrated (PreSDM, 4-60 Hz) section without vertical exaggeration. The thrust sheet of the outer arc high basement in
the centre of the image is interpreted to have uplifted and extended the overlying piggy-back basin. Its southernmost wedge-shaped part then becomes rotated anticlockwise.

velocities are sedimentary-type in the outer arc high, however they
are locally increased at the transition to the forearc basin (Fig. 2)
which has been pictured by Hamilton (1979) as a buttress formed by
the outer edge of the overriding lithosphere. Hamilton (1979) already
presented a profound picture of the mechanism of offscraping masses
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Fig. 6. Bathymetry showing seafloor morphology in the area of the three profiles
BGR06-303, -313 and -311 as map view. Note that pronounced breaks (dashed lines) in
seafloor morphology of the outer arc high and related piggy-back basins correlate over
more than 300 km in E-W direction.

of oceanic crust and mantle and their transport together with
sediments via imbrication into the wedge.

An even more drastic situation concerning the upper/lower plate
interface is observed on profile BGR06-311 (Fig. 8). Normal faulting
affects the oceanic sediments and their basement over a distance of
40 km seaward of the trench. The bathymetry shows that this
corresponds to a belt of ripples striking obliquely to the trench and
parallel to magnetic lineations. In contrast to the previously described
N-S running profiles, the plate interface is relatively smooth over long
distances. The great difference occurs beneath the toe of the
accretionary wedge, where a prominent break is visible. A similar
offset of the plate interface has been observed by Hamilton (1979, his
Fig. 9) with similar implications. This break seems to be present at the
base of the oceanic crust, too. The crust-mantle boundary is imaged
on this profile nearly continuously as a discrete reflection band at 7-
8 km beneath the seabottom. The crystalline part of the oceanic crust
is relatively transparent or shows scattered events. The displacements
in the plate interface and crust-mantle boundary may be interpreted
as the initial stage of underthrusting of the seaward part of the entire
oceanic crust beneath the subducted crust, or in other words, the
initial stage of a large duplex formation. Such duplexes with horses
dipping to the Hinterland (island arc) may form the basement of the
forearc basin. Duplexes or imbricate thrust structures at the upper/
lower plate interface occur in our study area at different sequences
and dimensions and may have a mixed character: imbricate thrust
structures in which the faults develop from Hinterland (forearc) to
Foreland (ocean) or imbricate thrust structure in which the faults
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Fig. 7. Details of profile BGR06-313 (PreSDM) in the Argo Abyssal Plain area. See inset for location. Note the wavy interface upper/lower plate. Morphologic highs on the outer arc
high with the piggy-back basin in between correlate with similar features of the profile further west.

develop from Foreland to Hinterland. The dimension of the imbricate
slices is determined by the length of oceanic blocks after fracturing
and normal faulting in the outer trench zone. We argue that this
duplex formation may be the principal cause for the evolution of the
basement of the outer arc high and the forearc basin. From a seismic
line acquired offshore Sumatra across the 2004 Sumatra earthquake
epicentral region Singh et al. (2008) reported on broken oceanic crust
and interpreted a pair of reflections beneath the forearc basin and
above the inferred oceanic slab as a detached piece of the slab
produced by oceanic crust underplating. We interpret the crustal
thrust at the toe of the accretionary wedge in profile BGR06-311
(Fig. 8) as the onset of such underplating. The crustal thickening

beneath the continental shelf of Vancouver Island, revealed by seismic
reflection profiling and velocity models, has been interpreted by
Calvert et al. (2006) also through duplex formation at the subduction
décollement.

Earthquake focal mechanisms confirm the mechanism described
above (Fig. 9). A belt of extensional mechanism of relatively shallow
earthquakes is located in front of the trench. Compressional
mechanism of deeper earthquakes may correspond to the seismo-
genic zone beneath the forearc basins and the volcanic arc. Magnetic
lineations correlate roughly with elongated ripples in the oceanic
seafloor indicating that extensional faulting occurs at preexisting
oceanic structures produced at the former seafloor spreading centre.

BGR06-311
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-

Fig. 8. Details of profile BGR06-311 (PreSDM) in the Argo Abyssal Plain area. Arrows mark relative movements with normal faulting in the outer trench slope. The upper/lower plate
interface beneath the outer arc high is relatively smooth, in contrast to other profiles. However, beneath the toe of the accretionary wedge a prominent break is visible, which is
mirrored also at the base of the oceanic crust (Moho). Large arrows indicate interpreted thrust movements affecting the entire oceanic crust. Note that the dashed line indicating the
oceanic crust-mantle boundary has been shifted a little to greater depth in order to not obscure the boundary. Bathymetry (upper left) shows rippled seafloor south of the trench,

corresponding to the belt of normal faulting.
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Fig. 9. Focal mechanism of shallow earthquakes (Engdahl, pers. comm., 2008; Engdahl et al., 2007) selected for focal depth lower than 30 km (10 km depth resolution) of normal
faulting type (upper left) and all earthquakes (10 km depth resolution) of thrust type (upper right) in the study area. Normal faulting southward of the trench is characterized by an
extensional regime (upper left). Compressional mechanism (upper right) may correspond to the seismogenic zone beneath the forearc basins and the volcanic arc. Note that beneath
the outer arc high there is no earthquake activity. Bathymetry and interpreted magnetic lineations are shown at bottom. Plate convergence is in North-South direction. Age of
subducting oceanic plate increases from West to East from Cretaceous (Roo Rise) to Jurassic (Argo Abyssal Plain).

These pre-existing oceanic spreading structures, since they strike at
an oblique angle to the trench, together with transform faults, may be
responsible for segmentation of the subducting plate leading to the
variety of plate interface geometries from West to East. A dramatic
segmentation in North-South direction is visible on profile BGR0O6-
317 (Fig. 10). The oceanic crust is segmented into 5-7 km wide blocks
which show vertical displacements of about 1 km against each other.
The blocks are rotated as they approach the main deformation front.

Thick sediment wedges have been formed between the basement
blocks. We speculate that there is also a block rotation in E-W
direction. These structures may be seen as ramps where imbricate
thrust sheets develop, obviously driven by the enhanced compression
between the oceanic plate and the upper plate, which is thickened
here because of the collision of the continental Scott Plateau and
Sumba Island little further east. Hamilton (2007) presented the idea of
subduction-hinge rollback and subduction driven plate movements,

Fig. 10. Details of profile BGR06-317 (PreSDM). See inset for location. Note the heavily broken oceanic crust while subducting beneath the upper plate.
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Fig. 12. Profile BGR06-307 (PreSDM) at full length (top). Zoom (middle) corresponds to frame above. Same zoom without vertical exaggeration at bottom. See inset for location. Note
the irregular geometry of the basement of the Lombok forearc basin. Several 60° dipping faults in the basin are probably caused by differential compaction.

provoking also conceptional shifts in global dynamics, in major parts
based on observations at the Sunda Arc. This implicates forces through
slab pull of the old and dense oceanic plate. We see a possible conflict
with our interpretation that the oceanic crust is fragmented entirely
or dissected into major blocks that behave individually. In this case
crustal stresses may not be transmitted over long distances. An overall
compressional regime seems to be dominant instead of an extensional
regime related to slab pull. However, the 1977 Sumba earthquake,
located beneath the eastern Sunda trench, provided evidence for
normal faulting throughout the upper 28 km of the oceanic
lithosphere and thus for slab pull forces (Spence, 1986). Further
complication is provided by the embedment of the anomalous Roo
Rise and the Scott Plateau, which might resist further subduction and
produce compression and collision structures such as duplex building.

5.3. Lombok forearc basin

Recent deformation with prominent vertical components is not
only confined to the accretionary wedge nor to the outer arc high as
demonstrated by out-of-sequence splay faults and tilted and
disrupted piggy-back basins (Figs. 4 and 5) but also affect the
formation of the Lombok forearc basin. A major unconformity (Fig. 11
top, horizon B) and a shift of the depocentre towards the North are
expressions of vertical movements during basin development. This
can be demonstrated by a simple restoration through flattening of
selected horizons. As there are no severe time constraints, we adopted
our time scaling to that of a seismic stratigraphy presented by Van der

Werff et al. (1994, and references therein) based on early single-
channel and multi-channel reflection profiles obtained until the end
of the 1980s. Until Late Eocene a passive margin existed with a
continuously thickening sedimentary shelf basin (Fig. 11A). The
basement shows signs of a rifted continental margin by horst and
graben structures. However, as discussed earlier, the basement could
also consist of stacked ophiolitic nappes. The nature of the basement
has long been in debate (e.g. Dickinson, 1995). We speculate, that the
basement is gradually changing from continental character beneath
Sumatra and Java (Sundaland) to intermediate or mixed character
further east below the present island arc.

The insets in Fig. 11 show the development of the forearc basin
schematically in response to the initiation of subduction which
influences the sedimentation pattern in the forearc basin. At about
Late Oligocene the onset of oceanic subduction occurs pushing or
pulling the southern part of the basin downward. The Early Oligocene
horizon (Fig. 11B) is observed as unconformity where sediment
wedges onlap until Late Oligocene (Fig. 11C) derived from a raising
accretionary wedge at the southern margin of the basin. While the
accretionary wedge grows towards the ocean, rebound forces lift the
southern part of the basin upward, now showing downlapping strata
on the unconformity (Fig. 11D). The depocentre of sedimentation
moves to the centre of the basin which is fed by sediments from North
and South. The outer arc high grows by stacking and the forearc basin
continuously thickens while its depocentre moves slightly northward
(Fig. 11E). The individual strata show different wedge shapes,
indicating that the depocentre moves back- and forward.

Fig. 11. Simplified restoration of the Lombok forearc basin development on profile BGR06-303 (PreSDM). Present situation is shown on top with marked horizons A, B, C, D and E.
Note the angular unconformity at horizon B. Vertical restoration is done by flattening the marked horizons step by step. Situation E shows the present seafloor flattened. Age
assignment from Eocene (A) to Early-Mid Miocene is adopted from Van der Werff et al. (1994). Insets show cartoons of the basin development according to seismic sections A to D.
Initial stage (A) is that of a passive margin before subduction commenced, including a shelf basin with sediments derived from the continent (or a fossil island arc). Continued
sediment loading depresses the shelf (B) until subduction creates first accretionary wedges and seaward moving of the depocentre of the basin (C). Further subduction leads to
landward shift of the depocentre and, when the oceanic plate has reached a depth of the order of 100 km, to island arc magmatism (D). Horizontal bars denote the length of the
seismic sections. Sections are highly vertically exaggerated, compare with Figs. 2 and 4 for V.E.=2 or 3.
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Fig. 13. Detail of profile BGR06-307, eastern end. Middle: Post-stack Kirchhoff time migration, 8-120 Hz (compare Fig. 12). Note the relatively transparent zone above the basement.
High-resolution echosounder section is shown on top of the profile. Clear evidence for diapirism of a mud volcano is discernable as well as a small ramp at the bottom of the mud
volcano. Bottom: Velocity-depth section superposed on PreSDM section of part of the profile (bottom) indicates that there is no sharp velocity contrast between the transparent

zone and the surrounding sediments.

Sedimentation until the Early Oligocene unconformity differs in
reflection strength from the younger strata. This might be due to a
change from terrestrial input to clay-rich marine input. Most of the
characteristic features observed on profile BGR06-303 can be
correlated along the E-W axis of the Lombok forearc basin. The
ridge-like western termination of the basin is very likely due to the
incorporation of seamounts of the Roo Rise into the forearc as argued
by Kopp et al. (2006). The eastern termination is characterized by
elevated compressional structures in transition from subduction to
collision tectonics (compare Fig. 14).

The basement of the Lombok forearc basin exhibits a rather
irregular geometry, as mentioned earlier (Fig. 12). This is obvious
particularly in E-W direction, but also in N-S direction, where a mid-
basin ridge is seen on most of the N-S profiles (Fig. 2). The reason
might be that it is formed by a stretched continental margin with
horsts and grabens in the West and/or a melange or stack of ophiolitic
nappes. Local magnetic anomalies of several hundred nT may be
attributed to these structures. Sediment thickness varies strongly
between 500 m and 4000 m in E-W direction along the axis of the
basin (Fig. 12). Only smooth signs of deformation inside the
sediments are visible, mostly attributable to differential compaction.
A particular feature of interest is a relatively blank zone above the
basement (Fig. 13). Such zones are often interpreted as carbonate
buildups, which have certain implications for hydrocarbon explora-
tion because of their porosity. However, when searching for typical

seismic signatures (Vail et al., 1977), no roof reflections nor velocity
anomalies against surrounding layers are found here (Fig. 13).
Instead, a pinnacle-like feature penetrates the seafloor, particularly
seen in the echosounding profile (Fig. 13, top) and deforms the
adjoining layers upward. This is clear evidence for diapirism of a mud
volcano, driven by a density contrast within the blank zone (lower
density) against the adjoining sediments. The density contrast is
probably caused by an enhanced fluid content which also lowers the
viscosity of the involved sedimentary layers, probably clay-rich, and
mobilizes the stratified sediments driven by overpressure at depth.
Their strata are still visible by weak reflections. These blank zones just
above the basement are a widespread phenomenon in our study area.
The involved fluids may originate from dewatering of subducted
oceanic sediments pervading the basin basement. In this case it seems
to be a continuing process, instead of a cyclic one as observed
frequently in the Barbados accretionary prism (Deville et al., 2006). A
similar situation is known as the catastrophic East Java mud volcano
(Davies et al., 2008). Since most of the oceanic sediments of the Argo
Abyssal Plain are subducted (and partly recycled within the outer arc
high), the amount of subducted seawater must be relatively high.

So far the forearc basins between an outer arc high and the
volcanic arc are seldom considered as important petroleum province,
despite of some industrial seismic surveying. The sediment thickness
of the Lombok forearc basin is with about 3 s TWT much less than in
other forearc basins further west. The Simulue Basin with a sediment
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Fig. 14. Details of PreSDM-profiles BGR06-310 (top), BGR0O6-308 (middle) in the transition zone between the subduction regime in the West and the collision regime in the East. See
inset (lower right) for location. Arrows in the middle section mark an abrupt vertical movement and thus a termination of the Lombok forearc basin, with relative uplift in the East
and subsidence in the basin. Basement highs between the upper two sections correlate and may be interpreted as a wrench fault system (dashed line in location map). Focal
mechanisms selected for strike-slip type (depth lower than 50 km, 10 km depth resolution) (Engdahl, pers. comm., 2008; Engdahl et al., 2007; lower left) show focal planes almost
parallel and perpendicular to the dominant direction of the magnetic lineation (compare Fig. 9).

thickness of 5 s TWT offshore NW Sumatra has been shown by 3-D
basin modelling to bear enough hydrocarbon potential in its
depocentre, if the heatflow is high enough (Lutz et al., submitted for
publication). Heatflow values between 40 and 60 mW/m? have been
deduced from the depth of BSRs (bottom simulating reflectors) which
indicate the base of the gas hydrate stability zone. Gas hydrates
require relatively low temperatures. BSRs are a widespread phenom-
enon in the western and central Sunda Arc (Kopp, 2002; Lutz et al.,
submitted for publication). However, in the present study area neither
bright spots nor BSRs are observed. The reason might be that sufficient
organic rich sediment input is missing or that the heatflow is
considerably higher than in the western forearc basins. Further
indication for higher temperatures is the observation of a submarine
volcano offshore Bali at the western boundary of the Lombok Basin,
shown as a 500 m high cone-like edifice with a crater on top in
bathymetry and by free-air gravity and magnetic anomalies. Echo-
sounding signals reveal a very hard sea bottom in the western Lombok
Basin, probably caused by an ash layer. Therefore, in spite of relatively
low sediment thickness, the hydrocarbon potential might be
enhanced due to higher temperatures.

5.4. Transition from subduction to collision

The block rotation of oceanic crust (Fig. 10) is probably related to
the transition between the subduction regime in the West to the
collision regime in the East of our study area. We might expect related
structures further north-northwest, located at the eastern boundary

of the Lombok forearc basin. In the profiles BGR0O6-308 and BGR06-
310 (Fig. 14) prominent basement highs of similar geometry can be
correlated in north-northwestern direction showing signs of positive
flower structures due to compression and uplift. We interpret these
features as belonging to a broad complex system of wrench faults
which decouple the subduction regime in the West from the collision
regime in the East. The long E-W profile BGR06-315 (not shown
here), which is located on top of the outer arc high, is difficult to
interpret in this respect, however it shows a very rough topography
with horsts and sediment-filled grabens. There is some indication in
the pattern of interpreted magnetic anomalies (Fig. 9). A possibly
reactivated Cretaceous transform or fracture zone at the transition
from the Argo Abyssal Plain to the Scott Plateau shows a strike
direction, which may support our interpretation. However, its precise
location cannot be resolved and is thus estimated only.

Further east, the profile BGR0O6-319 has been interpreted by
Shulgin et al. (2009) using the MCS data and OBS wide-angle seismic
tomography. The Scott Plateau as a promontory of the Australian
continent is underthrust beneath the Banda forearc. The system is
regarded as a precursor of a fold-and-thrust belt in front of a paleo-
accretionary prism bounded northwards by the Sumba ridge, which
acted as backstop to the prism during the time of accretion.

6. Conclusions

Seismic images of unprecedented resolution and depth penetra-
tion have been collected during cruise SO190 in the eastern Sunda
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forearc at the transition from an oceanic-island arc subduction regime
to a continental-island arc collision regime in the western Banda arc.
Six long N-S traverses cover the entire subduction system, from the
oceanic crust, accretionary wedges, outer arc high, forearc basin to the
slope of the volcanic island arc. The interface between the subducting
oceanic plate and the forearc structures of the upper plate is imaged in
great detail and variability in terms of dip, segmentation, subducted
sediments, tectonic melange and duplex structures. The interface is
continuously imaged over a length of 50-70 km from the trench
landward. Its high reflection amplitudes are attributed to material of
high porosity with high fluid content enabling low friction. Therefore,
megathrust earthquake foci are unlikely to be located within the
imaged plate interface.
We draw the following additional conclusions:

—
N

The subducting oceanic crust is dissected by downbending of the
oceanic crust and associated normal faulting into 5-10 km wide
blocks within a 50-70 km wide belt seaward of the deep sea
trench. These blocks determine geometry and evolution of
duplexes at the base of the upper plate.
Duplexes of various modes and geometries are observed at the
interface between upper and lower plate. These duplexes are
connected to landward dipping splay faults which penetrate the
entire outer arc high. Here, these thrust faults cause prominent
breaks in seabottom morphology as well as rotation and vertical
displacements of associated piggy-back basins.

3) Major volumes of oceanic sediments are subducted and incorpo-
rated into a thrust and erosion cycle within the outer arc high. The
outer arc high is characterized by deep-reaching, recently active
thrust faults and vertical displacements, which constitute a
considerable tsunami hazard.

4) The growth of the outer arc high is mainly due to attachment of
oceanic sediment and crustal material to the base of the wedge and
duplex formation. Magnetic anomalies may be attributed to
melange zones and ophiolites within the forearc.

5) The 3.5-4 km sediment thickness of the Lombok forearc basin is
less than in other forearc basins along the Sunda Arc and contains
therefore less favourable conditions for hydrocarbon generation,
depending on the thermal regime. Bottom simulating reflectors
and bright spots are not observed, in contrast to the Sunda Arc
further west.

Vertical movements during the evolution of the Lombok forearc

basin until recent times are documented in the sedimentary

succession as prominent unc onformities and shifting depocenters.

Mud diapirs of deep sediments mobilized by fluids at the bottom of

the forearc basins are observed.

8) The western termination of the Lombok forearc basin is deter-
mined by an inter-basin ridge which is caused by increased
compression by the arrival of elevated features of the Roo Rise.

9) A wrench fault system at the eastern boundary of the Lombok

forearc basin decouples the subduction regime of the Sunda Arc in

the West from the continent-island arc collision regime of the

Banda arc in the East.
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Abstract
Subduction zone earthquakes are known to create segmented patches of co-seismic rupture along-

strike of a margin. Offshore Sumatra, repeated rupture occurred within segments bounded by permanent
barriers, whose origin however is still not fully understood. In this study we image the structural
variations across the rupture segment boundary between the My, 9.1 December 26, 2004 and the M,, 8.6
March 28, 2005 Sumatra earthquakes. A set of collocated reflection and wide-angle seismic profiles are
available on both sides of the segment boundary, located offshore Simeulue Island. We present the results
of the seismic tomography modeling of wide-angle ocean bottom data, enhanced with MCS data and
gravity modeling for the southern 2005 segment of the margin and compare it to the published model for
the 2004 northern segment. Our study reveals principal differences in the structure of the subduction
system north and south of the segment boundary, attributed to the subduction of 96°E fracture zone. The
key differences include a change in the crustal thickness of the oceanic plate, a decrease in the amount of
sediment in the trench as well as variations in the morphology and volume of the accretionary prism. This
suggests that the 96°E fracture zone acts as an efficient barrier in the trench parallel sediment transport, as
well as a divider between oceanic crustal blocks of different structure. The variability of seismic behavior
is caused by the distinct changes in the morphology of the subduction complex across the boundary,

caused by the difference in the sediment supply.
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Subduction zone; seismic tomography; crustal structure; seismogenic zone; Sumatra



1. Introduction
Since 2004, repeated large and great megathrust earthquakes along the Sumatra subduction zone have

ended a ~40 year period of relative moderate (Mw < 8.5) global seismic activity. Studies of the Mw = 9.1
Sumatra-Andaman earthquake in 2004 and following events of magnitudes > 8.4 in 2005 and 2007
confirmed previous observations of segmented rupture areas of earthquakes along subduction zones
(Ando, 1975; Spence, 1977, DeShon et al, 2005). Offshore Sumatra, rupture occurs in discrete patches
(e.g. Chlieh et al., 2007), bounded by distinct barriers. Detailed seismological studies reveal variations in
the updip limit of the 2004 and 2005 ruptures, respectively (Tilmann et al., 2010). These observations
imply across-strike heterogeneity in physical properties along the megathrust. The controlling physical
processes, however, are still not fully understood.

The tectonics around Northern Sumatra are predominantly controlled by the subduction of the oceanic
Indo-Australian plate underneath Eurasia. The current convergence rate offshore Northern Sumatra is
estimated at 51 mm/y (Prawirodirdjo and Bock, 2004). The increasing obliqueness of the convergence
northwards from the Sunda Strait (Moore et al., 1980; McCaffrey, 2009) results in the formation and
development of a number of arc-parallel strike-slip fault systems (Fig. 1). The most significant are the
Sumatra and the West Andaman fault systems, accommodating arc-parallel strain (Sieh and Natawidjaja,
2000) offshore central-southern Sumatra. For the Mentawai fault system (Diament et al., 1992; Malod
and Kemal, 1996; Lelgemann et al., 1999; Berglar et al., 2010), recent findings suggest deformation
dominated by backthrusting (Singh et al., 2010; Singh et al., 2011).

The oceanic plate is characterized by prominent tectonic features observed in the bathymetry and
magnetic data (Sclater and Fisher, 1974): north-south trending fracture zones enter the trench around
96°E and 97°E (Deplus et al., 1998). In addition, the Wharton Ridge, representing the southwest-
northeast trending segments of a fossil spreading axis, is approaching the trench offshore Nias. Reflection
seismic studies have revealed the presence of a pre-décollement reflector in the 2004 rupture area, which
terminates in the vicinity of the 2004-2005 rupture segment boundary (Dean et al., 2010) and is absent in
the 2005 segment. This indicates contrasting plate boundary shear zones and prism properties in the two

segments (Dean et al., 2010). Bathymetric studies show that the frontal slope offshore Nias is steeper and



that the morphology generally has a rougher appearance along this segment of the margin, compared to
the adjacent southern areas (Henstock et al., 2006; Kopp et al., 2008; Graindorge et al., 2008). This
observation suggests lateral variations in material strength and mechanical properties. This lateral
heterogeneity may be associated with various factors, e.g. variations in fluid pressure (Lallemand et al.,
1994) or cyclic changes from frontal accretion to sediment underplating (Gutscher et al., 1998).

The “seismic unzipping” of the Sumatra margin since 2004 offers the unique opportunity to
investigate the relationship between interseismic coupling and the mechanical properties of the
megathrust including the nature of asperities and barriers to megathrust ruptures. The 2004 earthquake
asymmetrically ruptured to the north over a distance of more than 1200 km, while the 2005 event showed
a bidirectional rupture. However, there is a clear delineation between these events, located underneath the
island of Simeulue (Ammon et al., 2005; Subarya et al., 2006; Gahalaut et al., 2006; Briggs et al., 2006).
Franke et al. (2008), based on bathymetry and multichannel seismic (MCS) data, proposed the segment
boundary running NE-SW through the island of Simeulue, as discussed earlier by Briggs et al. (2006)
(Fig. 1). The observed location of the pivot line (a proxy to the downdip limit of the rupture area) of the
pre-2005 earthquake net uplift on Simeulue (Meltzner et al., 2006) spatially correlates with the proposed
segment boundary.

A number of possible scenarios were suggested for the formation of segment boundaries: these include
mechanical discontinuities in the subducting plate (Spence, 1977; Aki, 1979); topographic relief on the
oceanic plate such as seamounts, ridges or fracture zones (Bilek et al., 2003; Collot et al., 2001; Bilek,
2010) and tectonic structures in the overriding plate (Ryan and Scholl, 1993; Collot et al., 2004). For
northern Sumatra, Subarya et al. (2006) suggested that the segment boundary between the 2004-2005
patches is linked to the subduction of the north-south striking 96°E fracture zone on the oceanic plate,
based on the coseismic slip modeling results. This fracture zone was identified from magnetic studies
(Sclater and Fisher, 1974), as well as from the bathymetry data seaward of the trench; in the vicinity of
the trench no anomalous relief is observed, due to increase of sediment fill. In an MCS profile presented
by Franke et al., (2008) (their Fig. 5) the fracture zone is manifested by an area of low/absent reflectivity

from the top of the oceanic crust, as well as in the thinning of the sedimentary cover.



The rupture patterns of the 2004 and 2005 events have been documented in a number of studies (e.g.
Ammon et al., 2005; Briggs et al., 2006; Galahaut et al., 2006; Chlieh et al., 2007; Sibuet et al., 2007,
Tilmann et al., 2010) and both events range among the most intensely studied earthquakes globally. In
addition to the varying lateral extent of the rupture planes, the most striking difference is the variation in
the updip limit of seismogenic rupture. The 2004 rupture area offshore Northern Sumatra experienced
co-seismic slip to shallow depth underneath the accretionary prism. Contrarily, the 2005 rupture
concentrated deeper in the system, underneath the transition from the forearc high to the forearc basin
(Tilmann et al., 2010) and is comparable to most megathrust events worldwide. The analysis of the
aftershocks activity of the 2004 and 2005 earthquakes document this major change in the depth of seismic
activity across the proposed segment boundary (Tilmann et al., 2010). The separation between the
northern area with prevailing shallow seismicity from the southern part, where the deeper earthquakes are
observed (Fig. 1), is roughly collocated with the active seismic profile described in this study. Pesicek et
al. (2010) found that the aftershocks just offshore the Banyak island group (Fig. 1) show an arc type
distribution following variations in the trench geometry. They report a southward steepening of the dip of
the downgoing oceanic plate in the distribution of the deep (>50 km) aftershocks.

The shallow and deep structure of the southern portion of the 2004 rupture was investigated using
active seismic methods (Franke et al., 2008; Singh et al., 2008; Dessa et al., 2009; Dean et al., 2010;
Klingelhoefer et al., 2010; Gulick et al., 2011). The area of the 2005 rupture is seismically not as
intensely studied; however, high-resolution bathymetry mapping has been conducted in both segments in
a multinational effort (e.g. Ladage et al., 2006; Henstock et al., 2006; Graindorge et al., 2008; Kopp et
al., 2008; Krabbenhoeft et al., 2010). The key reported observations include variations in the age of the
incoming oceanic plate. The upper plate forearc Moho has been reported at a depth of 20 km in the
northern domain (Dessa et al., 2009; Klingelhoefer et al., 2010) with possible deepening in the south to a
depth of ca. 23-24 km (Simoes et al., 2004). Changes in the age of the oceanic plate and the amount of
sediment (Hippchen and Hyndman, 2008) and also in the sediment properties (Dean et al, 2010) govern
the regional thermal regime as suggested by thermal modeling (Klingelhoefer et al., 2010). As the thermal

regime has a primary effect on the width of the seismogenic zone (150°C for the updip limit (Moore et



al., 2007) and 350°C-450°C for the downdip limit (Hyndman and Wang, 1993; Hyndman and Wang,
1995)), the variations in the thermal state would be associated with differences in the depth extent of the
seismogenic zone. Observations of co-seismic slip and afterslip of the 2004 earthquake are based on GPS
data (Chlieh et al., 2007) and are related to coral and satellite-derived uplift rates (Meltzner et al., 2006)
and aftershock locations (Klingelhoefer et al., 2010), which support the thermal models for the updip
limit of the seismogenic zone. The downdip limit of seismogenic rupture is reported to be at 48 km depth
and hence located deeper than forearc Moho (22-23 km) (Hsu et al., 2006), which is commonly used to
define the downdip limit of a seismogenic zone. These observations suggest that the 2004 rupture
extended along the contact zone of the underthrusting oceanic plate and the forearc mantle, implying that
the forearc mantle wedge is not serpentinized. Also, Sibuet et al. (2007) discuss that most of the shallow
co-seismic motion during the 2004 rupture may have been not along the megathrust but may have
transferred to a splay fault, which considerably contributed to tsunamigenesis.

In this work we present the deep structural image of the Sumatra margin south of Simeulue Island in
the 2005 rupture area (Fig. 1). We compare our results to seismic images acquired near the southern
termination of the 2004 rupture area north of Simeulue Island (Klingelhoefer et al., 2010) to quantify the
crustal-scale changes across the proposed segment boundary and possible effects on the variations in the

seismogenic behavior.

2. Data
The dataset used in this study consists of a multi-channel seismic (MCS) and collocated wide-angle

refraction/reflection profiles (Fig. 1). The seismic data were collected within the SeaCause project during
S0O186 cruise of RV “Sonne” offshore Northern Sumatra in 2006. The reflection profile data (MCS line
BGRO06-135) were acquired to reveal and constrain the structure of the sedimentary fill as well as the fault
deformation patterns. MCS processing included pre-stack processing and pre-stack depth migration. A
time—and-space-variant frequency filter was applied prior to a spherical divergence correction and a
predictive deconvolution. Normal moveout correction and velocity analysis was followed by multiple
suppression and common-depth-point stacking. For the pre-stack depth migration, a scheme combining

common reflection point gathers and focusing analyses is used in assessing the seismic velocity field



(Mackay and Abma, 1993). The pre-stack depth migrated data are shown in Figure 2. In this study it is
further used in the interpretation of the shallow structures, due to much higher resolution compared to
wide-angle data, and to constrain the starting model for the seismic tomography.

In total 24 ocean bottom seismometers (OBS) (Bialas and Flueh, 1999) were deployed along a 255 km
long profile with an average spacing of 10 km, providing uniform coverage. The processing of the ocean
bottom data included the localization of the ocean bottom instruments using the arrival information of the
direct water wave and precise shot geometry. A time-gated deconvolution was applied to remove the
predictable air bubble reverberations in order to improve the signal-to-noise ratio. Finally, a time and
offset-variant Butterworth filter, in which the pass-band moves towards the lower frequencies as record
time and offset increases, was applied to consider frequency changes caused by signal attenuation. Clear
seismic phase arrivals were recorded on all stations within 50 km offsets; for some stations clear
traveltimes are available up to 100 km offset. Figure 3 provides examples of the data quality and the
recorded phases as well as picked travel times (reflection and refraction phases). Stations located on the
oceanic plate recorded clear arrivals of the oceanic sedimentary (Psed1/2) and crustal (Pg) phases (Fig.
3a). The reflections from the Moho (PmP) and from the top of the oceanic crust (PtopP) were also
recorded, permitting to constrain the crustal structure of the incoming oceanic plate in great detail (Fig.
3a & b). The stations located on the forearc high and in the forearc basin show records of several
sedimentary phases (Psed1/2) as well as crustal phases (Pg) (Fig. 3c & d). A number of reflected phases
were identified and picked from these stations, including reflections from the oceanic Moho (PmP), top of
the oceanic crust (PtopP), and the forearc basement reflections (PfbP) (Fig. 3d). Pn mantle phases were
recorded on stations 45, 26, 59, 58 and 56 (Fig. 3d), providing the opportunity to define the velocity in
the uppermost mantle. The final wide-angle dataset included ~15,000 first arrival traveltimes and ~4,000

reflection traveltimes.

3. Modeling

3.1 Seismic tomography
The crustal structure was modeled by the joint refraction/reflection 2D tomography code “Tomo2D”

(Korenaga et al., 2000). We applied a “top-to-bottom” approach with a simple layered starting model. We



chose a grid spacing of 250 m in the horizontal direction. Vertical spacing increased with depth from 50
m at the seafloor to 330 m at 40 km depth. The correlation length parameters were defined as 1 km x 0.2
km (horizontal x vertical) at the top and linearly increasing to 8 km x 4 km at 40 km depth. Initially, the
model was constrained only for the near offsets; then the depth extent of the rays was increased to include
the deeper sections of the model space. Simultaneously, the positions of the reflectors were obtained,
based on the inversion of the available reflection phases. The structure and the geometry of the sediments
for the starting model were adopted from the collocated pre-stack depth migrated MCS profile, thus
constraining the upper section of the model in detail. In addition, the position of the top of the oceanic
crust in the tomographic inversion was controlled by the MCS depth migrated image (Fig. 2). The
generalized procedure during the inversion was as follows: constraining the interface geometry based on
the corresponding MCS depth section; inverting the near offset refracted phases to verify the consistency
between datasets; fixing the upper section of the model with a weight of 1000 compared to the deeper
sections. Then, we ran the inversion for the velocity and reflector geometry for the next depth layer.
Subsequently, we fixed the obtained layer structure and repeated the previous step for the following
deeper layer. Finally, we kept the entire crustal structure fixed and inverted for the velocity in the upper

mantle. The final Vp model along the profile is shown in Figure 4.

3.2 Resolution tests
Several tests were performed to analyze the resolution of the obtained intermediate and final models.

Initially, we used a forward ray shooting method to compute the traveltimes for the first arrival and
reflected phases through our final models. The comparison of the seismic sections and the calculated
traveltimes for several stations is shown in Figure 3. The calculated traveltimes, as predicted by the
tomographic Vp velocity model, are in a good agreement with the recorded seismic sections. All the
refracted phases, including Pg, Pn, and sedimentary phases Psedl/2 fit the observed arrivals. The
reflection phases (PmP, PtopP, PfbP, and PmfcP, see above, or Figure 3 for annotation) also match the
recorded data.

Checkerboard resolution tests provide information on the spatial and amplitude resolution, which is

dependent on the given ray geometry and the velocity distribution. Small perturbations (£5%) with a



checkerboard pattern are added to the final Vp model. Using the same source-receiver geometry as in the
tomographic inversion, synthetic traveltimes are computed through the perturbed medium. Next, in order
to recover the initial perturbation pattern, the tomography is recomputed based on the synthetic
traveltimes, with small (x pick uncertainty) random noise added. The results are presented in Figure 5.
Three different anomaly sizes were used in the tests: 5x2.5 km, 10x5 km and 20x10 km (horizontal x
vertical size). For all of them perturbation values of £5% are used. For the small size perturbation we are
able to recover the amplitude and size of the anomaly for the upper 5 km below sea floor (bsf), which
roughly corresponds to the thickness of the sedimentary cover except across the consolidated accretionary
prism. For the forearc basin, along the north-eastern portion of the profile, it is possible to recover the
perturbations up to 8 km bsf, corresponding to the upper crust of the Sumatra block. Despite the presence
of the high resolution MCS data, this test is essential for confirming that the given ray geometry is
resolving adequately the shallow structures and does not produce extra errors in the deeper sections of the
model. For the middle size anomaly the entire accretionary prism and Sumatra basement is recovered, but
not the downgoing oceanic crust. Finally, the entire model space was only recovered by the largest size
perturbation. In addition to the checkerboard test, a comparison of the refraction tomography with the
MCS-derived velocity field was performed (Fig. 5d). For the shallow portion of the profile where the
MCS data provide higher resolution and precision, the differences between the two methods yield
comparable Vp distributions. For the major part of the profile the difference between the models are on
average ~50-70 m/s. The maximum variations are observed at the structural interfaces, as the tomography
tends to smooth the Vp field and the resolution is incomparably weaker. The maximum variations of ~150
m/s account for the limited quantity of the wide-angle record sections, the defined grid spacing of the

tomography model, and the picking precision of the traveltimes.

3.3 Gravity modeling
Forward 2D gravity modeling was performed based on the final preferred velocity model, to verify

that the structural model does not contradict gravity observations. The seismic velocities of the
tomographic model were converted to densities using empirical and experimental relationships (Carlson

and Herrick, 1990; Christensen and Mooney, 1995). The model space was extended laterally by 100 km



and down to a depth of 70 km, where the deep seismicity constrains the position of the downgoing
oceanic plate. The mantle was modeled with a constant density of 3.35 g/lcm® with the exception of the
mantle wedge where a density of 3.30 g/cm® was used (Fig. 6). The study area covers a wide range in
bathymetry (6000 m to 70 m water depth) as well as being located across a chain of forearc islands, so
strong 3D effects are to be expected. However, as the aim of the gravity modeling is to confirm the
tomography results and not to create a stand-alone model, pure 2D modeling is used. Despite these
simplifications, we obtain a reasonable fit to the data, where the misfit does not exceed 20-25 mGal at the
edges of the profile (Fig. 6). The key observation is that gravity modeling requires the forearc Moho to be

at a minimal depth of 25 km.

3.4 Local seismicity relocation
A pseudo 3D model was constructed based on the refraction model by extruding the model in the

profile-perpendicular direction but following the curved geometry of the trench; additionally the actual
topography is respected in the construction of the 3D model. The seismicity catalogue of Tilmann et al.
(2010) is relocated within this model using a nonlinear search method for the maximum likelihood
location (NonLinLoc, Lomax et al., 2000) using P waves only, or assuming Vp/Vs values between 1.70
and 1.82. For well-located events (colored circles in Figures 1&7), the differences in depth and horizontal
location between the P-only relocations and the relocations with various Vp/Vs ratios were minor and in
generally smaller than the difference between the 3D relocation and the original location in the minimum
1D model. The locations shown in the figures assume a Vp/Vs ratio of 1.74, which gave close to the

minimum rms.

4. Results and Discussion
Our interpretation is based on the results of the tomographic inversion and the pre-stack depth

migrated reflection image shown in Figures 2 and 4, which will be discussed starting from the south-west
towards Sumatra in the north-east.

In the south-west portion of the profile, 8 km thick oceanic crust overlain by a sedimentary cover
enters the trench. Sediment thickness ranges from ca. 1 km on the outer rise and increases to up to 3.5 km

at the deformation front (offset 50 km in Fig. 2). The observed sedimentary cover thickness is in good
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agreement within both our datasets, and also fits the observed values on MCS lines BGR06-118 and
BGRO06-119 located offshore Simeulue (Franke et al., 2008) (Fig. 1). The MCS data show horizontally
well stratified sediments cut by normal faults (Fig. 2a). The oceanic Moho is dipping from 13 km depth
at the southwestern termination of the profile to 15 km depth below the deformation front (Fig. 4). The
Vp distribution within the oceanic crust corresponds to a velocity profile characteristic for mature oceanic
crust (White et al., 1992): increasing from 4.7 km/s at the basement to 5.9 — 6.0 km/s at 2 km depth below
the basement, corresponding to the upper — lower crust transition, and finally increasing to 6.9 — 7.0 km/s
at the Moho. The structure of the oceanic crust does not vary significantly along the profile.

The frontal prism extends from the deformation front (offset 51 km) to ~85 km offset and is
characterized by thrust faulting resulting from active accretion of trench sediment (Fig. 2). The frontal
prism is bounded by the accretionary prism located landwards (Fig. 2). The boundary between the frontal
prism and the older accretionary wedge is imaged in the seismic velocity field (Fig. 4). The frontal prism
shows Vp velocities ranging from 2 km/s below the seafloor to 4.2 km/s at the top of the oceanic plate
with a general increase of the Vp away from the trench, due to compaction. The accretionary wedge is
characterized by higher Vp values with less lateral variability, varying from 2 km/s at the top to 5.4 km/s,
characterizing highly compacted, lithified and possibly metamorphosed material near the plate interface.

The observation that the frontal prism fronts a tectonically less active, older accretionary prism is
supported by bathymetric studies, showing much smoother morphology on the accretionary prism
compared to the lower slope (Kopp et al., 2008). The spatial correlation of the updip limit of the
seismogenic zone with the changes in the morphology of a margin was shown by the dynamic Coulomb
model of Wang and Hu (2006). Offshore Sumatra, based on morphology observations, the updip limit is
located at around 110 km offset at a depth of 14 km (Fig. 7), which correlates with the location of the
slope break, also suggested by the bathymetry analysis of Krabbenhoeft et al., (2010). The location of the
updip limit of the seismogenic zone is additionally supported by the relocation of seismicity in the area
(Fig. 7).

A well-developed forearc basin underlain by Sumatra basement dominates the morphology northeast

of offset 160-170 km (Fig. 2b). The sedimentary basin fill reaches a thickness of 3.5 km above the
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depocenter. The deep pre-Neogene sedimentary strata (Berglar et al, 2010) are tilted trenchward. An
unconformity separates the pre-Neogene strata from more recent deposits, suggesting a complex episodic
basin formation (Berglar et al, 2010). The geometry of the basin is controlled by the Sumatra basement
and bounded by the accretionary prism at around 175 km offset. This boundary also correlates with the
location between the surface traces of the West Andaman and Mentawai fault zones, resolved in the
bathymetry and MCS datasets (Berglar et al., 2010). It is also possible that the structure is governed by
backthrusts (Singh et al., 2010 & 2011), as observed e.g. in the Aceh basin (Chauhan et al., 2009). The
surface trace is approximately located above the contact zone of the downgoing oceanic plate and the
Sumatra basement and is traced southward to the tip of southern Sumatra and offshore Sunda Strait (Kopp
et al., 2001). Seismic Vp velocities are increasing within the sedimentary layers from 1.7 km/s near the
seafloor to 3.5 km/s at the top of the Sumatra basement (Fig. 4). Vp velocities range from 5.0 km/s at the
basement down to 6.0-6.1 km/s at a depth of 6 km below the basement, corresponding to the transition to
the lower crust of the Sumatra block. The lower crust shows Vp velocities increasing from 6.2 km/s at the
top to 7.0 km/ at the plate interface. The geometry and the depth of the forearc Moho are not recovered in
our seismic dataset. However, based on the gravity modeling discussed above the Moho is likely found at
a depth of ca. 25 — 27 km.

We compare the obtained crustal structure model south of the segment boundary of the 2004-2005
rupture areas (Franke et al., 2008) to the SAGER profile published by Klingelhoefer et al. (2010), located
to the north (see Figure 1 for locations; see Figure 7 for the profile comparison). The compared profiles
were modeled using different techniques, based on different data acquisition setups. In addition, within
our dataset only few Pn arrivals are available, which limits seismic sampling of the upper mantle on our
profile compared to the SAGER data. This causes difficulties in one-to-one comparison of the small
features.

Principal changes are observed in the structure of the incoming Indo-Australian plate as well as in the
sediment supply at the trench. In the north, 5 km thick oceanic crust is subducting, posing a large contrast
to the 8 km thick crust modeled in southern domain. Furthermore, in the 2004 rupture area the oceanic

crust is overlain by ca. 3-3.5 km of sediment, reaching 5 km at the trench. In the southern domain, the
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sedimentary cover is much thinner: 3 km thick in the trench and less than 1 km on the incoming oceanic
plate. This observation is also consistent with the results of Dean et al. (2010), showing the shallowing of
the oceanic basement towards the southeast and linking the changes in prism structure to variations in the
lithological and rheological properties of the incoming trench sediments. This implies that the 96°E
fracture zone is not only separating the oceanic crustal blocks of different thickness, but also acts as a
barrier in the sediment transport along the trench. In addition, we see differences in the size and structure
of the accretionary prism and possibly of the Sumatra block. Along the southern profile, the frontal prism
and accretionary wedge reach a total width of ca. 130 km, while the SAGER profile documents a lateral
extent of the accretionary complex exceeding 170 km. The velocity structure within the accretionary
complexes is comparable in the range of values, but a frontal prism is not clearly recovered in the SAGER
data. However, well-developed frontal prisms bounded by splay faults are documented along both
segments in high-resolution bathymetry data (Henstock et al., 2006; Kopp et al., 2008). The geometry of
the accretionary complexes also varies between the profiles. The distinct differences in accretionary prism
geometry documented by the two seismic profiles shown in Figure 7 as well as variations in material
properties as discussed by Dean et al. (2010) are suggested to be linked to the changes in updip limit of
seismicity as described by Tilmann et al. (2010).

The SAGER profile shows a maximum depth of the accretionary prism of 21 km, while on our profile
it does not exceed 17 km. This suggests that below the accretionary prism the dip of the oceanic plate is
lower in the northern segment, compared to south of Simeulue. The lateral increase of Vp values (around
200-220 km profile distance) in the accretionary prism on the SAGER profile towards the Sumatra block
is also not observed on our profile, where the seismic velocities slightly decrease when approaching the
Sumatra basement. This observation could be linked to the presence and activity of the West Andaman
and/or Mentawai fault zones. In the northern domain, the West-Andaman fault is located around 260-270
km (SAGER profile Fig. 7), showing only minor Vp decrease around it. This would imply that in the
southern segment the fault area is more active and thus produces extra fluid inflow into the accretionary

complex, resulting in a decrease in seismic velocities.
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The structure of the Sumatra crust shows a possible change across the segment boundary: the northern
segment is characterized by a relatively thin crust with a flat Moho located at around 20 km depth, while
the southern segment shows a much thicker crust with the Moho dipping towards Sumatra (in the
southern segment the forearc Moho is not resolved in seismic data, and the thickness constrains are based

on gravity modeling discussed above).

5. Conclusions
The wide-angle deep sampling tomographic model in the 2005 Sumatra earthquake rupture area,

additionally constrained by gravity and MCS data reveals the crustal scale structure of the Sunda margin
between Simeulue and Banyak islands. The major results obtained are: the oceanic plate carries a thin
sedimentary cover (<1 km), except for the trench fill. The thickness of the oceanic crust is about 8 km and
uniform along the profile. The active frontal prism of a width of ca. 35 km is bounded by the ca. 85 km
wide accretionary prism. The relocated seismicity at the decollement coincides with the suggested
position of the updip limit of the seismogenic zone ca. 65 km away from the trench.

The distinct differences in incoming oceanic plate structure and the accretionary complex structure
observed in the two refraction seismic profiles located north and south of Simeulue Island support the
existence of a segment boundary between the 2004 and 2005 rupture areas. The segment boundary is
attributed to the subduction of the 96°E fracture zone. (In addition, the increase in crustal thickness
southwards from Simeulue might suggest that the location of the segment boundary is determined not
only by the features present on the oceanic plate, but might also spatially correlate to the changes in the
crustal thickness of the overriding plate. This observation might also explain the increase in the dip of the
oceanic slab from north to south, which is observed in the deep seismicity (Pesicek et al., 2010), and
which is also visible on the seismic profiles.) Furthermore, fracture zone presents a natural separator
between the blocks of oceanic crust of different thickness, as well as an efficient barrier to the trench
parallel sediment transport. Such obstacle results in the difference of the amount of sediment present on
the oceanic plate (3.5 km vs. <1 km) and in the trench (5 km vs. 3 km). This affects the width of the

accretionary complex which is much narrower in the 2005 rupture segment, as well as being 4 km thinner,
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resulting in ca. 35% volume difference. This observation suggests that in the northern segment the
sediment in the accretionary prism are consolidated to higher state at the decollement, which is also
inferred from the velocity profiles. Higher compaction state would result in the strengthening of the
material and thus in the increased width of the seismogenic zone in the 2004 rupture area. The shift of the
updip limit closer to the trench in the case of 2004 vs. 2005 earthquakes, thus could be attributed to the
amount of sediment entering the system. Furthermore, the variability in the thickness of the accretionary
prism as well as its consolidation state is affecting the thermal and permeability regimes: the key
parameters in defining the behavior of the megathrust (Hippchen and Hyndmann, 2008). In addition, the
thickness of the subduction channel, influencing the coupling effect at the plates interface when
bathymetric features are present on the oceanic plate (Ruff, 1989; Contreras-Reyes and Carrizo, 2011), is
also sediment supply dependent. All together, these factors determine the slip behavior of the megathrust.
The slip of the 2004 earthquake propagated much closer to the trench (Ishii et al., 2005; Ammon et al.,
2005) in contrast to the “normal” 2005 rupture, which is in agreement with the position of the updip limit
of the seismogenic zone; thus explaining the drastic differences in the size of generated tsunamis (Satake
and Tanioka, 1999). Summarizing, the sediment supply at the trench, which is one of the controlling
factors regarding the evolution of the subduction complex at accretive subduction zones is also likely a
key parameter controlling the width of the seismogenic zone (consequently, earthquakes and tsunami

magnitudes).
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Figure 1. Map of the study area offshore Northern Sumatra. The location of the wide-angle and the
collocated MCS profiles described in this study are shown by red line. The arrow shows the plate
convergence vector. Major faults are shown by black solid and dashed lines (after Curray, 2005).

Hypocenter locations of Mw>7.0 earthquakes are shown by magenta stars. The local seismicity relocated
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in a pseudo 3D model (recorded for 3 month in 2006, see text) is shown by depth color-coded circles (rms
< 0.1 s, seismicity with poor depth constrains is shown by gray circles; after Tilmann et. al., 2010). The
proposed segment boundary between the rupture areas of the 2004 and 2005 earthquakes is shown by
thick gray line (Franke et. al., 2008). Dashed white lines mark the extent of the Wharton Ridge in the
vicinity of the trench. Bold black dashed lines are the fracture zones on the oceanic plate identified from
the bathymetric and magnetic data. Blue line — seismic profile SAGER shown on Figure 7 from

Klingelhoefer et al., 2010. Dashed magenta lines — MCS profiles described in Franke et. al., 2008.

20



[wi] @due)SIq 2|Yoid
[wy] @2uelsiqg ajyoid . . L _ s 3

[}
—

X
[upy] yrdag

wy] dUelsi 3|yod
- gi [ x_aw ad 2|yoid " -

[w] @duelsig a|yoid
£z o0zz o1z 00z 061 081

g jw]
2 2
o =
e 5
—0 - 4
[wsf] d>uelsiq 3|yold
okl 0L ozl
oz
gl
91
¥l
uy
el
oL
° 3
9
¥
—— 4
0

00051 00001 dad 000§ SE1-9049d
uiseg d.ealo4 wislid A1euol1aJdoy |Isso4 wislid |eyuol youai]

21



Figure 2. Pre-stack depth-migrated seismic section (BGR06-135) collocated with the wide-angle
profile. Top panel shows the entire section with the line-drawing interpretation overlain. Bottom panels
are the zoom-ins on the selected areas of the profile: A) oceanic plate, B) forearc basin, C) deep section of

the contact with oceanic crust, D) slope break area around forearc high.
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Figure 3. Data examples for four ocean bottom stations and the corresponding seismic rays obtained

with forward modeling approach, locations are marked in Figure 4. Top plots show the schematic final
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model with the OBS marked by red triangles, seismic rays are shown by colorcode: red — refractions, blue
— PmP mantle reflections, green — PtopP reflection from the top of the oceanic crust, dotted box shows the
lateral extent of the data sections. Middle panels show the data sections plotted with a reduction velocity
of 6 km/s. Bottom panels show the picked traveltimes (gray lines, thickness corresponds to the pick
uncertainty), color lines are the forward predicted traveltimes for selected phases computed through the
final tomography model. The phases: Pw — direct water wave, Pg — crustal refraction, Pn — mantle
refraction, Psed1/2 — refracted waves in the sedimentary layers, PmP — Moho reflection, PtopP -
reflection from the top of the oceanic crust, PfbP- reflection from the top of forearc basement, PmfcP —

reflection from forearc upper/lower crust boundary.

0 20 40 60 80 100 120 140 160 180 200 220 240
0 I L L L I L L L ‘ L L L | L L L I L L I L L 0
V. Mo
< 20
o
a Vp, km/s
T e— ~
15 2.0 25 3.0 35 40 45 50 55 6.0 65 7.0 7.5 80 85 ’ VE=2:‘1“
s +————————————r—r————————————————————
0 20 40 60 80 100 120 140 160 180 200 220 240
SW Profile Distance [km] NE
0 20 40 60 80 100 120 140 160 180 200 220 240
0 I L L 1 I L L L I L 1 L I 1 L L I 1 L L I L L O
i . F 10
<20 20
o]
o
@
o g
30 Ray path density 30
500 1000 1500 2000 2500 3000 “"'~.__VE=2:‘I
40 | | | 1 LI TR | 1 1 | | 1 | * | 40
0 20 40 60 80 100 120 140 160 180 200 220 240

Figure 4. Tomographic inversion offshore northern Sumatra. Top panel: Vp distribution along the
profile, with the black lines showing the position of the reflectors (dashed lines — reflectors which are
poorly constrained). Bottom panel shows the final ray path coverage during the tomographic inversion.

Yellow triangles on middle panel show the location of the ocean bottom stations described in Figure 3.
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The low-velocity layer on top of the oceanic crust is a remnant of the input model and not required by the

data.
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Figure 5. Results of the checkerboard tests A, B, and C. For all tests 5% anomaly of different size

was added to the final tomography model. The upper panels show the checkerboard test pattern for each

test, while the bottom panels show the recovery of patterns. The size of the anomalies are A) 5x2.5 km B)

10x5km and C) 20x10km. Black lines show the position of the reflectors obtained during tomographic

inversion. D) The comparison of the velocity in the shallow part of the model between wide-angle

tomography and pre-stack MCS focusing analysis; in the white area Vp from the focusing analysis is not

resolved.
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converted to density and the gravity response is computed. The top panel shows the ship gravity data
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Figure 7. Comparison of the crustal structure along two adjacent segments offshore Sumatra. ldentical
scale and color-code are used for both models. Top panel: background model modified after
Klingelhoefer et al., 2010 (location is shown by blue line in Figure 1). Line-drawing interpretation: black
- from Klingelhoefer et al., 2010; blue - based on Singh et al., 2008 (Figure 4). Aftershocks from within
+50 km are projected onto the profile: steep frontal thrust events (green), thrust events below the
Simeulue plateau (blue) and steep thrusts (red) (adapted from Singh et al., 2008). Bottom panel represents
the model obtained in this study: black lines are the line-drawing from the MCS profile, the dashed lines
are the reflectors constrained by the tomography and gravity modeling. Circles are the projection of the
seismicity onto the line of the profile within the £10 km corridor (seismicity of Tilmann et al., 2010
relocated in a pseudo 3D model based on the refraction model, see text). Blue circles are well-constrained

hypocenters. The low-velocity layer on top of the oceanic crust is not required by the data.
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