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The Java convergent margin: structure, seismogenesis and

subduction processes

HEIDRUN KOPP

IFM-GEOMAR Leibniz-Institute of Marine Sciences, Wischhofstr. 1-3, 24148 Kiel, Germany

(e-mail: hkopp@ifm-geomar.de)

Abstract: The Java margin is characterized by a distinct variation in lower to upper plate material
transfer and recurring catastrophic tsunamogenic earthquakes. Both processes are closely linked to
the subduction of oceanic basement relief resulting in varying degrees of fore-arc deformation.
Tomographic models of refraction seismic profiles and reflection seismic lines in combination
with high-resolution multibeam bathymetric data reveal the variability in the deep structure and
deformation of the Java fore-arc. Shallow subduction processes are governed by the sediment
supply in the trench as well as by the nature and fabric of the oceanic lithosphere. The deep struc-
ture of the fore-arc reveals a shallow upper plate crust–mantle transition, present along the entire
Java margin section. The serpentinized fore-arc mantle wedge governs the depth extent of the seis-
mogenic zone here, which is narrower compared to its Sumatran analogue. In addition, offshore
central Java, high relief oceanic basement features potentially act as asperities as well as barriers
to seismic rupture, limiting the possible magnitude of subduction thrust earthquakes. However, the
potential for geohazards, in particular tsunamis, is high along the entire margin. This results from
tsunamogenic earthquakes, ubiquitous splay faults and potentially tsunamogenic landslides, which
further increase the risk of future tsunamis.

This contribution reviews studies of the Java
subduction zone (Fig. 1) with a special emphasis
on the neotectonic processes and structural evol-
ution of the fore-arc using tomographic images
based on seismic refraction data (Fig. 2) and multi-
beam bathymetry (Fig. 3). Following introductory
remarks on the tectonic setting, seismicity and geo-
physical data base, the observational and interpret-
ative information gained from these studies will be
presented area-specific for each tectonic segment
along the margin. Going from west to east, these
first-order segments are defined based on the domi-
nating material transfer and nature of the lower
plate, that is sediment accretion offshore Sunda
Strait and western Java, fore-arc erosion offshore
central-eastern Java, and continent–island arc col-
lision offshore Sumba Island. A regional summary
is presented in the conclusions.

Tectonic setting

The Java trench forms the eastern section of the
Sunda deep-sea trench and is the site where the
Indo-Australian oceanic lithosphere subducts
beneath the Sundaland block of Indonesia. It strad-
dles the island of Java and the Lesser Sunda islands
of Bali, Lombok and Sumbawa (Fig. 1). The Java
margin is bound in the west by the transtensional
regime of the southern Sunda Strait (Lelgemann
et al. 2000). The Sunda Strait marks the hinge
line and passage from the trench-perpendicular

convergence off Java to the oblique subduction off-
shore Sumatra. In the east, the Java trench terminates
at 1218E where it merges into the Timor trough
(Audley-Charles 1975, 2004; Hall & Smyth 2008).
The transition from oceanic subduction along the
Java trench to continent–island arc collision along
the Timor trough of the Banda arc occurs south of
Sumba Island, where continental crust is colliding
with the fore-arc (Hamilton 1979) (Fig. 1).

The Indo-Australian plate currently moves at
6.7 cm/a in a direction N118E off western Java
and thus almost normal to the trench (Tregoning
et al. 1994) (Fig. 1). Convergence speed slightly
increases from western Java towards the east,
however, at a very subtle rate, reaching c. 7 cm/a
off Bali (Simons et al. 2007) and has been active
since the Eocene (Hall & Smyth 2008). A local
source tomography based on recordings over a
period of almost six months from more than 100
seismic stations on Java images the steep dip
angle of the subducting slab, reaching c. 708 under-
neath the island (Koulakov et al. 2007).

The age of the incoming plate increases from
Late Cretaceous offshore Sunda Strait (1058E) to
Late Jurassic at 1208E. Accordingly, water depth in
the trench increases from c. 6 km off the Sunda
Strait to more than 7 km off Lombok and Sumbawa
in the east and correlates with the decrease in
sediment supply from c. 1500 m off western Java
to the starved trench segments along the eastern
Java trench.
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DOI: 10.1144/SP355.6 0305-8719/11/$15.00 # The Geological Society of London 2011.



Fig. 1. Morphology of the Java margin based on satellite altimetry data (Smith & Sandwell 1997). A large bivergent accretionary wedge is expressed as a continuous bathymetric
ridge fronting the Java fore-arc basin offshore western Java. This ridge structure is broken and highly deformed offshore central Java, where the oceanic Roo Rise is colliding
with the margin. The eastern Java trench offshore Bali to Sumba is characterized by the subduction of smooth oceanic crust of the Argo Abyssal Plain. The transition from oceanic
subduction to continent–island arc collision occurs south of Sumba where the Scott plateau enters the trench. Black lines show wide-angle refraction profiles. Black dots show
locations of ocean bottom instruments displayed in Figures 4, 5, 8, 9 and 12. White lines show extent of MCS data shown in Figures 6, 7 and 11. Stars denote earthquake hypocentres
of 1977 (white), 1994 (yellow) and 2006 (red). C.-J.: Ciletuh-Jampang block.
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Fig. 2. Tomographic images and velocity–depth distribution along seven refraction seismic dip lines crossing the
fore-arc between western Java and east of Sumba island. The profiles document the variation from the accretionary
domain (a and b) to the erosional seamount/plateau subduction regime off central to eastern Java (c and d). To the east,
the transition from oceanic subduction offshore Lombok (e) to continent–island arc collision (f and g) occurs. All
profiles west of Sumba show a shallow hydrated upper plate mantle, which limits the downdip extent of the seismogenic
zone. Profiles are approximately aligned along the vertical stippled line. Vertical exaggeration in all profiles is 2.5.
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The Java margin exhibits two prominent features
on the incoming Indo-Australian plate: (1) the
Christmas Island Seamount Province including the
Roo Rise and (2) the Argo Abyssal Plain (Fig. 1).
The Christmas Island Seamount Province forms a

broad, irregular topographic swell of 135–140 Ma
old oceanic lithosphere off central Java (Moore
et al. 1980; Mueller et al. 1997) and is dotted with
numerous seamounts. It extends in an east–west
direction from 958E to 1158E, where it terminates

Fig. 3. High-resolution sea floor bathymetric mapping along the Java margin. The upper panel shows the grid of swath
data underlain by global bathymetry; the lower panel displays the high resolution data coverage. Full coverage was
achieved along the deformation front and lower trench offshore Lombok, Sumbawa and Sumba. RV SONNE’s EM120
multibeam echosounder system sends successive frequency-coded acoustic signals. Data acquisition is based on
successive emission–reception cycles of this signal. The reception is obtained from 191 beams, with the footprint of a
single beam of a dimension of 28 by 28. Achievable swath width on a flat bottom is up to six times the water depth
dependent on the character of the sea floor.
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abruptly. The evolution of the Christmas Island Sea-
mount Province remains enigmatic and is associated
with a series of individual magmatic events. Rock
sampling resolved varying formation times across
the volcanic province without a clear formation
time trend (Werner et al. 2009). The eastern
segment of the Christmas Island Seamount Province
features the oceanic Roo Rise (Fig. 1), a 400 km
wide plateau rising 2–3 km above the abyssal
plain. Dredged rock samples from the plateau
retrieved strongly altered olivine phyric lava frag-
ments with Mn-crusts (Werner et al. 2009). The
northern flank of the Roo Rise is currently entering
the trench south of eastern Java. Isolated volcanic
summits on the plateau and adjacent to it represent
high relief gradient features which upon subduction
cause frontal erosion of the fore-arc south of central
Java (Masson et al. 1990). A tomographic study of
passive and active seismic data images the
complex crustal structure of the fore-arc, segmented
into distinct blocks (Wagner et al. 2007).

The second prominent feature in the oceanic
domain is the Argo Abyssal Plain, with mean
water depth around 5500 m (Fig. 1) and a crustal
age of 160 Ma (Mueller et al. 1997). Though
large-scale topographic features are not observed
on the Argo Abyssal Plain, the sea floor nonetheless
exhibits a distinct structure, comprising the original
spreading fabric and a pervasive pattern of trench
parallel normal faults where the plate bends into
the trench (Masson 1991). The horst-and-graben
structures on the outer trench wall show a max-
imum throw of 500 m. Individual fault segments
reach lengths of more than 60 km and cut deep
into the oceanic basement (Lueschen et al. 2010).
530 m of sediment on the Argo Abyssal Plain
have been drilled in DSDP site 261 before reach-
ing Late Jurassic oceanic basement (Heirtzler
et al. 1974) on which Cretaceous claystones, Upper
Miocene and Pliocene nannofossil oozes and
Quaternary radiolarian clays have been deposited.
In the east, the Argo Abyssal Plain is bordered by
a continental promontory of the Australian litho-
sphere: the Scott Plateau (Fig. 1) governs sub-
duction zone processes at the transition from the
Sunda margin to the Banda arc.

Recent earthquake activity

The Java trench was the site of three major earth-
quakes (Mw � 7.0) in the past decades (Fig. 1). In
1977, a Mw ¼ 8.3 normal fault earthquake ruptured
the underthrusting plate (Spence 1986; Lynnes &
Lay 1988) and caused a tsunami on the Lesser
Sunda islands and Australia with maximum run-up
heights of 8 m on Sumbawa (Kato & Tsuji 1995).
The Mw ¼ 7.8 event of 1994 was a megathrust
rupture, which occurred offshore eastern Java

(Ammon et al. 2006; Bilek & Engdahl 2007). The
triggered tsunami reached run-up amplitudes of
5–8 m along the southern coast of Java, causing
more than 700 casualties. Similarly, in 2006, a
Mw ¼ 7.7 megathrust earthquake offshore western
Java (Fig. 1) triggered a deadly tsunami with
maximum run-up heights of 20 m (Fritz et al.
2007). Both thrust events show a rupture pattern
characteristic of tsunami earthquakes (Kanamori
1972; Bilek & Engdahl 2007) and both events
display aftershock sequences dominated by normal
faulting, suggesting relatively complete stress
release on the interplate thrust (Ammon et al.
2006). The influence of the plate structure at depth,
particularly regarding subducted basement fea-
tures, has been discussed for the 1994 event, for
which slip over a subducted seamount was proposed
to have triggered the earthquake (Abercrombie
et al. 2001). This model is still debated for the
2006 event (Bilek & Engdahl 2007).

Geophysical data

Three major marine experiments were conducted
on the Java margin since 1997 using the German
RV SONNE as platform. A total of 289 ocean
bottom stations [hydrophones and seismometers:
OBH/S (Bialas & Flueh 1999)] were deployed
along 13 transects. In 1997/1998, the GINCO
cruises focused on the transition zone between
frontal and oblique subduction off the Sunda
Strait and acquired three coincident seismic refrac-
tion/reflection profiles offshore western Java (P05,
P06, P07) (Kopp et al. 2001; Schlueter et al. 2002).
It was followed by the MERAMEX cruises off
central Java in 2004 during which two long refrac-
tion dip lines (P16 and P18) were shot from the
oceanic lithosphere to the continental slope in
addition to a coast-parallel strike-line (P19)
(Fig. 1). During this onshore–offshore or amphi-
bious project, 100 landstations were deployed
onshore Java for a period of 120 days (Koulakov
et al. 2007; Wagner et al. 2007). The eastern section
of the margin was subsequently investigated during
the SINDBAD experiment in 2006 and was covered
by four coincident refraction/reflection dip lines
(P42, P31, P22 and P11) and three strike lines
(P41, P33, P21) located between offshore eastern
Java and east of Sumba island, including the tran-
sition from oceanic subduction to continent–island
arc collision.

Figure 2 displays the velocity–depth models
of all acquired trench perpendicular refraction dip
lines and serves as a basis for the following discus-
sion of individual margin segments. All models
were achieved by tomographic inversion of the
refraction data (Shulgin et al. 2009, 2010; Planert
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et al. 2010; Wittwer 2010), except for the GINCO
profile for which forward modelling by raytracing
for the broadly spaced instruments was conducted
(Kopp et al. 2001). Figure 4 shows an ocean
bottom seismometer recording displaying typical
phases from stations near trench locations on the
upper plate: Pn is the refraction through the upper
mantle, PmP is the reflection from the crust–
mantle boundary, Poc is the refraction through the
oceanic crust, PtocP is the reflection from the top
of the oceanic crust and Psed denotes sediment
phases. Pg fore-arc is the refraction through the
fore-arc crust. The information contained in the
seismic record sections thus returns velocity data
for the different margin units from the sedimentary
cover to the upper mantle.

The bathymetry data (Fig. 3) were acquired
during the MERAMEX and SINDBAD experiments
using RV SONNE’s Simrad multibeam echosoun-
der system, which provides accurate depth measure-
ments and bathymetric mapping in areas at depths
down to 11 000 m.

Offshore Sunda Strait and western Java:

sediment accretion

Observations

Along the western margin segment (longitudes 105
to 1108E), the incoming oceanic crust is 7.5–8.5 km
thick with velocities typical of mature oceanic crust,
increasing from 4.7 km/s at the basement to
7.2 km/s at the crust–mantle boundary. Upper
mantle velocities are in the order of 7.8–8.0 km/s
as documented by Pn mantle phases recorded by
the ocean bottom seismometers (e.g. station OBS
42 on line P18 in Fig. 5).

The morphology of the offshore fore-arc of
western Java is dominated by a massive fore-arc
high above the underthrusting plate (Fig. 2, panels
a, b). The tectonic features observed here include
the sediment-filled deep-sea trench, an actively
accreting prism and mature fore-arc basin. They are
morphological manifestations of the accretionary
regime continuous to offshore Sumatra (Kopp et al.

Fig. 4. Data example of an ocean bottom hydrophone (OBH) located on the lower slope off central Java on profile P16.
Phase nomenclature is as follows: Pg refraction through fore-arc crust, Poc refraction through oceanic crust, Pn
refraction through upper mantle, PtocP reflection from oceanic basement, PmP Moho reflection.
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2008), where the fore-arc high is subaerially
exposed on the fore-arc islands. Offshore Sunda
Strait, the topographic expression of the fore-arc
high is subdued as a result of the Neogene transten-
sional tectonics and the increasing trench-parallel
slip component towards Sumatra (Huchon & Le
Pichon 1984; Malod et al. 1995). Malod & Kemal
(1996) estimated about 50–70 km of extension
in the Sunda Strait during the Pliocene (Diament
et al. 1992).

The internal architecture of the fore-arc is
characterized by multiple kinematic boundaries
between the trench and Java continental slope. The
deformation front marks the transition from the
trench to the frontal prism which then transitions
into the Neogene accretionary prism, that rapidly
increases in thickness. In Figure 6, an c. 0.5 km
thick sheet of trench sediment is underthrust below
the frontal prism. A similar decollement zone is
also observed on profile P05 (Kopp et al. 2009),
though discontinuous due to subducted seamounts
of 1–2 km height attached to the oceanic crust
(Fig. 7). This distinct lower plate relief, which is
ubiquitous along the Java margin (Masson et al.
1990), potentially breaches the subduction channel
and is in contact with the upper plate.

A pronounced megasplay or backstop thrust sep-
arates the Neogene prism from the Palaeogene
prism (Figs 6 & 7). Seismic velocities increase
from the Neogene prism to the older, more consoli-
dated material of the Palaeogene prism. Station
OBH 47 on profile P18 (Fig. 8) documents this
increase in seismic velocities in the Pfp and Pg
phases. The Palaeogene prism is covered by a
slope apron with seismic velocities not exceeding
2.5 km/s (Fig. 2, panels a, b). This unit displays
little permanent deformation. During the GINCO
cruise, Pliocene to recent sediments were sampled
at various locations in the fore-arc basin and on
the fore-arc high (Beiersdorf 1999). Samples
retrieved hemipelagic muds with intercalated turbi-
dites and dacitic to rhyolithic ash layers. Dredge
samples from outcrops of the accretionary prism
revealed that they consist of silty and micaceous
mud and tectonized mudstone as well as of arenitic
limestone and calcareous sandstone (Beiersdorf
1999). Unfortunately, rock dredge or drill samples
have not been recovered from the core of the
fore-arc high, so that its composition must be
inferred from seismic velocities.

Offshore western Java, the Palaeogene prism
fronts the Java fore-arc basin (Fig. 7). The Java
basin is expressed as an elongated, 500 km long sub-
siding belt with an average water depth of 3500 m.
Sediment thickness of the basin infill reaches 4 km
(line GINCO p05, Fig. 2), decreasing towards the
basin fringe (line Meramex P18, Fig. 2). The basin
is underlain by a unit characterized by seismic

velocities rapidly increasing from 5.5 km/s to
values larger than 6 km/s (Fig. 2). OBH 53 is situ-
ated on the northern rim of the fore-arc high on
line P18 and records phases through the Palaeogene
prism as well as through the fore-arc crust and
mantle (Fig. 9). A number of stations record the
fore-arc basement, which shows an ophiolitic char-
acter. The basement is exposed in western Java,
where outcrops of peridotites, gabbros, pillow
basalts and serpentinites are observed (Sukamto
1975; Schiller et al. 1991; Susilohadi et al. 2005).
This Cretaceous–Paleocene complex is imaged
underneath the fore-arc basin as a seaward dipping
unit with the crust–mantle boundary located at
c. 15 km depth (Figs 2 (panels a, b & 7). It is
bounded to the NW by the Cimandiri fault zone,
which cuts the Java fore-arc basin at a direction
N70.88E (Susilohadi et al. 2005) and is traced
onshore along the Cimandiri river near Pelabuhan
Ratu (Dardji et al. 1994).

Interpretations

At the deformation front, trench sediments are off-
scraped from the oceanic basement and transferred
to the upper plate (Figs 6 & 7). The change from
tensional to compressional stress within the trench
initiates thrust faulting and accretion of material to
the lower slope. Discrete frontally accreted imbri-
cate thrust slices and compressional folding are
characteristic of this margin segment (Kopp et al.
2009) (Figs 6 & 7). The imbricate thrust belt and
detachment folds form the frontal prism sandwiched
between the trench and the Neogene accretionary
prism (Kopp et al. 2001, 2002). The frontal prism
forms the apex of the upper plate wedge and consists
of frontally accreted, fluid-rich and thus mechani-
cally weak material (von Huene et al. 2009). It is
within the frontal prism that tectonic addition of
trench sediment fill occurs by uplift displacement
along the frontal thrust above the decollement
(Figs 6 & 7).

The imbricate thrust zone of the Neogene prism
is primarily composed of trench sediment trans-
ferred from the frontal prism (Figs 6 & 7). The
outer Neogene prism pronouncedly contrasts in
style from the inner, less compressive Palaeogene
prism (Kopp et al. 2001, 2002; Schlueter et al.
2002) (Fig. 7). This contrast in style has been
related to the seismogenic behaviour of the subduc-
tion fault at depth (Wang & Hu 2006), predicting
that the inner wedge never experiences compressive
failure, thus providing a stable tectonic regime. The
transition from the active Neogene prism to the tec-
tonically more quiescent Palaeogene prism occurs
along a distinct zone, where a splay fault system
offsets the sea floor (Kopp et al. 2009) (Figs 6 &
7). The surface trace of this thrust fault system is
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Fig. 5.
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observed over a distance of c. 600 km along strike of
the margin (Kopp & Kukowski 2003) and implies a
continuous segmentation at an average distance of
30–35 km from the deformation front. This tran-
sition is also related to a change in surface slope,
which decreases from the outer to the inner prism
(Figs 6 & 7). The Palaeogene prism, which forms
the fore-arc high, serves as backstop to the material
accreted in the Neogene prism. Both prisms show
active deformation, however, to a much lower
degree in the Palaeogene prism compared to its
Neogene analogue. The Palaeogene prism forms
the core of the large bivergent wedge, which
shapes the fore-arc high along the central Sunda
margin (Kopp & Kukowski 2003) (Fig. 2, panels
a, b). The Late Palaeogene rising of the Himalayan
orogenic zone, which is the source for the majority
of sediment in the Sumatran and western Java
sector of the Sunda trench (Susilohadi et al. 2005),
contributed to the evolution of the accretionary
fore-arc high, which is directly related to the sedi-
ment supply from the Himalayas.

Remaining issues

The internal structure of the Palaeogene prism is
not imaged well in reflection seismic data owing
to limited energy penetration (Figs 6 & 7). This
is a common phenomenon in many accretionary
margins and may possibly be associated with
internal deformation related to strong shear stress
along the underlying seismogenic portion of the
subduction fault. In the absence of deep drilling
data, information on the composition is primarily
gained from wide-angle seismic surveys. Seismic
velocities increase from the frontal prism to the
Neogene and Palaeogene prisms due to the greater
rigidity of the consolidated and lithified material
(Fig. 2, panels a, b). Mass balance calculations
imply that the Palaeogene prism formed by accre-
tion since the Eocene–Oligocene (Kopp &
Kukowski 2003). The deformational segmentation
as manifested in the kinematic discontinuities
imaged by the refraction data suggests that accretion
is non-linear. The rapid landward increase of the
wedge thickness accompanied by backthrusting
and uplift of the fore-arc high (Fig. 7) are indicative

of basal accretion of the underthrust sequences
(Gutscher et al. 1998), however, this process is not
unambiguously imaged by seismic methods. Back-
thrusting along reverse faults is observed on the
northern flank of the fore-arc high and initiates a
successive northward thrust over the southern
portion of the fore-arc basin (Fig. 7) (Schlueter
et al. 2002; Susilohadi et al. 2005). The evolu-
tion of the Java basin is governed by the accretion-
driven uplift of the fore-arc high, which forms a
barrier to the trench and abyssal plain and by tecto-
nically induced subsidence forming a rapidly filled
depression (Susilohadi et al. 2005). The mechan-
isms for subsidence remain unclear. In the Sunda
Strait, subsidence is likely to be linked to graben for-
mation related to the transtensional regime here
(Lelgemann et al. 2000) and the loading effect of
Krakatau volcanoclastics (Susilohadi et al. 2005).
In western Java, the Ciletuh–Jampang block
(Fig. 1) is tilted to the SW. Its subsidence could
reflect basal subduction erosion, however, our
seismic data fail to image this process. Based on
the interpretation of 20 reflection seismic profiles,
Susilohadi et al. (2005) tentatively interpreted the
oldest sequences in the Java basin to be of Middle
Eocene to Late Oligocene age. A regional Upper
Oligocene unconformity is traced as an erosional
surface in the fore-arc basins from northern
Sumatra to central Java (Fig. 7) and indicates that
prior to the Neogene the shelf area was dominated
by subaerial exposure or shallow water conditions
(Susilohadi et al. 2005). This is also supported by
well data from the shelf and onshore outcrops
(Susilohadi et al. 2005). Later, sediment supply
increased during the late Middle Miocene with
the rising volcanic activity of the arc (Susilohadi
et al. 2005).

Offshore central-eastern Java: seamount

subduction and fore-arc erosion

Observations

The central-eastern Java segment is characterized
by the subduction of an oceanic plateau, the Roo
Rise, which is dotted with abundant basement

Fig. 5. Seismic wide-angle section for ocean bottom seismometer OBS 42 of line P18 (upper panel), where 23
instruments were deployed (black triangles in lower panel). The gap in instrument spacing in the trench is due to the
great water depth exceeding the instrument’s pressure tolerance. The middle panel illustrates the calculated travel times
on top of the seismic data shown in the upper panel. Rays in the lower panel are shot through a forward model with a
velocity–depth distribution based on tomographic inversion. Shaded areas are not well resolved. A pronounced Pn
mantle phase is recorded through the oceanic upper mantle reaching offsets of 160 km. The bending geometry of the
oceanic crust underneath the trench inhibits ray coverage and results in a gap in first arrivals at 60–80 km offset.
Consecutive inversion of different phases using a top-to-bottom approach recovered crustal and mantle velocities
successively. See Figure 4 caption for phase information.
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Fig. 6. Pre-stack depth migrated multichannel seismic data crossing the deformation front and trench offshore Sunda Strait. Location is shown in Figure 1. The lower panel
shows the underthrusting of the Indo-Australian crust underneath the lower and middle slopes of the overriding plate. In the upper panel, the fold-and-thrust belt of the frontal prism is
imaged with at least four consecutive pairs of forethrusts and backthrusts. Trench sediment is uplifted along the frontal thrust and subsequently rotated as it is incorporated
into the frontal prism. The lowermost 400–500 m thick unit of trench fill is underthrust beneath the frontal prism. A splay fault marks the transition from the Neogene accretionary
prism to the Palaeogene prism and coincides with a change in slope angle. Seismic velocities are interval velocities obtained during pre-stack depth migration. The MCS data
were acquired by the BGR, Hannover, during the GINCO cruise.
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relief (Masson et al. 1990). Relief elevation above
the surrounding sea floor ranges from hundreds of
metres to over 2 km. Oceanic crustal thickness is
increased where the crust is altered by the emplace-
ment of the Roo Rise. Profile P16 (Fig. 1) docu-
ments a crustal thickness of 9 km on the flank of
the Roo Rise seaward of the trench (Fig. 2, panel
c). Line P42, located off eastern Java and covering
the Roo Rise south of the trench (Fig. 1), shows a
pronounced Moho topography, with crustal thick-
ness decreasing from 18 km in the oceanic domain
to 11 km underneath the trench (Fig. 2, panel d).

The high-resolution bathymetry maps the under-
thrusting of basement relief underneath the upper
plate, for example the incipient subduction of a
small ridge (Fig. 10b) currently positioned in the
trench. Larger topographic features on the oceanic
plate are resolved by the global bathymetry (e.g. a
moderate-sized seamount of 70 km diametre at a
distance of 40 km from the trench (Fig. 10a)). The
surface effect of seamount subduction and the cor-
responding deformation of the lower slope are
revealed well in the absence of a thick sediment
apron, as is the case for central Java (Fig. 10).
Frontal erosion has sculpted the lower slope off
central and eastern Java and is associated with a
northward retreat of the deformation front by up to
60 km (Kopp et al. 2006). This segment of the
Java margin shows extremely high surface slope
values at the lower slope of the overriding plate,
reaching values .138 (Kopp et al. 2006).

Sea floor topography based on global satellite
altimetry data (Smith & Sandwell 1997) reveals
that the fore-arc high is characterized by isolated
topographic summits between 109–1158E trending
in a NW–SE direction parallel to the trench at
roughly 108S (Kopp et al. 2006) (Fig. 1). They
rise to water depth of 750–1000 m and are
roughly 1 km higher in elevation than the surround-
ing fore-arc high. This is documented by the two
adjacent seismic profiles P16 and P18 (Fig. 2,
panels b, c). The western line is located in the accre-
tionary domain as described above and crosses the
easternmost portion of the Java fore-arc basin. The
eastern profile is positioned on the flank of the
Roo Rise (Fig. 1). The difference in elevation of
the fore-arc high on these two lines is c. 1000 m
(Fig. 2, panels b, c). Further landward, a broad swell
located between profiles P18 and P42 (Fig. 1) is
anomalous along the Sunda Arc’s coastlines.

The tomographic inversion of profile P16 (Fig. 2,
panel c) images a strongly deformed fore-arc and
basin, which extends for 50 km in a north–south
direction (compared to 80 km on line P18 (Fig. 2,
panel b)). Approximately 4 km of volcanic ashes
and sediment are trapped in the basin, which
is carried by the landward tilted basement above
the Java unconformity (Fig. 11). At a depth of

c. 14 km, the inversion images a subducted sea-
mount around profile km 190 (Fig. 2, white arrow
in panel c). The accretionary prism offshore Java is
characterized by velocities generally not exceeding
5.0 km/s (Fig. 2). The subducted relief is inferred
from the higher velocities (vp . 5.4 km/s) at the
base of the accretionary prism retrieved along
P16. OBH 30 (Fig. 12) covers the entire fore-arc
and records the internal structure of the accretionary
prism and subducting slab. Imaging, however, is
intricate due to the severe deformation in this
domain.

Interpretations

The transition from frontal accretion along the
western Java segment to frontal erosion off central
Java occurs over a short distance of some tens of
kilometres and is documented by the two adjacent
seismic profiles P16 and P18 (Fig. 2, panels b, c).
The central Java margin segment is currently
experiencing frontal erosion associated with the
underthrusting of the Roo Rise. The northward
migration of the Java Trench and deformation
front above the leading edge of the Roo Rise has
exposed an area of c. 25 000 km2 of deeper sea
floor formerly covered by the upper plate (Kopp
et al. 2006). The corresponding northward shift
of the axial position of the trench by about 60 km
is moderate and may reflect a relatively recent
onset of plateau subduction coupled with the arrival
of the Roo Rise and Christmas Island Seamount
Province at the trench. Based on the global satellite-
derived bathymetry (Fig. 1), Shulgin et al. 2010
infer that the edge of the plateau, which already
subducted, could be located as far as 70 km north
of the trench, which would correspond to an onset
of plateau subduction at 1.1–1.3 Ma ago. How-
ever, there is no direct evidence.

Topographic basement relief is abundant on the
lower plate offshore Java (Masson et al. 1990) and
modulates the structure and morphology of the
overriding plate at various scales. The morphologi-
cal perturbations of the lower slope resulting from
subduction of oceanic relief depend on the size
and structure of the subducted feature and on the
nature of the overriding plate. Seamount subduction
has been investigated at erosive margins (e.g. von
Huene et al. 2000) where the seamounts leave
pronounced re-entrant grooves as they plough
through the small frontal prism before being sub-
ducted beneath the continental framework rock
(von Huene 2008). Comparable embayments are
not as distinct offshore Java (Fig. 10), where the
accretionary material behaves more plastically.
Topographic perturbations resulting from sea-
mount subduction within the frontal prism are tran-
sient and the prism will heal after the relief is
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subducted to greater depth. Frontal erosion coin-
cides with a steepening of the lower slope angle in
the central Java sector compared to the neighbour-
ing segments (Kopp et al. 2006), bringing the taper
into the unstable domain here. This results from
subduction of basement relief, which at first
causes deformation and uplift of the thin leading
edge of the fore-arc (Taylor et al. 2005). The
unstable frontal prism is marked by small-scale
re-entrant scars (Fig. 10), by mass failure and exten-
sional normal faulting (Fig. 10a). Erosive processes
are enhanced by the lack of sediment in the trench
and the pronounced horst-and-graben structure in
the trench where the plate bends underneath the
fore-arc (Fig. 10b).

Tectonic modification of the fore-arc offshore
central to eastern Java is expressed in regional
uplift affecting the entire marine fore-arc as well
as in isolated zones of increased elevation (Fig. 1).
The regional uplift pattern is caused by the subduc-
tion of the buoyant oceanic plateau, which results in
uplift of the shelf as also described for the Hikurangi
margin offshore New Zealand (Litchfield et al.
2007). Although due to the lack of independent
data the onset of plateau subduction cannot be ver-
ified, it seems likely that it has been occurring
since the late Pliocene when uplift and deformation
of the upper plate intensified (Shulgin et al. 2010).
Crustal thickening occurs mainly in the lower crust
and seismic as well as gravity data confirm the pres-
ence of a crustal root here (Shulgin et al. 2010) as
postulated by Newcomb & McCann (1987) to
explain the absence of a correlated gravity anom-
aly. These results confirm numerical models, which
predict crustal thickening to be concentrated in the
gabbroic/basaltic layers (van Hunen et al. 2002).
The observed thinning of the oceanic crust on
profile P42 (Fig. 2, panel d) may either represent
a local volume variation or may image the northern
rim of the igneous expression. Subduction of
smaller scale high relief gradient features likely
accounts for the short wavelength anomalies
observed along the fore-arc high (Masson et al.
1990; Abercrombie et al. 2001; Kopp et al. 2006).
The observed uplift on profiles P18 and P42 (Fig. 2
panels c, d) is inferred to be caused by the impinge-
ment of oceanic basement relief and the associated

deformation. A trench perpendicular compressive
force is applied on the fore-arc by the relatively
buoyant and thick subducting Roo Rise and its
volcanic summits. This effect has also been reported
for other margins, for example the Ryukuyu margin
(Font & Lallemand 2009), Hikurangi margin
(Litchfield et al. 2007), Costa Rica margin (Fisher
et al. 2004) or the New Hebrides/Solomon arcs
(Taylor et al. 2005). Uplift results from isostatic
adjustment and is enhanced by crustal shortening
of the overriding plate. The trench perpendicular
compression leads to surface elevation of the fore-
arc high, which greatly exceeds the original height
of the seamount, as predicted by numerical model-
ling (Gerya et al. 2009). Surface uplift of 1 km is
observed on P16 (Fig. 2, black arrow in panel c)
and correlates with the position of the seamount at
depth. Uplift is generated by crustal shortening
and thickening of the overriding plate over a
locked segment of the subduction thrust (Taylor
et al. 2005). Backthrusting of the fore-arc high
onto the fore-arc basin (Fig. 7) is observed along
the entire segment and partially accommodates
fore-arc convergence (e.g. Taylor et al. 1995).

In addition to the deformation of the overriding
plate, a subducted seamount at depth experiences
faulting and possible rupture. Baba et al. (2001)
investigate the stress field associated with seamount
subduction and conclude that shear failure and frac-
turing or dismemberment of subducting seamounts
occur. This will in turn affect seismic velocities
and limit the velocity contrast between the accre-
tionary prism and the subducted seamount. Regard-
ing the subducted seamount detected on line P16,
gaps in the ray coverage along the profile certainly
inhibit the imaging (Fig. 2, panel c). The presence
of a seamount is, however, supported by a number
of very distinct surface effects that document the
dynamic influence of seamount subduction on the
fore-arc morphology. These effects are associated
with the subduction of moderate-sized features
(Dominguez et al. 2000; Gerya et al. 2009) and
include local surface uplift, topographic pertur-
bation of the lower slope, intensification of subduc-
tion erosion, and landward trench displacement. All
of these key indicators are recognized off central
Java (Fig. 2, panels c, d) (Kopp et al. 2006).

Fig. 7. Pre-stack depth migrated multichannel seismic data offshore western Java. Location is shown in Figure 1. The
upper panel shows the southwestern extent of the profile from the trench to the Palaeogene prism, the lower panel
displays the landward part of the line from the fore-arc high to the fore-arc basin. In the frontal prism, shortening is
accommodated by imbricate thrusting of the frontally accreted sediment. Approximately 1/3 of the trench material is
underthrust beneath the frontal prism in a 500–900 m thick decollement zone, characterized by discontinuous high
amplitudes. Two subducted oceanic basement highs of c. 1.4 and 0.8 km height, respectively, are imaged along the
decollement zone. As off Sunda Strait (Fig. 6), a splay fault separates the Neogene and Palaeogene prisms and connects
to the megathrust at depth. In the lower panel, sedimentary sequences above an Upper Oligocene unconformity are
deformed by thrusting at the seaward part of the basin. The MCS data were acquired by the BGR, Hannover, during the
GINCO cruise. After Kopp et al. (2009).
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Fig. 8. Seismic wide-angle section for ocean bottom hydrophone OBH 47 of line P18 (upper panel), located on the
lower slope off western Java. The middle panel illustrates the calculated travel times on top of the seismic data shown in
the upper panel. The landward increasing velocities of the fore-arc are documented by phases Pfp and Pg, which travel
through the frontal prism and Neogene/Palaeogene prism, respectively. See Figures 4 and 5 captions for additional
phase and display information.
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Fig. 9. Seismic wide-angle section record section of OBH 53 placed on the transition from the fore-arc high to the
fore-arc basin on line P18 offshore western Java. Record phases through the Palaeogene prism (Pg prism) reveal slower
velocities here compared to the fore-arc crust (Pg margin) and mantle (Pn). Strong reflections from the upper plate
Moho (PcontP) specify the depth to the crust–mantle boundary below the fore-arc basin. See Figures 4 and 5 captions
for additional phase and display information.
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Fig. 10. High-resolution bathymetric mapping offshore central-eastern Java. The swath lines represent the ship
tracks, for example, along profiles P16, P18 and P42. Black background is not covered by data. Black pings are data
artifacts. Light colours represent shallow water depth, dark blue colours represent deeper water. (a) shows the trench
and lower slope offshore central Java. Location is indicated in Figure 3. The lower slope is heavily sculpted by
subducting sea floor relief. The oversteepened slope locally fails and mass wasting onto the trench floor occurs. A large,
20 km wide re-entrant scar along the track of profile P16 indicates subducted sea floor relief, resulting in extensional
faulting related to uplift. (b) images the trench floor disrupted by plate-bending induced normal faulting, which also
affects basement relief. Type I landslides are observed along the lower slope. Two locations exhibit a concave surface
slope, indicative of re-entrant scars, which have partially healed. Material is effectively transported from the fore-arc
high into the fore-arc basin along extensive canyon systems.
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Remaining issues

Profile P42 crosses the hypocentre location of the
1994 Java Tsunami earthquake (Abercrombie
et al. 2001; Polet & Thio 2003; Bilek & Engdahl
2007) (Fig. 1). The reverse mechanism event,
which is associated with slip at a previously well-
coupled subducted seamount, showed normal fault-
ing aftershocks that have been related to extension
in the outer rise area (Abercrombie et al. 2001).
This concept is supported by the high-resolution
bathymetry of the trench area, which resolves plate-
bending induced normal faulting (Fig. 10b) with
vertical offsets of up to 500 m. The tomographic
inversion of P42 as well as a corresponding multi-
channel line show indications of deeply penetrating
faults (Lueschen et al. 2010; Shulgin et al. 2010)
affecting the oceanic crust in the vicinity of
the trench (Fig. 2, panel d). The deep structure of
the fore-arc resolves the intricate geometry of the
accretionary complex, which is characterized by
heterogeneous uplift and deformation patterns.
The velocity–depth distribution (Fig. 2, panel d)
suggests the presence of accreted oceanic crustal
fragments or detached oceanic basement relief.
Remnants of accreted seamounts have been pro-
posed to be present in the Japanese island arc
(Isozaki et al. 1990), indicating shearing off and
crustal underplating of oceanic basement material
(Uchida et al. 2010). This scenario would also
explain the fore-arc structure along P42. An anom-
alous high velocity structure is present at a depth
of 13 km (Fig. 2, panel d). It is unlikely that a sub-
ducted seamount would still be intact under these
conditions. Figure 10b maps the incipient subduc-
tion of a small seamount, which currently collides
with the deformation front. This seamount as well
as other bathymetric features in the trench and on
the outer rise is broken by the bending-related
normal faulting. The surface traces of the faults
are continuous across the sea floor relief. Dismem-
berment of a seamount or oceanic crustal fragment
will decrease seismic velocities and lower the

velocity contrast to the surrounding accretionary
prism. As a consequence, seismic imaging will be
distorted.

Offshore the Lesser Sunda islands:

transition from oceanic subduction to

continent–island arc collision

Observations

The margin segment south of the Lesser Sunda
islands shows a different structure compared to its
western counterpart. Here, a mature fore-arc basin,
the Lombok basin, is observed at a water depth of
4400 m, which is limited to the west by the uplift
associated with the Roo Rise subduction to the
east and by collision of the Scott Plateau with the
crystalline crust of the Sumba Island (Fig. 1)
(Shulgin et al. 2009; Planert et al. 2010). The
fore-arc high and accretionary prism are much
more uniformly developed than in the neighbouring
sector off Java, where isolated bathymetric eleva-
tions dominate the fore-arc high topography. Off
Bali and Lombok, the fore-arc high is dominated
by two elongated tectonic ridges (Fig. 13a) (Mueller
et al. 2008; Krabbenhoeft et al. 2010) and dimin-
ishes in size and volume to the east.

The age of the oceanic lithosphere decreases
from Late Jurassic at 1208E to Early Cretaceous
around 1108E (Heine et al. 2004; Mueller et al.
2008). On the incoming plate, Planert et al. (2010)
determine a crustal thickness of 8.6 km off Lom-
bok, increasing to 9.0 km to the east near the tran-
sition to the Scott Plateau. The transition from the
oceanic crust of the Argo Abyssal Plain to the
subducting crust of the Scott Plateau occurs over
short distances of less than 50 km (Fig. 13c) and
concurs with an increase in crustal thickness of
c. 5 km, mainly accommodated by the upper crust
(Fig. 2, panels f, g) (Planert et al. 2010).

Convergence occurs at a rate of c. 70 mm/a in a
direction N138E offshore Bali (Simons et al. 2007).

Fig. 11. Four-channel streamer section across the central Java fore-arc basin. Location is shown in Figure 1. The
fore-arc basin strata onlap the fore-arc high and are tilted landward, indicating syndepositional and postdepositional
vertical movement of the seaward portion of the basin and the fore-arc high.
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Fig. 12. Seismic wide-angle section record section of OBH 30 located on the southern edge of the fore-arc basin
offshore central Java on profile P16. This station covers the entire subduction complex and reveals the velocity structure
of the accretionary prism (Pg prism) and the deep structure of the fore-arc (Pg margin and PcontP). PgP is the fore-arc
crust basement reflection. The oceanic Pn phase to the south is reverse to the according phase on station OBS 42
displayed in Figure 5. See Figures 4 and 5 captions for additional phase and display information.
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Figure 13 displays oceanic basement structures in
the Argo Abyssal Plain trending at angles of 45–
608. Planert et al. (2010) argue that these structures
trace the original sea floor spreading fabric as they
trend parallel to the magnetic anomalies (Lueschen
et al. 2010). Approaching the trench, plate bending
induced normal faulting starts to dominate the sea
floor fabric within 40 km of the trench axis
(Fig. 13) (Planert et al. 2010). The resulting rough
topography of the oceanic basement can be traced
to several kilometres depth underneath the accre-
tionary prism. Riffling of slope debris subparallel
to the underthrust horst-and-graben relief is
observed for parts of the frontal prism (Fig. 13a),
similar to processes observed in northern Chile
(von Huene & Ranero 2003). This region corre-
sponds to reduced upper mantle velocities, which
reach values of 7.5 km/s within a distance of 30–
50 km from the trench (Fig. 2, panels e, f ).

The fore-arc high rises steeply from the trench to
water depth of less then 2500 m (Fig. 13a). Loca-
lized slope failure is observed on Figure 13 and is
associated with the oversteepening of the lower
slope. The sea floor morphology is dominated by
two distinct, east–west trending ridge structures
(Ridge A and Ridge B in Fig. 2, panel e) spaced
c. 25 km apart (Fig. 13a). Uplift and tilting of piggy-
back basins hosted between the ridges (Fig. 13a)
document active deformation and vertical displace-
ment (Mueller et al. 2008). Seismic velocities of
the fore-arc high do not exceed 5.5 km/s where it
is in contact with the underthrusting oceanic crust
at a depth of c. 13 km (Fig. 2, panels d, e), indicating
a sedimentary composition as inferred for other
parts of the margin. This is also supported by the
relatively smooth magnetic response of the fore-
arc high (Mueller & Neben 2006). The fore-arc
high is fronting the Lombok basin, which carries
3–4 km of sediment above a seaward dipping base-
ment (Fig. 2, panels d, e). The c. 9 km thick base-
ment crust underneath the basin shows a high
velocity gradient in its upper portion, decreasing
in the lower crust. The upper plate Moho is located
at a depth of c. 16 km underneath the fore-arc basin
(Fig. 2) with upper mantle velocities of 7.5–
7.6 km/s.

Interpretations

Sediment recycling is the principal process of mass
flux along the lower slope south of the Lesser Sunda
islands, where mass wasting of the fore-arc high
supplies upper plate material to the trench
(Fig. 13b), which is subsequently incorporated into
the frontal prism. The oceanic crust is progressively
faulted and altered as it approaches the trench. The
complex shape of the thrust interface as imaged
in the tomographic models (Fig. 2, panels d–g)

suggests a high degree of fracturing of the oceanic
crust with potential dissection into singular blocks.
Horst-and-graben structures with vertical offsets of
up to 500 m are recognized along the outer trench
wall (Fig. 13a–c). Where the lower plate relief is
not as pronounced, the lower slope is not impacted
by subducted seamounts and is characterized by
thrust faults (Fig. 13a). Offshore Bali and Lombok,
the middle slope largely remains undisturbed, how-
ever, local undulations in the topography may result
from lower plate fabric subducted beyond the
frontal prism. A number of landslides have been
identified along this margin sector (Brune et al.
2010a) and are classified into two types (Types I
and II) as proposed by Yamada et al. (2010). Type
I slides are of smaller dimension, developing on
the lower slope and occurring frequently. The fre-
quency of Type II slides is much lower compared
to Type I failures. They occur on the middle and
upper slope and are of larger dimension compared
to Type I slides. Offshore Sumbawa at 1178520E/
11840S, a Type II slide on the middle and lower
slopes at 5300 m water depth with a width of
23 km affected a volume of c. 15 km3 (Brune et al.
2010a) (westernmost slope failure in Fig. 13b).
From the absence of a deposition lobe it may be
inferred that the landslide sediment deposit has
been frontally accreted and incorporated into the
frontal prism seaward of the headwall scarp. A
northward offset of the headwall scarp indicates
segmentation of the slide and collapse in successive
events. Moving to the east, at least three adjacent
slope failures (Type I) are identified in Figure 13b.
They are of much smaller volume and only affect
the lower slope. Lateral migration of slope fail-
ures has been predicted by analogue modelling
(Yamada et al. 2010). The primary single slide
will lead to changes in slope topography due to sedi-
ment displacement. Adjacent areas then become
instable due to the resulting topographic undulations
and another event is triggered in adjacent areas. The
largest slide (Type II) with a volume of 20 km3

(Brune et al. 2010a) is encountered at 1198150E/
11830S where it has left a significant deposit lobe
resulting from failure of the middle and lower
slope (Fig. 13b, c). This is located in the transition
area from oceanic subduction to continent–island
arc collision at the easternmost end of the Java
trench. A sequence of seaward vergent normal
faults on the outer trench wall relays the deepening
of the sea floor from the Argo Abyssal Plain with a
water depth of ,5000 m to the trench at 6500 m
depth below the sea surface (Fig. 13b) (Planert
et al. 2010). Near the deformation front, two land-
ward vergent faults with a strike of c. 658 and thus
subparallel to the magnetic anomalies (Mueller
et al. 2008) are sculpting the deformation front
and lower slope as they are subducted (Fig. 13c).
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The deformation front is additionally affected by
transpressional deformation related to the south-
ward curvature of the trench as it merges into the
Timor trough (Fig. 13c). The relocated epicentre
of the 1977 earthquake (Engdahl & Villaseñor
2002) is shown in Figure 13b. The main event and
the aftershock sequence likely resulted from slip
along the re-activated inherited sea floor fault
fabric as it bends underneath the upper plate and
ruptures the oceanic lithosphere to a depth of 30–
50 km (Spence 1986; Lynnes & Lay 1988).

One of the most prominent features on the wide-
angle profiles is the shallow upper plate mantle,
which is found at a depth of c. 16 km underneath
the fore-arc basin. The low seismic velocities of c.
7.5 km/s detected here (to c. 2 km below the
Moho) are attributed to hydration and serpentiniza-
tion of mantle peridotite (Faccenda et al. 2009),
requiring faults to penetrate the oceanic crust and
reach deep into the mantle. This is supported by
the hypocentre relocation of the 1977 Sumba earth-
quake sequence, which resolved normal faulting to
affect the oceanic lithosphere to a depth of 34 km
(Spence 1986) as indicated above. The shallow pos-
ition of the upper plate mantle may fundamentally
affect seismogenesis along the Java margin as it
limits the extent of the seismogenic zone. The inter-
face contact with weak, hydrated minerals such as
serpentinite, which mechanically cannot support
stick-slip behaviour, would result in stable sliding
downdip of the seismogenic zone (e.g. Hyndman
et al. 1997; Oleskevich et al. 1999). However,
exceptions to this concept may exist, for example
offshore Sumatra, where earthquake nucleation
has been proposed to occur in the mantle (Dessa
et al. 2009; Klingelhoefer et al. 2010) or offshore
Japan, where earthquake clusters below the depth
of the fore-arc Moho are related to seamount detach-
ment (Uchida et al. 2010). Along with the depth
extent of the seismogenic zone, the size of the
lateral rupture zone determines the potential magni-
tude of subduction thrust earthquake. Local asperi-
ties that may act as barriers to rupture thus will
also influence the magnitude. The eastward propa-
gating minimum 200 km rupture of the 1977
Sumba normal faulting event was likely limited by

the thick crust of the Scott plateau, acting as a
barrier to further rupture propagation.

Remaining issues

The transition from oceanic subduction to the colli-
sional regime along the Timor trough occurs south
of Sumba Island (Fig. 13c), where the crystalline
crust of the Sumba block is imaged in the tomo-
graphic model (Fig. 2, panel f). The easternmost
profile is located east of Sumba Island around
1218E (Fig. 1) (Shulgin et al. 2009) and documents
the early stages of continent–island arc collision
along the westernmost extension of the Timor
trough (Fig. 2g). The relative motion along this
segment of the Timor trough has slowed to
c. 15 mm/a. The incoming crust of the Scott pla-
teau reaches a thickness of 15 km as it subducts
below the fold-and-thrust belt of the upper plate.
The increased sediment thickness is reflected in
decreasing water depth in the trough (Fig. 13c).
Sediments are likely sourced from the Australian
continent and contribute to the evolution of a large
accretionary body with a width of c. 130 km. This
evolving collisional system is dominated by the
Sumba Ridge, a high velocity block that acts as
backstop to the accretionary prism in the south
(Fig. 2, panel g). Backthrusting onto the Savu
Basin in the north originates from the compressional
deformation caused by the northward propagation
of the Australian lithosphere (Bock et al. 2003).

Conclusions

This study investigates contrasting modes of defor-
mation in three segments of the Java convergent
margin, defined by varying processes of mass trans-
fer. Sediment supply to the trench acts as the princi-
pal factor governing lower to upper plate material
transfer. The decreasing sediment supply to the
Java trench from west to east correlates with a chan-
ging pattern of mass flux: from sediment accretion
offshore western Java to tectonic erosion off central
Java. Sediment accretion characterizes the Sumatra
sector of the Sunda margin, where sediment input on

Fig. 13. High-resolution bathymetric mapping offshore Lombok to Sumba. Location is indicated in Figure 3.
(a) The accretionary prism is dominated by two elongated ridges which host piggy-back basins. The topography of the
lower plate is dominated by plate-bending induced normal faulting locally overprinted by original sea floor spreading
fabric. Oceanic crust topography causes riffling of lower slope material upon subduction underneath the frontal prism.
Mass wasting occurs to the fore-arc basin in the north. (b) Slope failure results in landslides affecting the lower slope
(Type I failure) or the middle and lower slope (Type II failure). The headwall scarp of the Type II failure is offset
northwards, indicating failure in successive phases. Three adjacent Type I slides are indicated and associated upper
material wasting is observed on the trench floor. White star indicates hypocentre location of 1977 Sumba earthquake. (c)
Transition to the Timor trough coincides with a shallowing of the sea floor and is associated with transpressional
deformation and uplift of the overriding plate. A debris lobe is observed in the trench and will eventually be
re-incorporated into the frontal prism. Refer to Figure 10 caption for additional display information.
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the oceanic plate continuously increases to the north
with closer proximity to the Ganges–Brahmaputra
system (Moore et al. 1980). The western Java
segment is characterized by a net addition of
material from the lower plate to the upper plate
and by an oceanic sea floor topography smoothed
by a sediment apron. Offshore western Java,
frontal sediment accretion dominates and c. 2/3 of
the trench sediment sequence is incorporated into
an imbricate thrust belt (Schlueter et al. 2002)
(Figs 6 & 7). The thickness of material subducting
beyond the frontal accretionary prism ranges from
500 to 1000 m per trench km here. Basal accretion
likely occurs below the fore-arc high, contributing
to the evolution and uplift of a .100 km wide biver-
gent wedge (Fuller et al. 2006; Kopp et al. 2009).

To the east, offshore central Java, the transition
from sediment accretion to tectonic erosion occurs
over a distance of less than 100 km around 1108E
(between profile P18 and P16 in Fig. 1). Here, the
trench is devoid of sediments except for isolated
sediment ponds (Masson et al. 1990). A complex
canyon system traverses the continental slope and
supplies material to the Java and Lombok fore-arc
basins. Sediment discharged from Java and the
Lesser Sunda islands does not reach the trench,
but is trapped in the fore-arc basins as the distance
from the trench to the active volcanic arc increases
from west to east. The nature of the basement of
the arc framework crust underneath the Java and
Lombok fore-arc basins remains enigmatic. Based
on previous work by Curray et al. (1977) and
Kopp et al. (2002), it is proposed that the fore-arc
crust could be composed of an altered oceanic
terrane, which resisted subduction due to increased
positive buoyancy (Planert et al. 2010). An alterna-
tive view is based on the rock record of Sumba
Island: the seaward extent of continental crust
south of Java and the Lesser Sunda islands could
be the lateral continuation of the Late Cretaceous
arc massif (Rutherford et al. 2001).

High relief oceanic basement is subducting off-
shore central and eastern Java, leading to a rough
sea floor and causing frontal erosion of the
fore-arc (Fig. 10). The margin geometry is influ-
enced by the subduction of an oceanic plateau, the
Roo Rise, underneath the Java fore-arc. The Nusa
Tenggara segment offshore the Lesser Sunda
islands experiences the transition from oceanic sub-
duction to continent island arc collision (Fig. 13),
with a rapid change in upper plate structure along
strike.

The eastern Sunda margin is prone to large
potentially tsunamigenic landslides. Landslides are
categorized in Type I and Type II slides, following
the nomenclature of Yamada et al. (2010). Type I
slides are of smaller dimension and occur on the
lower slope, while Type II slides affect a larger

area/volume and are observed on the middle and
upper slopes. Both types are triggered by the over-
steepening of the slope either due to the subduction
of relief or near a thrust surface in the frontal imbri-
cate thrust fan (Fig. 13). While the smaller Type I
slides are ubiquitous along the Java margin, the
larger Type II slides are only observed in the east-
ernmost segment. Brune et al. (2010b) have ident-
ified 12 landslides along the Sunda margin from
high-resolution multibeam bathymetry. While the
volume of the Type I landslides is typically less
than 5 km3, the three largest ones, which are
located in the transition zone from the Java trench
to the Timor trough, show large volumes of 15–
20 km3 and have originated on the middle slope,
which qualifies them as Type II slides (Fig. 13b).
A potential contribution of the Type II slides ident-
ified in the vicinity of the 1977 Sumba earthquake is
not verified. Tsunami propagation modelling suc-
cessfully predicted the observed run-up heights
from the earthquake tsunami alone and does not
necessarily require a further contribution from a
landslide tsunami (Brune et al. 2010a).

An additional process for tsunami generation is
the potential activation of splay faults during the
co-seismic phase. Splay faults connect to the mega-
thrust at depth and dip steeply to the surface, as
imaged offshore western Java (Kopp et al. 2009)
(Figs 6 & 7) and off the Lesser Sunda islands
(Lueschen et al. 2010). Thus the low-angle slip of
the megathrust will potentially be transferred to a
higher angle, which may greatly enhance sea floor
displacement (Tanioka & Satake 1996). Due to the
lack of deeply penetrating multichannel seismic
data, the role of potential splay faults in the gener-
ation of the 1994 and 2006 Java tsunamis remains
unresolved.

Deep-seated subduction processes excerpt
control on the structure and deformation of the
upper plate as well as on the seismogenesis of the
fore-arc. The most dramatic effects are observed
in the central-eastern Java segment, where defor-
mation of the sedimentary units in the fore-arc
basin (Figs 7 & 11) and backthrusting of the
fore-arc high onto the basin (Fig. 2, panels c, d)
are documented. A decrease in the subduction
angle of the underthrusting plate, as detected off
South America, however, is not observed here
(Koulakov et al. 2007). This concurs with results
from numerical modelling, which predict that a
moderate-sized plateau will not significantly alter
the subduction angle (Gerya et al. 2009). In
addition, the modelling also predicts that a decrease
in magmatic activity is unlikely. Tomographic
inversion has revealed the interplay between the
fore-arc and the volcanism on Java, where the
high vp/vs ratio of a pronounced low velocity
anomaly in the Javanese crust is indicative of fluid
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ascent from the underthrusting plate to the volcanic
arc (Koulakov et al. 2007) and has been interpreted
to image the related fluid ascending paths (Wagner
et al. 2007). Other predictions based on numerical
modelling regarding the fore-arc morphology are
also matched: a local increase in topography is
observed in the overriding plate as well as a north-
ward displacement of the deformation front (Kopp
et al. 2006), indicative of erosive processes here.
Stress fluctuations govern erosion, which requires
a strong subduction thrust fault and a mechanically
weak overlying wedge. On short timescales,
earthquakes are a common mechanism to cause
variations of stress, which then occur from the
interseismic phase to the co-seismic activity
(Wang et al. 2010). Changes in basal fault strength
may also be caused by the rough topography of
an oceanic plate lacking a significant sediment
cover. Deformation of the wedge caused by the
impinging bathymetric features will mechanically
weaken the prism, which is then overlying a strong
basal detachment, providing conditions favouring
subduction erosion.

Basal subduction erosion would pose a tectonic
mechanism for basin subsidence; however, this
would require the underthrusting plate to remain
in contact with the upper plate from the trench to
underneath the fore-arc basin. The tomographic
images of Figure 2 clearly demonstrate that the
underthrusting plate dips into the upper mantle
beneath the outer fore-arc high. Further evidence
for this configuration comes from earthquake hypo-
centres distribution (Wagner et al. 2007; Wittwer
2010) and gravity modelling (Grevemeyer &
Tiwari 2006; Planert et al. 2010; Shulgin et al.
2010). In addition, satellite magnetic data record a
significant anomaly extending seaward, resulting
from a hydrated mantle wedge underneath the
fore-arc (Blakely et al. 2005). This then raises the
question if subduction erosion of the upper plate’s
lithospheric mantle wedge occurs and if this accom-
plishes basin subsidence. This issue, however, is
beyond the scope of this paper.

Seismogenesis

The Java margin is characterized by a notable
absence of Mw . 8 earthquakes compared to its
Sumatran counterpart, leading to the question of
what controls seismic rupture and consequently
the potential size of earthquakes offshore Java.
The magnitude of an earthquake is associated
with the size of its rupture zone. Slip motion on a
fault will depend on the tectonic environment of
the source region (Bilek 2007). Two aspects are
related to slip motion: (1) the role of the decollement
zone and (2) the role of sea floor relief acting as
asperities or barriers to rupture.

The notion that trench sediments affect seismo-
genesis was brought forward by Larry Ruff (Ruff
1989) and is here extended to the concept of the sub-
duction channel in general. On a global scale, giant
megathrust earthquakes (Mw � 8.5) are observed
in systems characterized by sediment-flooded
trenches [e.g. Sumatra (1883, 2004, 2005), Southern
Chile (1960, 2010), Alaska/Aleutians (1964, 1965,
1986)] as well as at erosional margins [Kamchatka
(1952), Kuril Islands (1963), Northern Chile
(1868, 1877)], which show a subduction channel
of several hundred metres in thickness. The exist-
ence and geometry (thickness) of a subduction
channel thus influences rupture propagation to a
greater degree than the nature of the material in it
(trench sediment v. upper plate erosional debris)
(Tanioka et al. 1997; Bilek & Lay 1999). A discus-
sion on the role of fluids in this context, however,
is beyond the scope of our data.

The second aspect regards sea floor roughness
and the question of whether basement relief acts
as an asperity or barrier to seismic rupture (Bilek
& Lay 2002). Certainly this will not play a role
where basement highs are deeply buried in the sub-
duction channel. Here, subduction channel material
smoothes sea floor relief and cushions upper plate
contact. Where this is not the case, underthrusting
seamounts or ridges may pose a limit to lateral
rupture propagation, as do crustal faults (Collot
et al. 2004). Bathymetric relief on the under-
thrusting plate will lead to variations in mechanical
coupling and high friction models as well as low
friction models have been proposed (Cloos 1992;
Mochizuki et al. 2008). Large seamounts (�3 km
height) may increase the normal stress between
the plate and raise interplate coupling (Scholz &
Small 1997). On the contrary, reduction of normal
stress has been proposed to result from elevated
pore pressure of entrained fluid-rich sediment
during erosion (von Huene et al. 2004). Weak inter-
plate coupling may be related to the damage caused
by erosion that inhibits the accumulation of elastic
strain energy (Mochizuki et al. 2008). Recurring
Mw c. 7 earthquakes are related to seamount sub-
duction in the Japan trench (Mochizuki et al. 2008)
where weak coupling has been linked to fluid-rich
sediment and migration of fluids at the base of
the seamount.

Along the Java subduction zone, different tec-
tonic features exert a first-order control on the
seismogenesis of the margin and govern the lack
of Mw . 8 megathrust earthquakes:

(1) Our tomographic images reveal a shallow
upper plate Moho with low mantle velocities,
indicative of hydrated minerals (Fig. 2).
Hydration is caused by fluids, which are
released from the subducting slab and
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entrenched sediments, leading to serpentiniza-
tion of the mantle wedge (Hyndman &
Peacock 2003). The limited downdip extent
of the seismogenic zone is also supported
by gravity data and thermal modelling
(Grevemeyer & Tiwari 2006) as well as by
the fore-arc morphology (Krabbenhoeft et al.
2010).

(2) In the central Java segment, seismic rupture
would additionally be limited along strike by
subducted basement relief acting as barriers
that will resist co-seismic slip. Erosional
damage related to seamount/Roo Rise
plateau subduction may hinder the accumu-
lation of elastic strain (Mochizuki et al.
2008). Local elevation in pore pressure of
sediment entrained during underthrusting of
a seamount may also be expected. The
uneven slip distribution recorded during the
co-seismic phases of the recurring tsunami
earthquakes on this margin sector (Fig. 1)
(Ammon et al. 2006; Bilek & Engdahl 2007)
document the highly heterogeneous plate
coupling of the fore-arc. The structural diver-
sity of the underthrusting plate in conjunction
with fluid-related processes governs the het-
erogeneous plate coupling offshore Java.

A heterogeneous structure has also been documen-
ted for the onshore portion of the upper plate
fore-arc. Two high velocity, rigid blocks sandwich
a low velocity anomaly in southern Java, which is
interpreted as a weakened contact zone. The pred-
ominantly strike-slip focal mechanism of the
Mw ¼ 6.3 Java event in May of 2006 corresponds
to the orientation of this contact zone (Wagner
et al. 2007). However, our data lack the resolution
to precisely determine the role of upper plate hetero-
geneity in seismic rupture propagation patterns.

In summary, the complex megathrust interface
geometry is the main factor for the observed
absence of large (.8) magnitude earthquakes off-
shore Java (Newcomb & McCann 1987), while
smaller magnitude earthquakes frequently occur.
The interplay between the tectonic habitat of the
source region and the seismogenesis of large mega-
thrust earthquakes is only crudely understood to
date. The topic invites further research in the
future to better understand the seismogenic segmen-
tation and the specific geohazard potential of
convergent plate boundaries.
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