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Abstract
A plate tectonic model for the Cenozoic development of the region of SE Asia and the SW Paci®c is presented and its implications are
discussed. The model is accompanied by computer animations in a variety of formats, which can be viewed on most desktop computers. GPS
measurements and present seismicity illustrate the high rates of motions and tectonic complexity of the region, but provide little help in longterm reconstruction. Plate boundaries shifted rapidly in the Cenozoic. During convergence of the major plates, there were numerous important
episodes of extension, forming ocean basins and causing subsidence within continental regions, probably driven by subduction. Within eastern
Indonesia, New Guinea and the Melanesian arcs, there are multiple Cenozoic sutures, with very short histories compared to most well-known
older orogenic belts. They preserve a record of major changes in tectonics, including subduction polarity reversals, elimination of volcanic
arcs, changing plate boundaries and extension within an overall contractional setting. Rapid tectonic changes have occurred within periods of
less than 5 Ma. Many events would be overlooked or ignored in older orogenic belts, even when evidence is preserved, because high resolution
dating is required to identify them, and the inference of almost simultaneous contraction and extension seems contradictory.
There were three important periods in regional development: at about 45, 25 and 5 Ma. At these times, plate boundaries and motions
changed, probably because of major collision events. The 45 Ma plate reorganisation may be related to India±Asia collision, although some
important intra-Paci®c events, such as voluminous Eocene boninite magmatism, seem to be older and require other causes. Indentation of
Asia by India modi®ed the Asian continent, but there is little indication that India has been the driving force of tectonics in most of SE Asia.
The most important Cenozoic plate boundary reorganisation was at about 25 Ma. The New Guinea passive margin collided with the East
Philippines±Halmahera±South Caroline Arc system. The Australian margin, in the Bird's Head region, also began to collide with the SE
Asian margin in Sulawesi. The Ontong Java Plateau collided with the Melanesian Arc. These collisions caused a major change in the
character of plate boundaries between about 25 and 20 Ma. Since 25 Ma, tectonic events east of Eurasia were driven by motion of the Paci®c
Plate. Further, west, the movement of Australia northwards caused rotations of blocks and accretion of microcontinental fragments to SE
Asia. Plate motions and boundaries changed again at about 5 Ma, for uncertain reasons, possibly as a consequence of Paci®c Plate motion
changes, arc±continent collision in Taiwan, or other boundary changes at the Paci®c margin, for example in the Philippines.
Areas to the west and east of New Guinea, the Banda Sea and Woodlark Basin, illustrate the speed of change, the unexpected interplay of
convergence and extension, and the importance of subduction as the engine of change. Subduction has been the principal driving mechanism
for tectonic change, although its manifestations are varied. They include collision-related phenomena, partitioning of oblique convergence,
and effects of hinge roll-back and pull forces of subducting slabs. Magmatism is not always associated with subduction, depending on the
movement of subduction hinge, and there may be important extension of the upper plate both perpendicular and parallel to the length of
subduction zones. Strike-slip faulting is observably very important within the Paci®c±Australia±Eurasia convergent setting, yet appears in
few tectonic models. Long-term strike-slip deformation can explain some of the complexities of areas such as New Guinea, including
magmatism and its absence, and thermo-chronological data showing very young and rapid cooling of the mobile belt and fold belt.
The inadequacies of the tectonic model re¯ect in part the dif®culties of applying rigid plate tectonics, when there is clear evidence of
changing shapes of fragments. Geological knowledge of the region is still inadequate and signi®cant improvements to regional data sets, such
as palaeomagnetic data and isotopic ages, are required. New tomographic techniques offer an important means of testing this and other
reconstructions. However, valuable insights could also be obtained from simple data sets, such as sediment volumes, if more information that
is complete were available in the public domain. Two-dimensional plate tectonic cartoons of small areas are no longer adequate descriptions
or tools for understanding. It is essential to test plate tectonic models by using animation techniques with reconstructions drawn at short time
intervals, which expose ¯aws in models, show major gaps in knowledge and help identify truly regional events. Observations of present-day
tectonics, and all geological evidence, indicate that the model presented here is over-simpli®ed. Improvements in this, or new models, will
inevitably be more complex than the reconstructions described here. q 2002 R. Hall. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction
The Cenozoic was a period of major tectonic events,
which in¯uenced life and climate in SE Asia and the SW
Paci®c. Early in the Cenozoic, the collision of India with
Eurasia enlarged the area of land in SE Asia. Later, the
continuing collision with Australia led to connections
between Australia, Eurasia and the Paci®c, accompanied
by the disappearance of some volcanic arcs and initiation
of others. Subduction maintained volcanic arcs, which
formed discontinuously emergent island chains crossing
the region. The geological evolution of this region is
complex, fascinating and important. Many geological
ideas of great signi®cance have originated here, from the
links between gravity and ocean trenches of Vening
Meinesz (1934), the mobilist ideas of Carey (1958), to the
development of island arcs in the West Paci®c (Karig,
1974). It is neither coincidence that Wallace's ideas on
evolution developed here, nor that these original thoughts
were closely linked to ideas of geological evolution
(Wallace, 1869). Much of the region has emerged from
the sea very recently, providing opportunities for new life
and the incredible diversity of plant and animal species (e.g.
Fischer, 1960; Stehli, 1968; Briggs, 1974; Brown, 1988;
Gentry, 1988; Paulay, 1997; Morley, 1999), and the region
continues to change at a rapid rate. Although it is a spectacular region of volcanic activity and seismicity, this

wonderful natural laboratory is still not geologically well
known.
This paper attempts to give an account of the Cenozoic
evolution of this vast region (Figs. 1±3), using computer
animations to illustrate its plate tectonic evolution. Because
the region is so large, there is extensive literature (the Royal
Holloway SE Asia Research Group's bibliography, primarily concerned with SE Asia, contains approximately 18,000
references). The coverage of the region is not even. For
some areas like the Banda Arcs, the amount of geological
literature is daunting, whereas for similar sized and equally
complex parts of New Guinea, there is very little. I have
tried to provide a basic commentary on the regional geology
and constraints on reconstructions, before discussing the
sequence of events. In order to do this, I have often cited
references, which provide some of this information and
review earlier literature, but may not be the primary work
(for example, there are large amounts of important data in
early Dutch publications, which are generally not cited
here). This has been done to keep the reference list manageable, while providing adequate information on the background, justi®cation for the interpretations made, and to
provide a starting point for those who wish to research speci®c areas in more detail. Important sources for information on
regional tectonics, and overviews of the geology of different
parts of SE Asia and the SW Paci®c, can be found in Visser
and Hermes (1962), van Bemmelen (1970), Dow (1977),

Fig. 1. Principal geographical features of the region covered in the SE Asia reconstructions. The light shaded areas are the continental shelves of Eurasia and
Australia drawn at the 200 m isobath.
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Fig. 2. Principal geographical features of the region covered in the SW Paci®c reconstructions. The light shaded areas are the continental shelves of Eurasia
and Australia drawn at the 200 m isobath.

Hamilton (1979), Hayes (1980, 1983), Kroenke (1984),
Hutchison (1989, 1996b), Mitchell and Leach (1991) and
Hall and Blundell (1996).
1.1. Layout of the paper
Section 2 of the paper brie¯y discusses present-day plate
motions, as known from global plate models, GPS and
tomography, considers the limitations of plate tectonics
for continental and oceanic parts of the region, and
discusses the value of a plate tectonic model for SE Asia
and the SW Paci®c. Section 3 summarises the techniques
used in constructing the model, the value and sources of
information and outlines routine features of the animations,
such as the colours used on the maps and their meaning,
and the ®le types and animation software. Sections 4, 5 and
6 then summarise the present tectonic and geological background for the many geographical sub-areas between Asia
and the SW Paci®c, and the essential features of the model
for these areas. For this purpose, I have subdivided the
region into three major sub-regions, and then discussed
areas within these sub-regions. Section 4 deals with mainland Asia, areas peripheral to Asia, and the Sundaland

region. Section 5 deals with Asia±Paci®c±Australian
margins and considers the smaller plates at these plate
boundaries, including the Philippine Sea Plate, the Philippines and eastern Indonesia. Section 6 deals with the smaller plates and arcs around northern and eastern Australia,
including New Guinea, the Caroline Plate and the Melanesian Arcs. Sections 7 and 8 discuss the plate tectonic model
and Cenozoic history of the region for time slices of 5
million years from 55 Ma to the present. Section 9
discusses the implications of the interpretations for the
region and attempts to draw some more general conclusions
of relevance to other orogenic belts.
2. The region discussed
The region of SE Asia and the SW Paci®c (Figs. 1±3)
includes two major continental regions, Sundaland±Eurasia
and Australasia, separated by oceanic plates. The whole of
the western Paci®c region is a mosaic of microplates, mainly
of oceanic character, but at the margins of Australia, Sundaland and Asia are numerous small fragments of broadly
continental character. How useful can a plate tectonic
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Fig. 3. Present-day tectonic features of SE Asia and the SW Paci®c as shown on the global reconstructions. The colours used in the reconstruction animations
and ®gures on the CD are summarised below. White lines in ocean basins are selected marine magnetic anomalies. Cyan lines outline bathymetric features.
Red lines are active spreading centres. White lines with triangles are subduction zones and other white lines are strike-slip faults. The present extent of the
Paci®c Plate is shown in turquoise. Areas ®lled with green are mainly arc, ophiolitic, and accreted material formed at plate margins during the Cenozoic. Areas
®lled in cyan and pale mauve are submarine arc regions, hot spot volcanic products, and oceanic plateaux. Pale yellow areas represent submarine parts of the
Eurasian continental margins. Deep yellow is used for deeper marine areas of South China Sea, Okinawa Trough and Japan Sea underlain by stretched
continental crust. Pale and deep pink areas represent submarine parts of the Australian continental margins. To the west of Australia Jurassic ocean crust is
shaded turquoise and Cretaceous ocean crust is shown in two shades of blue. Letters represent marginal basins and tectonic features as follows. Marginal
basins: A1, Kuril Sea; A, Japan Sea; B, Okinawa Trough; C, South China Sea; D, Sulu Sea Ca; E, Celebes Sea; F, Molucca Sea; G, Banda Sea; H, Andaman
Sea; J, West Philippine Basin; K, Shikoku Basin; L, Parece Vela Basin; M, Mariana Trough; N, Ayu Trough; P, Caroline Sea; Q, Bismarck Sea; R, Solomon
Sea; S, Woodlark Basin; T, Coral Sea; U, Tasman Sea; V, Loyalty Basin; W, Norfolk Basin; X, North Fiji Basin; Y, South Fiji Basin; Z, Lau Basin; Tectonic
features: Ba, Banda Arc; BH, Bird's Head; Cagayan Arc; Fj, Fiji; Ha, Halmahera Arc; IB, Izu±Bonin Arc; Ja, Japan Arc; Lo, Loyalty Islands; Lu, Luzon Arc;
Mk, Makassar Strait; Mn, Manus Island; NB, New Britain Arc; NC, New Caledonia; NH, New Hebrides Arc; NI, New Ireland; Nng, North New Guinea
Terranes; Pa, Papuan Ophiolite; Pk Palau±Kyushu Ridge; Ry, Ryukyu Arc; Sa, Sangihe Arc; Se, Sepik Arc; So, Solomons Arc; Sp, Sula Platform; Su, Sulu
Arc; TK, Three Kings Rise; To, Tonga Arc; Tu, Tukang Besi Platform.

model be for such a region? The following parts of Section 2
consider present plate motions, insights from GPS and
tomography, the limitations of plate tectonic interpretations
of the region, and the value of a plate tectonic model for SE
Asia and the SW Paci®c.

2.1. Present plate motions
The present relative motions of the major plates of importance to the region, the Indian, Paci®c, Australian and
Eurasian Plates, are well known. The global plate motion
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model NUVEL-1A and modi®cations (DeMets et al., 1990,
1994; DeMets, 1993; Seno et al., 1993) provide a broad
kinematic framework for SE Asia and the SW Paci®c. In
recent years, the measurement of plate tectonic movements
has improved signi®cantly in precision and accuracy, and
global plate models are constantly being tested and reexamined in the light of new data, such as earthquake slip
vector measurements and GPS observations. Gordon (1998)
concludes that the central assumption of plate tectonics, that
plates are rigid, remains a useful, but uncertain approximation, but plate boundary zones may be very wide, possibly
up to 1000 km. McCaffrey (1996) reached a similar conclusion for the SE Asian and West Paci®c region. In this region,
Gordon (1998) suggested regions of deforming lithosphere,
which he called diffuse plate boundaries, typically about
200 km wide, except in east Indonesia, where the deforming
lithosphere may be as wide as 1000 km. Since much of the
region considered in this paper is at plate boundaries, and
some of these boundaries are wide and deforming in a
complex manner at the present-day, it will be clear that a
regional plate tectonic model will be an approximation.
2.2. GPS observations
GPS observations are an important tool to constrain
instantaneous plate motions. By the year 2000, there were
about 10 years of accumulated GPS observations from this
complex region (e.g. Puntodewo et al., 1994; McCaffrey,
1996; Walpersdorf et al., 1998a,b; Tregoning et al., 1998,
1999; Larson et al., 1999; Rangin et al., 1999a; Stevens et
al., 1999; Yu et al., 1999; Kreemer et al., 2000). They show
that, within this region, there are many plate boundaries and
plates with very high rates of motion. It is necessary to
consider multiple blocks to describe the region, boundary
zones are often wide, and in some areas, deformation is
distributed. Where rates of motions are low, plate movements are less certain, simply because of the very short
period over which GPS measurements have been collected.
Because of this short period, in some areas, GPS measurements may not record true long-term motions because of
elastic effects. Elastic effects may be recognisable with
dense GPS networks, but these do not exist in SE Asia
and the SW Paci®c. Kreemer et al. (2000) discuss some of
the dif®culties of making conclusive inferences based on the
present dataset, for example, the identi®cation of separate
Caroline and Paci®c plates, and differences between
motions predicted from seismicity, compared with those
suggested by GPS measurements. It is not clear in some
regions whether the high-predicted strain rates of velocity
models based on GPS data are a consequence of aseismic
deformation, or re¯ect long intervals between earthquakes.
In some areas, such as Papua New Guinea, the GPS
observations (e.g. Tregoning et al., 1998) identify microplates inferred from observations of lengths of subducting
slabs and volcanism to have existed for a few million years,
and may permit, but do not demonstrate, the existence of
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other slow moving plates, which have been suggested on the
basis of observations, such as morphology of deep troughs
and seismic pro®les. Longer periods of GPS measurements
may resolve such problems. There remain some differences
between GPS-derived motions and estimates of long-term
motions based on magnetic isochrons in oceanic crust, such
as the Woodlark Basin. Several of the microplates east of
Papua are oceanic, whereas continental crust may be more
inherently deformable. It is not clear what is the meaning of
the many small blocks and local motions suggested by some
GPS analyses in terms of plates. The upper crust could be
partly or completely decoupled from the deeper lithosphere,
in which case the motions cannot be used directly to infer
plate motions.
Some authors (e.g. Walpersdorf et al., 1998a; Rangin et
al., 1999a,b) suggest that GPS measurements may be used to
infer regional plate motions in SE Asia over periods of the
order of 10±15 Ma. For example, they show that GPS
measurements are consistent with a rigid Sundaland Block
rotating slowly with respect to Eurasia, and suggest that this
motion can be extrapolated back several million years. As
suggested later in this paper, there is a considerable internal
deformation within Sundaland during this period, which is
not consistent with a single rigid block rotation. As Rangin
et al. (1999a) show, in many parts of east Indonesia, it is
dif®cult to trace block boundaries. There are problems in the
Banda Sea region where GPS motions have been interpreted
by Rangin et al. (1999a) to show blocks, such as a Timor
Block, bounded to the south by the `Timor Trench', which is
now an inactive region. This may re¯ect the low density of
GPS sites, which could identify other faults. The available
GPS observations permit other blocks to be identi®ed, and
even if the blocks are accepted, imply changes in less than a
million years in motions of some blocks (e.g. the Bird's
Head), because of the overlap that results if GPS motions
are used to reconstruct past positions. Nonetheless, GPS
measurements of plate motions are in most areas encouragingly similar to predictions made by NUVEL-1A.
Undoubtedly, in the future, agreement will improve still
further. However, it is worth noting that small differences
in vectors, even within the error estimates, may be of significance in a plate model, which considers periods of millions
of years rather than years. I conclude that GPS measurements illustrate the high rates of motions and tectonic
complexity of the region, but provide little help in longerterm reconstruction.
2.3. Tomography
Combined with observations of seismicity and volcanic
activity, the measurements of plate movements made over
the past 30 years indicate that some plate boundaries cannot
be fully de®ned (e.g. south end of Philippine Trench, present
Australian Plate margin, east end of North and South
Bismarck Sea Plates, Molucca Sea region). In some areas,
this is because deformation is distributed, and plate
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boundaries may be in the process of moving. It is clear that
plate boundaries have moved from former positions and/or
changed character in the very recent past (e.g. Banda Sea,
Molucca Sea region, Woodlark Basin, Sulu Arc). The technique of seismic tomography, which images the threedimensional velocity structure of the Earth's interior, and
hence indirectly lithospheric slabs in the mantle, offers
another insight into the dynamic and tectonic history of
the region (e.g. Curtis et al., 1998; Widyantoro and van
der Hilst, 1997; Spakman and Bijwaard, 1998). Subducted
lithosphere constitutes a strong temperature anomaly in the
upper mantle, which causes slabs to be seismologically
detectable as regions with relatively fast seismic wave
speeds. Seismic tomography can therefore reveal a record
of former plate convergence. Developments in data analysis
and tomographic techniques have led to global models,
which are capable of resolving details of mantle structure
(van der Hilst et al., 1997; Grand et al., 1997; Bijwaard
et al., 1998; Bijwaard and Spakman, 2000; Megnin and
Romanowicz, 2000; Ritsema and van Heijst, 2000).
Tomographic images of suf®cient resolution, which can be
used to help understand the entire region of SE Asia and the
SW Paci®c, have only recently become available.
Tomographic models provide an additional independent
source of information on tectonic evolution, which can
be used to test tectonic reconstructions (e.g. Richards and
Engebretsen, 1992; de Jonge et al., 1994; Bunge and Grand,
2000; Hafkenscheid et al., 2001). Plate tectonic models of a
region can also suggest interpretations of images of the
mantle (e.g. van der Hilst, 1995; van der Voo et al.,
1999a,b; Gurnis et al., 2000; Wortel and Spakman 2000).
A global model for slab positions and dynamics is emerging,
although it is not yet possible to obtain the details necessary
to resolve all the tectonic problems in the region of SE Asia
and the SW Paci®c, in part because of the rapidity and
young age of many plate motion and boundary changes.
Most tectonic models are not yet easy to compare to tomographic results because they are incomplete, or because
there are large gaps in time between reconstructions. Rangin
et al. (1999b), Hafkenscheid et al. (2001) and Hall and
Spakman (2002) have attempted to interpret tomographic
images in terms of tectonic models for SE Asia and the
SW Paci®c. There is in general a good degree of agreement
and the positions of many interpreted subduction zones are
consistent with high velocity mantle anomalies (Hafkenscheid et al., 2001) although there are differences, which may
help to improve tectonic models. However, it is necessary to
be cautious. Some known subducting slabs (e.g. the
Woodlark Basin lithosphere) are not visible on the tomographic images, nor are some widely accepted older subduction zones (e.g. the Maramuni arc of Papua New Guinea).
This could be because the lithosphere being subducted was
relatively young, the resolution of tomographic model is
inadequate, or the tectonic interpretation is wrong. In
many critical areas, the tomographic model may lack suf®cient resolution. Slabs may not be imaged, even if they are

there, due to a lack of sampling by ray paths. Tomography
may not be able to resolve suf®cient details to distinguish
between different models that are similar, but differ in detail,
the images may not reveal short-lived subduction systems,
and it may be impossible to image young lithosphere being
subducted. All of these points need to be considered in a
region in which the tectonic setting is capable of changing
rapidly, as indicated by the youth of several large marginal
basins, and suggested by the complexity of the region. It is
also essential to have a dynamic view. Slabs deform in the
mantle and some can move in the mantle. Inevitably, there
are different interpretations of the images. For example,
Rangin et al. (1999b) suggest the slab produced by Neogene
subduction of the Molucca Sea can be traced deep into the
upper mantle, whereas Hall and Spakman (2002) suggest
that the deeper anomalies are not connected to the Molucca
Sea slab but are remnants of Paleogene subduction, now
overridden by northward motion of the Australian Plate.
Tomography clearly has a great deal to contribute to understanding of the region.
2.4. Oceanic regions
Potentially, a plate tectonic model is very useful for
describing the history of oceanic regions, since these do
behave as rigid plates in which deformation is concentrated
at plate edges (Gordon, 1998). The principal problem in
oceanic regions is presented by the volcanic arcs at plate
edges. SE Asia and the SW Paci®c have a long volcanic
history involving subduction of considerable lengths of
lithospheric slabs. In the region reconstructed, almost all
the oceanic crust that existed at 55 Ma (the starting age of
the model) has been subducted, and huge gaps are created in
reconstructions, once one gets back to about 55 Ma. Clearly,
during this period, volcanic arcs grew and the plates, which
include the volcanic arcs, grew in size. Volcanic arcs and
forearcs are characterised by extension, both perpendicular
and parallel to the arc, and the development of an arc means
that its shape and dimensions should change, or are likely to
change, considerably during the period of the reconstructions.
Present-day GPS, seismicity, and the distribution of
volcanic activity, indicate that the western Paci®c margin
includes numerous microplates, which have formed rapidly,
have been destroyed in very short time intervals, and in
many cases have rotated rapidly in similar short time intervals. Spreading rates of these small oceanic microplates are
often very high, for example, the Bismarck Sea and the
Woodlark Sea have opened rapidly in the last few million
years. Convergent rates in many areas in the region are also
amongst the highest on the globe at the present-day, for
example, at the southern end of the Philippine Trench and
at the New Britain Trench. Many oceanic basins are
subducted within a few million years or a few tens of
millions of years of their formation, for example the Sulu
Sea, South China Sea, Shikoku Basin, Celebes Sea and
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Solomon Sea. Some ocean basins are even subducted as
they spread, for example, the present Woodlark Basin.
Many of the small oceanic basins and plates have life expectancies of the order of less than 15 Ma. Furthermore, some
arcs have clearly disappeared. The present-day Molucca Sea
illustrates such a consequence in progress: one arc, the
Halmahera Arc, is being overridden by the Sangihe Arc
during collision, and within a few million years, the
Halmahera Arc will probably have completely disappeared,
along with most evidence of its existence. The implication
of this is that there were probably many more oceans than
are identi®ed in the model, which have now been completely eliminated, and therefore the model is likely to be an
oversimpli®cation. Nonetheless, the generally rigid nature
of the ocean basins, relatively narrow plate boundaries, and
record of motion in marine magnetic anomalies, means that
a plate tectonic model of the oceanic areas, although probably simpli®ed, is potentially a helpful description of the
tectonics of the region.
2.5. Continental regions
For the continental regions, a plate tectonic model is often
more dif®cult to build and apply. As far as Cenozoic motion
is concerned, most of Australia can be considered a simple
rigid plate. Continental Australia has retained its present
shape throughout the Cenozoic, while to the west, to the
south and to the east, large and small basins have been
formed and added to the area of the plate since the Late
Cretaceous break-up of this part of Gondwana. The area
of northern Australia is more complicated. In northern
New Guinea, there is clear evidence of addition of material
at plate margins, for major strike-slip faults, and for signi®cant deformation in numerous thrust belts, some of which
are clearly sutures. There has probably been structural thinning and extension, particularly associated with strike-slip
faults, which have led to the formation of numerous sedimentary basins. To the northwest of Australia, the region
between Sulawesi and the Birds Head microcontinent is
possibly even more complicated, and is very dif®cult to
reconstruct in an adequately accurate form, since much of
the geological evidence is non-quanti®able. There is little
evidence for the amounts of displacement between the individual fragments, which are present in eastern Indonesia.
The small ocean basins, which have been formed between
some of these fragments, lack magnetic anomalies, in many
cases have not been drilled, and dredged samples are the
only means of dating them. In the areas of continental fragments, there has been signi®cant thrusting, and many
sutures have been identi®ed, on which there are potentially
large displacements. Quite small blocks could be considered
as microplates, surrounded by faults and thrust belts. Often,
the only solution is to de®ne a number of fault-bounded
blocks, fragments, terranes or microplates, and attempt to
reassemble them, using all constraints available, into a
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fragment or region, which is consistent with sometimes
con¯icting geological evidence.
The region of Indochina and Sundaland presents a different type of problem. This is an area of continental crust in
which there are clearly major strike-slip faults, and some
authors, particularly those associated with the indentor and
extrusion-type models, postulate that this area can be
described in terms of rigid blocks in which most of the
deformation due to India±Asia collision is concentrated at
faults along the edges of the blocks. In other words, this
region is described in terms of a plate tectonic model involving numerous small microplates, somewhat similar to the
small microplates of the western Paci®c. Other authors have
emphasised the internal deformation of blocks, variable
displacements of faults along their lengths, and the uncertainties in amounts and ages of fault movements. These
differing views are considered further below. Many of the
problems are still not resolved. However, what is clear is
that the indentor hypothesis, because of the many testable
predictions that it has generated, has been an immensely
valuable stimulus to investigate a huge region and our
understanding of the region has increased signi®cantly, as
a result.
2.6. Value of a plate tectonic model
Given the reservations and uncertainties outlined above,
it is obvious that any plate model will be an oversimpli®cation. Nonetheless, analysis of the region as rigid plates can
still give important insights. Probably, the best justi®cation
for a plate model is the discipline it imposes. The development of global plate models reveals inconsistencies, but also
focuses attention on seeking and testing solutions to
problems, as well illustrated by Cande et al. (2000). Many
two- and three-dimensional models purport to show history
and process, but lack explanation of how these link to one
another or to present-day kinematics.
Two and three-dimensional plate tectonic cartoons are no
longer adequate descriptions or tools for understanding.
Because so much of our geological information is not quantitative, it is always possible to ®nd apparently consistent
explanations for the data set. However, this becomes
increasingly dif®cult as the data set increases in size, and
a plate model does initially provide limits within which
solutions are to be found. The positions of the major
ocean plates therefore provide a starting point. Reconstructions which fail to recognise these limits are rarely useful. It
is essential to test plate tectonic models by using maps,
which can be examined at short time intervals. This can
now be achieved using computers and animation techniques.
Animations can expose ¯aws in models, and major gaps in
our knowledge, but can also help identify truly regional
events. Local, particularly two-dimensional, reconstructions
often move problems outside the area of immediate interest,
and neglect or fail to recognise, both inadequacies and
important features of models. Reconstructing a large region
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requires consideration of the implications of local reconstructions, and may indicate new solutions, which can
reconcile different data, or show that commonly accepted
views of regional development could not be sustained.
Finally, some sort of plate tectonic model is essential if
our geological data is to have value to other scientists. For
example, it is clear that at the present the SE Asia±SW
Paci®c region is important in understanding global climate
and ocean circulation (e.g. Gordon, 1986; Godfrey, 1996;
Schneider, 1998). It seems likely that this has been the case
in the very recent past, during the Quaternary ice ages (e.g.
Sarnthein and Wang, 1999; Wang, 1999), and during longer
periods of the Cenozoic (e.g. Cane and Molnar, 2001), at
least in part because the changing patterns of plates have
in¯uenced ocean circulation. Changes in tectonics and
magmatic activity have caused changes in land and sea
distribution, topography and climate, which have in turn
in¯uenced formation and preservation of natural resources,
and distribution and evolution of biota. There are complex
feedback links between several of these, and a plate model
can help illuminate such changes, their history and the
mechanisms by which they work.
3. Plate model
This paper gives an account of a plate tectonic model for
the Cenozoic development of the region, based on my interpretations of a large range of geological data. It summarises
the regional tectonic development of SE Asia and the SW
Paci®c, using a plate model which has been animated using
1 Ma time-slices. The animations are provided on a CD,
which accompanies this paper, and it is intended that the
paper will be read in conjunction with these, which can be
run on any modern personal computer. The model discussed
here was initially developed for SE Asia (Hall, 1996,
1997a), extended to include the SW Paci®c (Hall, 1997b,
1998) and has been further updated to include much recently
published data on the region. Three main animations accompany the paper; a global view of the reconstructions and two
rectilinear projections covering SE Asia and the SW Paci®c.
More detail on the types of ®les and animation software is
given below.
3.1. Previous work
A number of previous reconstructions cover all or parts of
the region discussed here. The reader is referred to the
original papers for accounts of these, which fall into two
groups. There are several important partial plate models or
reconstructions covering various aspects of regional development or speci®c regions, including those by AudleyCharles et al. (1972), Hamilton (1979), Burrett et al.
(1991), Briais et al. (1993) and Lee and Lawver (1994).
Principally during the last ten years, there have also been
a number of large-scale regional models, which consider all
or part of SE Asia and the SW Paci®c in terms of global

plate motions. Amongst the most useful are papers by Crook
and Belbin (1978), Rangin et al. (1990), Daly et al. (1991),
Yan and Kroenke (1993), Lee and Lawver (1995) and Hall
(1996, 1998). Yan and Kroenke (1993) also produced a
valuable computer-animated reconstruction of the SW
Paci®c which is available on CD.
3.2. Plate tectonic modelling
The reconstructions were made using the ATLAS
computer program (Cambridge Paleomap Services, 1993)
and plate motion model for the major plates. The basic
plate model for the major plates is that of the ATLAS
model, which uses a palaeomagnetic reference frame,
with Africa as the reference fragment, with its movement
de®ned relative to magnetic north. Movements of other
major plates relative to Africa are based on Cande and
Leslie (1986), Cochran (1981), Fisher and Sclater (1983),
Klitgord and Schouten (1986), Le Pichon and Francheteau
(1978), McKenzie et al. (1970), Royer and Sandwell
(1989), Sclater et al. (1981), SeÂgou®n and Patriat (1980)
and Srivastava and Tapscott (1986). The Capricorn Plate
(Royer and Gordon, 1997; Gordon, 1998) is not included in
the model. The reconstructions add to the ATLAS model
for the major plates by including a large number of smaller
fragments in SE Asia and the SW Paci®c. Some other
changes have been made to the ATLAS model, for example the motion of the Paci®c±Australia plates have been
modi®ed after Sutherland (1995). It is clear that there is
still room for improvement of major plate motion models
and the global plate circuit, for example the recent work of
Cande et al. (2000) has important implications for plate
models and changes in motion of the Paci®c Plate in the
Cenozoic. These data have not yet been incorporated in
this model.
Some differences between the model here and other
models result from the choice of reference frames; some
use the hotspot reference frame, and others use a ®xed
Eurasia, and some use a palaeomagnetic reference frame.
These result in different palaeolatitudes and other differences. Charlton (2000) draws attention to some real and
imagined dif®culties between reference frames. In general,
there is a very good agreement for major plate positions
between models, which use either a hotspot or a palaeomagnetic reference frame. Both reference frames have uncertainties: for example, many plates lack hotspot traces,
hotspot ages are not regularly distributed, it is not clear if
the hotspots move relative to one another, and there is still
uncertainty in relating hotspot tracks between plates (e.g.
Norton, 2000; Raymond et al., 2000; Koppers et al., 2001).
There are similar uncertainties with the palaeomagnetic
reference frame: for example, some plates lack well determined palaeomagnetic poles for critical periods, there are
the usual uncertainties with palaeomagnetic measurements,
even the best determined poles have uncertainties of 500 km
or so, and there is an assumption that palaeomagnetic and
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palaeogeographic poles coincide. These problems are
discussed by standard texts such as Cox and Hart (1986),
Kearey and Vine (1990), Butler (1992) and van der Voo
(1993). The reconstructions here have been moved from
the palaeomagnetic reference frame used previously (Hall,
1996, 1998) into the Indian±Atlantic hotspot frame of
MuÈller et al. (1993) using poles provided by Smith (personal
communication, 2001).
As far as the Asia±Paci®c region is concerned, the
biggest uncertainties for major plate positions are not for
those with large areas of oceanic magnetic anomalies, but
for those in which a major part of the plate is continental,
primarily Eurasia. Eurasia is linked through the global plate
circuit via Atlantic anomalies, and there is a very large area
of continental Eurasia in which there is known but unquanti®ed Cenozoic continental deformation. The effect of both
the uncertainties in the plate circuit and intra-continental
deformation may be considerable when the SE Asia boundary is considered. However, far greater differences between
different models probably result from different interpretations of geological data.
The known movements of the major plates, India,
Australia, Paci®c and Eurasia, provide the ®rst-order limits
within which the reconstructions of SE Asia and the SW
Paci®c were made. These plate motions can be combined
with a variable record of ocean ¯oor magnetic anomalies
found in the many marginal basins of the West Paci®c,
which record the motion of some of the minor plates. The
Philippine Sea Plate is the largest of these, and provides an
important boundary for reconstruction of SE Asia and
northern Australia from its motion history (Hall et al.,
1995a). However, many of the marginal basins of SE Asia
lack magnetic anomalies, and many have not been sampled
by the ocean drilling programme, so that their ages and
character are still poorly known. The region also presents
problems because much of oceanic lithosphere has been
subducted. For these reasons, the model depends on interpretation of geological information from land and the basins
on and off shore, but there are problems there too. For
example, there are several different time-scales, events,
which may or may not have been synchronous, are often
vaguely correlated, and the isotopic dating record for the
whole region is inadequate. Our geological knowledge of
SE Asia and the SW Paci®c is still relatively poor. This
paper attempts to use the information that is available, and
to produce a coherent interpretation of it within the context
of the movements of the major plates.
3.3. Sources of data
The time scales adopted are those of Cande and Kent
(1995) for magnetic isochrons, and Harland et al. (1989)
for translating palaeontological ages into numerical ages.
The selected marine magnetic anomalies shown come, in
part, from the compilation of Cande et al. (1989) for the
Paci®c, Antarctic, Australian and Indian Plates. For the
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many small ocean basins, I have digitised magnetic anomalies from the literature for the South China Sea (Briais et al.,
1993), the Philippine Sea Plate (Hilde and Lee, 1984;
Chamot-Rooke et al., 1987; Taylor, 1992; Okino et al.,
1998, 1999; Deschamps et al., 2000); the Caroline Sea
(Hegarty and Weissel, 1988), the Andaman Sea (Curray et
al., 1979), the Banda Sea (Hinschberger et al., 2001), the
Woodlark Basin (Taylor et al., 1995), the Coral Sea (Gaina
et al., 1999), the Tasman Sea (Weissel and Hayes, 1977;
Gaina et al., 1998; Wood et al., 1996), the Solomon Sea
(Joshima et al., 1987), the North and South Fiji Basins
(Watts et al., 1977; Davey, 1982; Auzende et al., 1994,
1995) and the Celebes Sea (Weissel, 1980). Continental
outlines and bathymetry data have been digitised from
GEBCO charts and digital atlas (IOC, IHO and BODC,
1997), from Admiralty charts, and in some cases from
detailed outlines published in the literature.
3.4. Palaeomagnetic data
This model attempts to satisfy important constraints
provided by palaeomagnetic data. These can help to put
some limits on interpretation of geological data, and it is
clear that palaeomagnetic data are essential for the reconstruction of the region. For example, the positions of some
plates cannot be determined in a global plate circuit. The
Philippine Sea Plate is a notable example because it is
completely surrounded by subduction zones, and lacks any
hot spot traces which would enable it to be related to a hot
spot framework. In order to determine the past position of
plates such as the Philippine Sea Plate, and to test models
involving interpretations of the plate and the arc regions that
surround it, palaeomagnetic data are essential. The Philippine islands provide another example of the sort of region in
which geological data alone are not suf®cient to permit
adequate reconstructions, because their history simply indicates strike-slip faulting and long periods of subduction. On
the other hand, palaeomagnetic data can give some indication of the amounts of motion involved, and particularly the
rotation history of the region. They permit the recognition
that within the Philippines are areas with quite different
histories, which originated in different regions, a conclusion
which could not be obtained from other geological data
alone.
Palaeomagnetic data can also contribute to tectonic
reconstructions by suggesting important tests of certain
aspects of the model. For example, the origins of intra-oceanic arcs of the western Paci®c region are dif®cult to determine. The positions of these plates at the time when they
originated, and in particular their purely intra-oceanic interactions with other oceanic plates, are dif®cult to constrain.
Palaeomagnetic data may allow these fragments to be
located in terms of latitude and provide evidence for their
rotation history. Clearly, the palaeomagnetic data need to be
examined critically. Van der Voo (1993) discusses the uses
and problems of palaeomagnetism, and gives a clear
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summary of problems in SE Asia. It is possible to determine
palaeolatitudes and rotations but even the best palaeomagnetic results have uncertainties of about 58, meaning that
cross-latitude motions of less than this cannot be detected.
On the other hand, results from many areas show that significant rotations have occurred in very short time intervals.
For all regions, it is impossible to determine rotations without palaeomagnetic data. The question is always whether
these rotations are local or on a plate scale, and this needs
to be examined in the context of the regional model. This
also requires that there is continued addition to the palaeomagnetic database, which at present is inadequate for the
region.
In many areas, there are insuf®cient data to test aspects of
the model, or to be certain that palaeomagneticallysuggested movements are reasonable. One problem with
palaeomagnetic data is determining the motion history of
a region. Similarities in declinations of similar age rocks
may indicate a common regional rotation history, but in
some cases, similar declinations may be the results of different Cenozoic motion histories for separate blocks (e.g.
various Sundaland counter-clockwise rotations, which are
discussed below).
Palaeomagnetists are often criticised for the inadequacies
of their data, or for sometimes sweeping assertions concerning regional movements, but even a cursory inspection of
the literature will show that many geological `reconstructions' incorporate rotations and cross-latitude motions for
which there is no evidence, and in some cases for which
there is contradictory palaeomagnetic evidence, as
discussed later in this paper. Many reconstructions rely
heavily on stratigraphic similarities. However, in many
cases, postulated links based on stratigraphy alone, although
plausible, lack any critical features which necessitate correlation. In the Philippines, Banda Arcs, New Guinea and the
Melanesian Arcs, stratigraphic arguments suggest correlations, which can only be tested using other data, such as
those acquired from palaeomagnetic studies. For SE Asia,
I continue to be surprised by the willingness of many geologists to reject rotation of Borneo, for which there is considerable palaeomagnetic evidence, while accepting rotation of
the Banda Arc based on a single palaeomagnetic reconnaissance site, or accepting movements of Sundaland fragments
postulated by the indentor hypothesis, for which there is
even less evidence. As earlier (Hall, 1996), I suggest the
reconstructions here should be seen as a way of distinguishing local and regionally important data sets, and identifying
targets for future work. There continues to be a need for
systematic integrated palaeomagnetic±geological studies of
the region.
3.5. Isotopic data
Recently, colleagues and I have compiled many
published and unpublished isotopic ages from Indonesia,
the Philippines, New Guinea and adjacent regions

(Macpherson and Hall, 2002). The dated igneous material
is categorised in our database as of basic, intermediate or
acid composition, and volcanic, hypabyssal or plutonic, on
the basis of the sample descriptions. The database also
includes metamorphic ages from the region. I have plotted
the isotopic ages on some of the reconstructions, with
symbols for volcanic (triangles), hypabyssal (circles), plutonic (squares), and metamorphic (crosses) rocks, to indicate
the timing of, for example, arc activity, extension or thrustrelated metamorphism etc. The samples are represented on
the reconstructions for the period within the error limits of
the age (e.g. a date of 40 ^ 2 Ma would be plotted from 38±
42 Ma). Currently, the database has about 2500 Cenozoic
ages. Of these, about 1350 are older than 10 Ma. Almost all
are K±Ar ages; about 900 of these are whole rock ages.
Only about 100 ages are by the Ar±Ar method and of
these approximately 40 are whole rock ages.
The database is very useful in aiding interpretation of
igneous and tectonic activity. However, the isotopic data
clearly do not do justice to the size of the area. Borneo is
the third largest island in the world, yet there are only about
130 Cenozoic ages from Borneo, all of which are by the
K±Ar method. Petterson et al. (1997) observed that, preceding their work, there were only 12 K±Ar age dates for the
whole of the Solomon Islands, which emphasises the limited
extent of the database that is available to reconstruct this
complex region. Furthermore, it is necessary to be cautious
in using K±Ar ages, particularly for older rocks, and
samples which have suffered alteration. For example,
Ballance et al. (1999) record several examples of probable
reset K±Ar and Ar±Ar ages in the Tonga Arc, such as lava
¯ows dated at 31±33 Ma (early Oligocene) located stratigraphically beneath Eocene limestones. The work of Cosca
et al. (1998) in the Izu-Bonin±Marianas Arc also well
illustrates some of the problems. Their Ar±Ar ages are
often signi®cantly older than K±Ar ages (acknowledging
there are special problems with boninites because of initial
very low K contents). In addition, there are discrepancies
between K±Ar ages, Ar±Ar ages and palaeontological ages.
These could result from resetting of isotopic systems or
reworking of fossils. It is also necessary to observe that
even a reliable database does not provide a full story,
because in many areas there are no isotopic dates, although
there is evidence of volcanic activity from stratigraphic
data. In the absence of isotopic evidence this also has to
be treated carefully, because given the abundance of
igneous rocks in the region, the presence of detrital volcanic
material may indicate nothing more than erosion of older arc
crust.
3.6. Fragments
The model now includes approximately 120 fragments
(Figs. 4 and 5), in contrast to the approximately 60 fragments in earlier SE Asia reconstructions (Hall, 1996) and
the approximately 100 fragments of the earlier SE Asia±SW

Fig. 4. Principal fragments used in the plate reconstructions for Asia and SE Asia.
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Fig. 5. Principal fragments used in the plate reconstructions for northern and eastern Australia and the SW Paci®c.
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Paci®c model (Hall, 1997a,b, 1998). It is important to be
aware that present coastlines are used in the reconstructions.
Most fragments have been left at their current size, and
present-day coastlines are used throughout, in order that
individual blocks and fragments remain recognisable. This
creates some problems in areas at the margins of plates,
where for example, arc growth has taken place, and the
changes in area and volume of crust involved are likely to
be signi®cant. It is also dif®cult in a plate tectonic model to
model the effect of extension of continental crust, and this
may be signi®cant in some areas, for example, in the area of
the South China Sea, during its extension in the Oligocene,
there may have been signi®cant changes in the area of continental crust. In some cases, during contraction, these
regions have also changed dimensions, and in some cases
before a certain time, areas of crust simply did not exist.
During the 55 Ma time period covered by the reconstructions, fragments may have changed size and shape, including both arc and continental terranes. Some arc areas may
not have existed before a certain time, and then grew very
rapidly both perpendicular and parallel to the length of the
arc after subduction initiation (for example, the Izu-Bonin
arc). In these cases, portraying the areas using the presentday coastline or a bathymetric contour can give the false
impression that these fragments suddenly came into existence and remained in existence with present-day dimensions. This is not intended, but it is impossible using a
rigid model to convey the changing shape and dimensions,
in particular of arc regions, in any other way. In a few cases,
notably in the Philippine Sea region, in the Philippines and
in the developing arcs of the SW Paci®c, I have allowed
fragments to overlap at the earlier stages to simulate rifting
and crustal extension. In some cases, some of the blocks in
the model are deliberately represented in a stylistic manner,
to convey the processes inferred, rather than display exactly
what has happened, for example, for motion of the terranes
of north New Guinea and some aspects of Indochina
deformation.
3.7. Colours
On the computer animated versions of the reconstructions
which accompany this paper, I have adopted a colour
scheme which attempts to convey both geological information and to identify the nature of the crust within a region.
Marine magnetic anomalies are shown as white lines, and
cyan lines outline important bathymetric contours or bathymetric features. Red lines are used to indicate active spreading centres. Thick white lines are used for subduction zones
and strike-slip faults. The present extent of the Paci®c Plate
is shown in the area ®lled in a pale blue±green colour. I have
also used this colour for Jurassic ocean crust preserved off
the NW Shelf of Australia. I have used shades of blue for
other areas of Mesozoic oceanic crust of different ages to the
west of Australia. Areas ®lled in cyan are mainly submarine
arc regions, but also include some hot spot volcanic
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products and oceanic plateaux, in particular, the Ontong
Java Plateau region. Areas ®lled with green are mainly
arc, ophiolitic and accreted material formed at plate margins
during the Cenozoic. Areas of the Eurasian Plate and associated continental margins are shown in yellow; areas in
solid yellow outline present areas of emergent land and
present-day coast lines; areas in pale yellow indicate the
shallow parts of the continental shelf, drawn mainly at the
200 m bathymetric contour. Areas shown in dark yellow
within the Eurasian continental margin outline approximately deeper water parts of the region, which are underlain
by thinned continental crust; generally the boundary of these
regions was drawn at the 4000 m bathymetric contour.
Within the Sundaland region, a brown colour has also
been used in northern Borneo, to indicate, in a schematic
way, the addition of volumes of sediments which were
accreted to the margin in Cenozoic time. Shades of red
are used for areas of Australian origin material. Present
land areas with margins at the present coastline are red;
pale pink indicates areas of less than 200 m water depth
and the areas shown in deep pink represent the deep parts
of the Australian continental margin with the boundary
generally drawn at the 2000 m bathymetric contour, but in
places at deeper contours where publications indicate the
continental±oceanic crust boundary. In order to illustrate
some aspects of hinge roll-back in the Banda Sea region
to the west of Australia, Jurassic ocean crust is shaded
turquoise, and Cretaceous ocean crust is shown in two
shades of blue.
One particular feature of the reconstructions and the use
of colour needs to be highlighted. Dark blue is the default
background colour. It is used in areas in which oceanic
plates are shown with anomalies and arc bathymetric
features. Working backwards from the present creates
spaces in many areas, for example by undoing the effects
of subduction, or by restoring motion along strike-slip
faults. Subducted crust and other new areas that appear in
the reconstructions are coloured dark blue. It is in those
regions that inferences need to be drawn about the nature
and the positions of the boundaries, and in some cases for
the existence of other plates. In general, dark blue represents
oceanic crust, but the dark blue background is used as a ®ll
for any gaps that open up in the reconstruction. Because
most fragments do not change size or shape in the model,
gaps inevitably open up between fragments during their
relative motion, and normally these gaps will be coloured
dark blue. This has clearly led to some confusion in the
minds of some readers of my accounts of previous reconstructions, who believed that all areas shown in blue were
oceanic. This is not the case, but in this model I have
attempted to identify more carefully areas of continental
crust, particularly in the Sundaland region and the Bird's
Head microcontinental region, by using shades of yellow
and pink, and ®lling smaller gaps created in this way with
the same colours. However, the reader needs to be cautious
in inferring the nature of the crust between fragments
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merely on the basis of the colour used in the reconstructions.
For example, in the Banda Sea region, there are small ocean
basins which opened during the Neogene as a result of
movement of small fragments within the strike-slip fault
zone at the northern edge of the Bird's Head. However,
some of the gaps were probably extended continental
crust, and it becomes too complicated to continually ®ll
all of these gaps. Therefore, some of the areas that are
shown in dark blue are not oceanic crust. This caveat also
applies in deeper water areas at the edges of continents and
arcs. These points have particular relevance to areas in the
Bird's Head microcontinental region in northern New
Guinea, in areas offshore Australia such as the New
Caledonia Trough, where the nature of the crust underlying
the trough is still uncertain, and several parts of the Asian
margin.
3.8. Animations of the model
Three main animations are used to illustrate the reconstructions of SE Asia and the SW Paci®c. The global view
reconstruction shows an orthographic projection, centred on
108S and 1358E. The two rectangular projections are cylindrical equidistant projections, and cover areas of 208S to
358N and 858E to 1658E (SE Asia) and 508S to 58N and
1108E to 1908E (SW Paci®c). The computer animations
have a number of formats, which should allow them to be
displayed on a variety of personal computers, using several
different types of software. These include Microsoft PowerPoint versions, Apple QuickTime movie versions and
animated GIF ®les, which can be viewed with a web browser such as Microsoft Explorer or Netscape. Further information and instructions are on the CD, which accompanies
this paper, with a variety of other material, including ®les in
different computer graphic formats showing many of the
maps.
The animations are provided in a number of common
formats. Microsoft Powerpoint 97 format (PC) and Powerpoint 4 format (Mac) have the suf®x 2001 and the extension.ppt (e.g. globe_2001.ppt). Microsoft provides a free
viewer for those who do not have Microsoft Powerpoint at
(http://www.microsoft.com/ie40.htm). Quicktime movies
have the ®le extension.mov. These ®les have been produced
for a number of screen resolutions: VGA (640 £ 480),
SVGA (800 £ 600) and XVGA (1024 £ 768). Unix versions
of Quicktime movies are in a separate folder, since these are
compressed in a different way. The different gif versions are
indicated by a suf®x (e.g. globe_xvga.mov). A free movie
player is available from the Apple Quicktime site (http://
www.quicktime.apple.com/). An animated gif version of the
movie can be played in any web browser such as Internet
Explorer, or Netscape. These ®les have the extension.gif,
and like the Quicktime movies, have a suf®x to indicate
screen resolution (e.g. globe_2001_xvga.gif). In addition,
there are folders on the CD, which contain the 56 gifs

required to produce an animation, for those who wish to
display an animation using other software.
As explained above, the reconstructions were made
using the ATLAS computer program (http://www.atlas.co.
uk/cpsl/). However, the reconstruction software cannot
produce the plate boundaries, which have to be added by
hand using a graphics package (in this case CorelDraw 9).
Thus, there may be some minor differences in the plate
boundaries on the different animations, although in general
this is not intentional. In most cases, the plate boundaries
shown are as far as possible kinematically consistent.
However, for the period from 55 to 45 Ma, the SW Paci®c
animation has some additional plate boundaries compared
with the globe and SE Asian animations. This is intentional. Geological evidence implies that there were several
microplates between the Australian and Paci®c Plates, as
today, most of which were subsequently eliminated by
subduction. However, the quality of the evidence does
not justify attempting to de®ne all the microplates and
therefore the reconstruction for this interval is not kinematically consistent in the Paci®c region on any of the
animations.
Below, I ®rst summarise the principal evidence used in
reconstructing major sub-areas within the region. I then
summarise the history of SE Asia and the SW Paci®c for
the period 55±0 Ma, and ®nally discuss the implications of
interpretations for the development of the region.

4. Circum-Asia regions
4.1. Eurasia
Although there is considerable evidence for Cenozoic
deformation within eastern Asia (Figs. 6 and 7), most strain
seems to have been concentrated south of the Red River
Fault (e.g. England and Houseman, 1986; Peltzer and
Tapponnier, 1988; Huchon et al., 1994; Jolivet et al.,
1994; Houseman and England, 1993; Wang and Burch®el,
1997). In all the reconstructions, South China is ®xed to
Eurasia, and is considered as a rigid plate. Deformation of
Asia north of South China is not included in the model,
although some deformation at the Eurasian Plate margins
is included.
I have modelled the opening of the Japan Sea Basin
following Jolivet et al. (1991, 1994) and Jolivet and Tamaki
(1992). Jolivet et al. (1994) show that extension in the Japan
Sea began at about 30 Ma, and was essentially complete by
about 12 Ma. Ocean crust was formed in the northeastern
part of the Japan Sea, although much of the surrounding area
of the entire Japan Sea Basin consists of extended continental crust. The region of extended continental crust is shown
approximately on the reconstructions using a deep yellow,
and the area of oceanic crust is shown approximately using
dark blue. The opening model requires rotation of the block
to the north of Japan, which would have contributed to
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Fig. 6. Geographical features of northeast Asia. In this and other ®gures small black ®lled triangles are volcanoes from the Smithsonian database (http://
www.nmnh.si.edu/gvp/), and bathymetry is from the GEBCO digital atlas (IOC, IHO, BODC, 1997). Bathymetric contours are at 200, 2000, 4000 m and
6000 m.

opening of the Kuril Basin. The Kuril Basin history is rather
poorly known and Gnibidenko et al. (1995) conclude that
the basin opened during a short period, sometime between
the Late Cretaceous and the Miocene. They record that
some evidence suggests a Miocene age for the basin,
while other evidence supports a Late Cretaceous age. The
reconstructions here essentially imply a Miocene age for the
opening of the Kuril Basin related to opening of the Japan
Sea.
To the south of Japan, the opening of the Okinawa
Trough follows the kinematic reconstructions of Sibuet
et al. (1995), Sibuet and Hsu (1997) and Sibuet et al.
(1998). The Okinawa Trough is considered to be underlain by thinned continental crust, and this is shown on the
model in deep yellow. The beginning of Okinawa Trough
extension and its duration are still debated according to
Sibuet et al. (1998). Different authors have proposed
different timing for the early phase of extension in this
region. I have followed Letouzey and Kimura (1985) and
incorporated an early phase of rifting from 9 Ma. The
Plio-Pleistocene opening history is essentially the same
as Sibuet et al. (1995). Kong et al. (2000) have suggested
the southern Okinawa Trough is not a simple backarc
basin, but has been in¯uenced by the Taiwan±Luzon
Arc collision, and strike-slip fault movement resulting
from the collision is more important in the southern
compared to the northern Okinawa Trough. This detail
is not incorporated and I have modelled the Okinawa

Trough opening as a series of rotations of a single fragment away from the Asian margin. Sibuet and Hsu (1997)
show a series of reconstructions of the region south of the
Okinawa Trough. My reconstructions are similar to theirs
for the period from the Pliocene onwards, but the positions of plate boundaries in the early and middle Miocene
are different. These differences re¯ect the fact that there
are several kinematic possibilities, of which this solution
is one. South of Taiwan and the Okinawa Trough older
crust, whether it was part of the South China Sea basin or
part of the Philippine Sea Plate, has now been entirely
subducted, and there is little evidence from the Ryukyu
Islands to allow us to interpret the nature of the plate
boundaries in this region. It is not clear why there is no
well developed arc in this region.
4.2. Indochina
At the present-day, there is a separate SE Asia or Sunda
Block moving independently of Eurasia (Cardwell and
Isacks, 1978; McCaffrey, 1996; Rangin et al., 1999a;
Kreemer et al., 2000). During the Cenozoic, many more
blocks need to be considered to describe deformation in
SE Asia, and plate boundaries changed several times within
this period.
The area south of the Red River Fault (Fig. 7) includes the
Indochina Block, the Burma Block, and several small blocks
(Figs. 3 and 4) forming part of Sundaland, which extends
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Fig. 7. Geographical features of Indochina and Sundaland. Small black ®lled triangles are volcanoes from the Smithsonian database. Bathymetric contours are
at 200, 2000, 4000 and 6000 m.

into Borneo and Java. This region was essentially continental by the beginning of the Cenozoic, although as
summarised by Metcalfe (1994, 1998) the nature of the
crust is complex and there are numerous Mesozoic and
Palaeozoic sutures. The Sundaland core consists of
Palaeozoic and Mesozoic igneous, sedimentary and metamorphic rocks, which were accreted during the closure of

the Palaeotethyan and Mesotethyan oceans. The nature of
the underlying crust is complex, and around the Sundaland
core much of the material consists of accreted ophiolitic and
arc material, with small Gondwana-origin continental fragments in a complex relationship. This region has clearly
changed shape during Cenozoic time. Indentor-type models,
following Tapponnier et al. (1982), essentially regard the
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region as rigid blocks, in which most of the displacement is
concentrated at block margins. Other authors have emphasised non-rigid aspects of the deformation of the region (e.g.
Huchon et al., 1994; Houseman and England, 1993; Wang
and Burch®el, 1997) and there can be no doubt that a rigid
plate tectonic model for this region is certainly an approximation, and possibly a rather poor approximation, to
describe its true history.
The South China Sea opened within the Asian margin
east of Indochina. The area north of Borneo includes thinned
continental crust of the Indochina and South China margin,
probably extended during the Late Cretaceous and Paleogene (Ru and Pigott, 1986), which during the Paleogene was
separated from north Borneo by the proto-South China Sea
ocean crust (Taylor and Hayes, 1983; Tan and Lamy, 1990;
Hall, 1996). During the Paleogene, much of the north
Borneo margin was an active margin, with subduction of
the proto-South China Sea beneath north Borneo, and a
possible strike-slip boundary in NW Borneo (Hall, 1996).
The central and deepest part of the South China Sea is
¯oored by oceanic crust (Taylor and Hayes, 1980) formed
between the mid Oligocene and the middle Miocene (Taylor
and Hayes, 1983; Briais et al., 1993). The Reed Bank±
Palawan±Mindoro Block separated from the South China
margin by the opening of the South China Sea during the
Oligocene. Ocean ¯oor spreading involved at least one ridge
jump; therefore, several blocks are required. Opening of the
South China Sea has been linked to extrusion of the Indochina Block (e.g. Tapponnier et al., 1982; Briais et al.,
1993). Early estimates of the amounts of extrusion were
reduced by Briais et al. (1993) who postulated left-lateral
motion on the Red River Fault of about 550 km during the
Oligo-Miocene. The signi®cance, age and amount of movement on the Red River Fault system remain controversial
(Leloup et al., 1995). Recent motion on the Red River Fault
is right-lateral, although there is widespread agreement
about earlier left-lateral motion. Wang and Burch®el
(1997) have shown that there is considerable intraplate
deformation within Indochina and surrounding regions,
and that approximately 600 km of offset on the Red River
Fault at its northern end is not translated into the same
amount of motion at its southern end. Rangin et al. (1995)
suggest only a small offset on the Red River Fault offshore
in the Gulf of Tonkin. Where the Red River Fault goes
offshore is uncertain. Taylor and Hayes (1983) linked
Oligo-Miocene dextral movement on the Red River Fault
to a N±S dextral fault just offshore of Vietnam, which terminated at the subduction zone north of Borneo. This sense of
motion is opposite to that reported on land (Leloup et al.,
1995) as pointed out by Briais et al. (1993). Roques et al.
(1997a,b) reported a large vertical offset on the Vietnam
margin fault system, and evidence consistent with dextral
motion before 20 Ma on the N±S faults. They suggest that
subduction at the north Borneo Trench may have driven
extension east of Vietnam.
On the southern side of the Indochina Block are ductile
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shear zones similar to those associated with the Red River
Fault (Lacassin et al., 1997). Lacassin et al. (1997) estimate
the offsets on NW±SE faults such as the Wang Chao (Mae
Ping) and Three Pagodas Faults to be hundreds of kilometres. Motions on Wang Chao and Three Pagodas Fault
systems were left-lateral until about 30 Ma and dextral since
about 23 Ma. They report a lower limit of 35±45 km displacement on the Wang Chao Fault, and estimate 300 km of
left-lateral motion on the combined faults between 40 and
30 Ma. There is also evidence for a Cenozoic cooling event
unrelated to the metamorphism in the major shear zones
between 29 and 23 Ma (Lacassin et al., 1997; Upton et al.,
1997). In northern Thailand and Laos, river offsets suggest
reversal of motion from dextral to sinistral on NE±SW
faults, with offsets of tens of kilometres during the two
movement phases (Lacassin et al., 1998), although the
timing is uncertain. Further south, Lacassin et al. (1997)
relate the offshore Thai±Malay Basins to movement on
the NW±SE faults. They are suggested to have a pullapart origin, although this does not seem to be strongly
supported by offshore seismic lines, which generally
suggest oblique rifting, perhaps in¯uenced by a basement
fabric. Like the Red River Fault, it is very dif®cult to identify where major faults like the Wang Chao and Three Pagodas Fault go offshore. Reconstructions by Briais et al. (1993)
show some of the faults terminating in extensional faults
associated with the Cuu Long basin and the Gulf of
Thailand. Unfortunately, few offshore oil company seismic
data are published, but in all critical areas, there seems to be
an absence of evidence offshore for the major displacements
suggested by observations on land (e.g. Leloup et al., 1995;
Lacassin et al., 1997). Morley (2001) reviews the many
problems of strike-slip hypotheses for the Cenozoic basins
in Thailand and Malaysia, and also notes the absence of
evidence for major through-going strike-slip faults offshore.
To the west, the Indochina Block is separated from the
Burma Block at the Sagaing Fault. At present, a slab dips
east under Burma, although it is not clear if subduction is
active (Satyabala, 1998; Guzman-Speziale and Ni, 2000).
The direction of plate motion appears to be parallel to the
strike of the subducted plate (Rao and Kumar, 1999).
Krishna and Sanu (2000) estimated an average movement
of about 14 mm/yr along the Sagaing Fault, based on
present seismicity. Bertrand et al. (1998) proposed rates of
motion on the Sagaing Fault during the last 1 Ma were
between 9±26 mm/yr, based on offsets of Recent basaltic
¯ows, which they suggest can account for only two thirds of
India±Sundaland relative motion, the remaining part being
distributed along other faults in Myanmar. The upper value
is consistent with estimates of long term motion on the
Sagaing Fault. Mitchell (1993) reports ªwell-documented
450 km of post-early Miocene dextral displacementº,
based on offset of the Myanmar arc system (Mitchell,
1977), spreading in the Andaman Sea (Curray et al.,
1979), and offsets of the Chindwin and Upper Irrawaddy
River systems (Hla Maung, 1987). This motion may have
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become more pronounced as Burma became partly coupled
to the Indian Plate, resulting in extension at the south end of
the fault system in the Mergui Basin, which dates from the
early Oligocene (Andreason et al., 1997). The gradual
separation of the Burma Plate from north Sumatra ultimately led to oceanic spreading in the Andaman Sea by
the middle Miocene at about 11 Ma (Curray et al., 1979).
Subduction, albeit very oblique, appears to have been active
throughout the Cenozoic west of Burma, although the IndoBurman Ranges mark India±Burma collision in the Eocene
(Ni et al., 1989; Khin Zaw, 1990; Mitchell, 1993).There is
Cenozoic volcanic activity (Stephenson and Marshall,
1984), although the history of the Burma volcanic arc is
not well known.
4.3. Sumatra
Sumatra is situated on the southern edge of Sundaland
north of the Sunda Trench. The Sumatran Arc has a classic
morphology of trench, accretionary prism, outer-arc ridge,
forearc and volcanic chain with active andesitic volcanism
(Karig et al., 1979), and there is a well-de®ned Benioff zone.
Between north Sumatra and Java, the subduction direction
changes from oblique to almost orthogonal, and India±
Sundaland motion is partitioned into trench-normal subduction and dextral slip on the Sumatran Fault and related
strands (Fitch, 1972). A sliver plate (Curray et al., 1979)
is thus decoupled from the Sunda and Indian Plates, and
moves northwest, although it is not entirely rigid, but is
subject to arc-parallel stretching (McCaffrey, 1991).
This part of the Sundaland margin has a very long
subduction history which extends back to at least the late
Palaeozoic (e.g. Katili, 1973; Hamilton, 1979; McCourt et
al., 1996). Sumatra is underlain by continental crust dating
from the Permo-Carboniferous, to which were accreted a
number of terranes during the Mesozoic (Pulunggono and
Cameron, 1984), and the island acquired a structural grain
broadly parallel to its length. A collision between Sumatra±
West Java and a narrow Woyla Terrane terminated
Mesozoic arc activity and Cenozoic rocks unconformably
overlie Mesozoic rocks (Barber, 2000). Regional uplift was
followed by extension and subsidence in the early Cenozoic
although this is not well dated; the oldest parts of the
sequence include volcanic rocks and sediments devoid of
fossils. The origin of the Sumatra Basins is uncertain, partly
because of the uncertainty in their age of initiation. Both
strike-slip and extensional controls have been proposed (see
Williams and Eubank, 1995; McCarthy and Elders, 1997).
There was short-lived plutonism in the Early Eocene (60±
50 Ma) but most Cenozoic activity dates from the early
Miocene (20±5 Ma) when the present forearc±arc±backarc
became established (McCourt et al., 1996). The Sumatran
Fault became active during the early to middle Miocene
(McCarthy and Elders, 1997). Inversion in the Sumatran
forearc also dates from the early Miocene (Samuel and
Harbury, 1996). There are various estimates for the amount

of offset on the Sumatran Fault, and the link to the Andaman
Sea spreading suggests about 400 km offset at the northern
end (Curray et al., 1979) decreasing to zero at the southern
end, since the middle Miocene. This has been accommodated by deformation within the forearc (Karig et al., 1980;
Diament et al., 1992; McCaffrey, 1992). Subsequent
tectonism and uplift in the Miocene and Plio-Pleistocene
caused inversion of the Cenozoic basins, folding and fault
reactivation.
4.4. Thai±Malaya Peninsula and Sunda Shelf
Present-day Sundaland (Fig. 7) includes the large area of
shallow seas (the `Sunda Shelf') between Indochina,
Borneo, the Malay±Thai Peninsula, Sumatra and Java,
and the land areas around this shelf. Most of the shelf is
extremely shallow, with depths considerably less than
200 m, and was emergent at times during the Pleistocene.
It is described by some authors as the Sunda Shield and
widely regarded as a region of stability (e.g. Ben-Avraham
and Emery, 1973; Gobbett and Hutchison, 1973; Tjia,
1996), which has remained undeformed and close to sea
level since the Mesozoic. For this reason, data from this
region are used in construction of global eustatic sea level
curves (e.g. Fleming et al., 1998).
There are some reasons to doubt this supposed stability.
The Sunda Shelf was above sea level during the Late
Cretaceous and early Cenozoic (Cole and Crittenden,
1997), probably as the result of a poorly understood
thermo-tectonic event which affected the region from
Indochina to the Malay Peninsula. Geochronological studies
indicate a thermal event at about 90 Ma in the Malay
Peninsula, Thailand and Indochina (e.g. KraÈhenbuhl,
1991; Ahrendt et al., 1993; Dunning et al., 1995; Upton et
al., 1997; Carter and Moss, 1999), although neither the
cause nor the extent is known. As a result, an extensive
area between Malaya and western Borneo seems to have
remained elevated throughout the Cenozoic, although
there is a poor knowledge of this region, because of the
absence of Cenozoic rocks on land. Offshore, a thin cover
of Quaternary sediments is reported to overlie pre-Cenozoic
rocks west of Borneo (Ben-Avraham and Emery, 1973). In
contrast, to the north and south of the elevated region are the
thick sedimentary sequences of the Gulf of Thailand and
Malay basins, and the Sumatra±Java Sea basins (Hutchison,
1996b). Rifting and subsidence in the region of the Thai±
Malay basins is thought to have begun in the Oligocene (e.g.
Madon and Watts, 1998; Petronas, 2000; Morley, 2001),
apparently somewhat later than in the Sumatra Basins,
although all of these sequences are poorly dated, and the
deeper parts of the basins are unsampled. The origin of these
basins remains obscure. Rifting, backarc extension, subduction hinge rollback, regional strike-slip faulting, mantle
plume activity, basement structural in¯uences and differential crust±lithosphere stretching, have all been suggested as
controls (see Madon and Watts, 1998; Petronas, 2000;
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Watcharanantakul and Morley, 2000; Morley, 2001; for
summaries). There is an evidence for Miocene inversion
and intra-Miocene unconformities (e.g. Ginger et al.,
1993; Tjia and Liew, 1996; Jardine, 1997; Lockhart et al.,
1997; Higgs, 1999), and despite a long term fall of global
sea level (Haq et al., 1987) since the Early Miocene, there
was a change to widespread marine conditions on the Sunda
Shelf in about the Late Miocene, which suggests renewed
subsidence with a tectonic origin. The widespread assumption that the Sunda Shelf is a long-term stable region is
questionable; we need to know more of timing and reasons
for the elevation of the Malay Peninsula±Borneo region,
and more of the polyphase tectonic history of the offshore
basins, and acquire a better understanding of the important
Neogene orogenic events affecting adjacent areas in
Sumatra and Java (e.g. Simandjuntak and Barber, 1996).
For an area of supposed stability the Sundaland lithosphere is unusual. Using offshore gravity data and tectonic
subsidence histories, Madon and Watts (1998) concluded
the Penyu±Malay Basin region is not in full isostatic equilibrium, and estimated the effective elastic thickness of the
lithosphere to be a few kilometres. This is similar to some
rifts and areas of recent extension such as the Basin and
Range Province. They observed this to be consistent with
observed high heat-¯ow (typically .508C/km) in the basins
(e.g. Madon, 1997; Watcharanantakul and Morley, 2000).
Seismic tomography shows Sundaland is an area of low
velocities in the lithosphere and underlying mantle (e.g.
Widyantoro and van der Hilst, 1997; Ritsema and van
Heijst, 2000), in strong contrast to Indian and Australian
continental lithosphere to the NW and SE, which are probably colder, thicker and stronger. Sundaland is an exceptional area Ð no other large continental area has such low
velocities at similar depths. The lithosphere and crust are
probably very weak.
Palaeomagnetism indicates post-Cretaceous clockwise
rotations in Thailand and northern Malaysia but counterclockwise rotations of about 408 are reported from Cretaceous and possibly younger rocks further south (Schmidtke et
al., 1990; Fuller et al., 1991; Richter et al., 1999). These are
said to indicate post-Middle Cretaceous and probably postPaleocene rotation. Richter et al. (1999) interpret these as
indicating regional rotation of my South Malay Block. They
suggest that this is part of a large area of counter-clockwise
rotations, including the Celebes Sea and Borneo, while
admitting that the timing of the rotation, and rotation as a
single rigid block, are both problematical. As explained
below, I have been unable to model a large rotation of the
South Malay Block and therefore question whether this is an
Oligocene rotation linked to opening of the Gulf of Thailand
basins (Richter et al., 1999). Another possibility is that this
is part of an older counter-clockwise rotation (late Cretaceous-early Cenozoic) also seen in Borneo data (Fuller et al.,
1999). Fuller et al. (op. cit.) recognise that there is no indication of the age of the rotation of the Peninsular Malaysia
rocks and admit that it could have taken place at the same
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time as their weak rotation in Borneo, or could have been
much older.
4.5. Java and Nusa Tenggara
The geological history of Java is surprisingly poorly
known. Western Java includes Mesozoic rocks accreted to
the Sundaland core (Hamilton, 1979; Parkinson et al.,
1998), and offshore are plutonic rocks representing the
termination of the Late Cretaceous Asian active margin
which extends from South China. As in Sumatra, there
was a marked change in the Eocene with shallow water
Eocene sediments resting on older rocks in a few places in
Java. A land connection persisted through the central Java
Sea into south Kalimantan until the Early Miocene. West of
this NE±SW-trending ridge is now an almost ¯at shelf,
about which little is known due to absence of drilling,
where Quaternary sediments rest unconformably on preCenozoic rocks (Ben-Avraham and Emery, 1973). The
offshore northwest Java basins are asymmetric half-graben,
with thick Paleogene syn-rift sequences, mainly Oligocene
but which may locally be as old as Eocene, overlain by thick
Neogene post-rift sequences (Wight et al., 1997). The
sediments were derived from the north and northwest
(Hamilton, 1979). East of the ridge, sedimentation began
earlier. In the East Java Sea, there are Lower Eocene nonmarine clastic sediments which pass into Middle Eocene
and younger marine sequences (Bishop, 1980; Cater,
1981; Matthews and Bransden, 1995). The Paleogene
basin history is dominated by extension and subsidence,
whereas regional contraction and uplift began in the early
Miocene. Southern Java is much less well known due to the
absence of signi®cant oil exploration. There are a small
number of K±Ar ages from the `Older Andesites' of van
Bemmelen (1970), indicating Eocene±Oligocene volcanic
activity (Soeria-Atmadja et al., 1994) and relatively deep
water conditions in south Java. In south and west Java, the
`Older Andesites' and other rocks are overlain by shallow
marine limestones, and there appears to have been only
limited volcanic activity during the Early and Middle
Miocene. Volcanic activity became extensive again only
during the late Middle or Late Miocene. Relatively deep
marine sediments of Mio±Pliocene age are folded and thrust
in west and north Java, and in south Java the Older
Andesites and overlying sequences were elevated to form
mountains, now more than 3500 m above sea level (Simandjuntak and Barber, 1996).
A somewhat similar history is known from the islands to
the east of Java in Nusa Tenggara. Although these are best
known for the young volcanic activity which largely
obscures their older history, geological maps by GRDC
(e.g. Koesoemadinata et al., 1981; Suwarna et al., 1990;
Purbo-Hadiwidjojo et al., 1998) show that the volcanoes
are built on older arc crust, probably of Eocene±Early
Miocene age. Between the early and Late Miocene, volcanism largely ceased. Shallow marine limestones were
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deposited in places, but there were deeper marine areas to
the immediate north. In the Late Miocene to Pliocene,
volcanic activity resumed. Bali, Lombok and Sumbawa
became signi®cant volcanic centres in the last few million
years and were elevated above sea level in the relatively
recent past (e.g. Barberi et al., 1987; Simandjuntak and
Barber, 1996)
4.6. Borneo
Today Borneo is often considered a relatively stable area.
It has little or no seismicity, some young but few active
volcanoes, and rather low mountains which are less than
2.5 km high, with the exception of Mt Kinabalu in Sabah.
GPS measurements suggest that it is part of a large Sundaland Block, which now moves very slowly clockwise with
respect to Eurasia (Rangin et al., 1999a). The present
appearance is misleading as far as Borneo's Cenozoic
history is concerned, and there are many indications that
the island has been situated in a region of considerable
tectonic activity until very recently.
Borneo was formed by Mesozoic addition of ophiolitic,
island arc and microcontinental crust of South China and
Gondwana origin, with their sedimentary cover, accreted to
a Palaeozoic continental core of the Schwaner Mountains
(Hamilton, 1979; Hutchison, 1989; Metcalfe, 1996). Most
of Borneo, with the exception of Sarawak and Sabah, was
part of the Sundaland region by the beginning of the
Cenozoic.
In northern Borneo, there are younger additions to this
continental core which have been interpreted as subduction
accretionary complexes or deep water fans (Hamilton, 1979;
Moss, 1998). Much of the Paleogene sediment in north
Borneo was probably fed southwards across the Sunda
Shelf from Indochina (Hutchison, 1989, 1996a; Hall,
1996; Moss et al., 1998). The stratigraphy of the Paleogene
rocks is still uncertain, partly due to their poorly fossiliferous character and partly due to deformation. An Eocene
tectonic event at about 45 Ma is named the Sarawak
Orogeny by Hutchison (1996a). From the Eocene the setting
appears to have been an accretionary margin, with subduction to the southeast, without major volcanic activity in
north Borneo, although there is evidence of an Oligocene
to Early Miocene arc (e.g. Wolfenden, 1960; Rangin et al.,
1990; Moss et al., 1998; Prouteau et al., 2001). Subduction
continued throughout the Oligocene forming the Crocker
Formation (Hamilton, 1979; Tongkul, 1991; Tan and
Lamy, 1990). By the Late Oligocene, a deep marine basin
remained to the north of Borneo with thick turbidites and an
accretionary complex on its southern side.
Subduction continued until the Early Miocene, although
not at the present North Palawan Trough, but at a trench
further south, now overlain by younger Neogene sediments.
In northern Borneo accretion, represented by the Crocker
sequences, continued until the Early Miocene, when the
thinned passive margin of South China underthrust north

Borneo, causing deformation, uplift, and crustal thickening
during the Middle Miocene. The resulting mountains of
central Borneo shed sediment ®rst into deltas of the Kutai
and Sandakan basins (Fig. 7) and later into the Tarakan and
Baram basins. In south Sabah there was uplift late in the
Early Miocene, and then new subsidence which may be
linked to extension of the Sulu Sea. Shallow water sediments were deposited unconformably by NE ¯owing rivers
upon the older accretionary complex rocks. The younger
delta complexes in part overlie the older accretionary
rocks and associated volcanic arc, and the suture itself is
not exposed. The history of the NW Sabah region is
discussed in detail by Tan and Lamy (1990), Tongkul
(1991), Hazebroek and Tan (1993) and Hutchison et al.
(2000).
In Borneo, crustal thickening was followed by melting,
for example to form the Mt Kinabalu granitic body (Vogt
and Flower, 1989), which intrudes the Paleogene accretionary rocks and ophiolitic basement (Hutchison et al., 2000) of
Sabah. East of Borneo, the suture zone passes into an arc±
continent collisional suture between the Neogene Cagayan
arc and the Palawan sector of the South China rifted margin.
After this arc±continent collision, in the middle Miocene,
the polarity of subduction reversed, and the site of subduction jumped southwards between the Middle to Late
Miocene. In the Dent and Semporna peninsulas of Sabah
there are middle to late Miocene±Quaternary volcanic rocks
which continue offshore into the Sulu Arc (Kirk, 1968). The
polarity of subduction is not clear. Hamilton (1979)
suggested a change in the Sulu Arc from NW-dipping
subduction of the Celebes Sea to more recent SE-dipping
subduction of the Sulu Sea. On land, SE-dipping subduction
would imply a suture, or at least signi®cant young deformation north of the Dent and Semporna peninsulas for which
there is no evidence; NW-dipping subduction of the Celebes
Sea seems more probable.
In eastern Borneo extension and subsidence in the Makassar Straits probably began in the Early Eocene (Moss and
Chambers, 1999) and led to oceanic crust formation in the
northern Makassar Strait (Cloke et al., 1999). By the Late
Oligocene, there was a deep marine basin to the east of
Borneo containing relatively little sediment, separated by
a NW±SE trending fault system from the shallow marine
area of the Paternoster Platform. Some authors show many
major strike-slip faults with this orientation crossing Borneo
and linking to major faults in Sulawesi and Indochina. There
is no doubt that some of the faults have major vertical
displacements (e.g. Paternoster Fault), and some suggest
Neogene strike-slip motion (e.g. Adang Fault, those close
to the Tarakan Basin), but the length of these faults is often
exaggerated. In the Early Miocene, there was a change in
the character of sedimentation. Large amounts of clastic
sediments were eroded from central Borneo to feed the
Kutai Basin and initiate the deltas which prograded rapidly
away from the island. Inversion of the Kutai Basin began in
the late Early Miocene (Chambers and Daley, 1997) and fed
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sediment to the Mahakam Delta. In south Sabah, the
Neogene sediments were deformed in strike-slip zones
(Allagu, 2001) and since the Pliocene most sediment
seems to have been deposited in the Tarakan Basin, where
depocentres were in¯uenced by strike-slip faulting, and less
was supplied to the Sandakan Basin. The NW Borneo Basin,
Baram Delta and Sarawak Basin were fed from rising mountains of the central Borneo Ranges. In SE Borneo, the Meratus Mountains were elevated during the Neogene, although
the age of uplift is uncertain.
There is no evidence that Borneo was widely separated
from Sumatra or the Malay Peninsula at any time during the
Cenozoic. Information from the offshore basins indicates
that Sundaland was broadly a continuous continental region,
although there was signi®cant local extension and the
formation of deep sedimentary basins. However, the stratigraphic and structural similarities do not mean that there
was no displacement, although they rule out very large relative displacements, as argued by Hutchison (1994, 1996a,b).
The differences in displacements along the lengths of the
Sumatran and Red River faults imply that signi®cant strain
was absorbed within adjacent continental blocks.
The Cenozoic rotation history of Borneo remains
controversial (see summary in Hall, 1996) with some
authors advocating a large counter-clockwise rotation of
the island, whereas others interpret no, or even clockwise
rotation. The palaeomagnetic data have been reviewed
most recently by Fuller et al. (1999). There is no evidence
for a signi®cant change in latitude for Borneo since the
Mesozoic. Almost all the palaeomagnetic data indicate
counter-clockwise rotation, and therefore either require
treatment of Borneo as a single rigid fragment, or an
explanation in terms of multiple local rotations. Fuller
et al. (1999) conclude that the palaeomagnetic data are
consistent with a counter-clockwise rotation of around
45±508 in the period between 25 and 10 Ma, and a
post-Early Cretaceous counter-clockwise of about 408.
Reconstructions by Briais et al. (1993) show counterclockwise rotation of Borneo between 15.5 Ma and the
present.
4.7. West Sulawesi
At present, GPS measurements (Walpersdorf et al.,
1998a,b; Rangin et al., 1999a; Stevens et al., 1999) and
geological mapping indicate a complex pattern of block
rotations and strike-slip faulting linked to subduction at
the North Sulawesi Trench (Silver et al., 1983). There is
no obvious volcanic activity related to subduction, except
in the north arm. There is evidence for true oceanic crust in
the northern part of the Makassar Straits, based on gravity
modelling by Cloke et al. (1999), and from seismic pro®les
acquired across the northern Makassar Straits (Baillie et al.,
2000). The gravity modelling and ¯exural backstripping
suggests an Eocene age for spreading, based on the observed
and predicted gravity anomalies for oceanic lithosphere,
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with an effective elastic thickness of 20 km (Cloke et al.,
1999), which is supported by evidence of rifting in the Kutai
Basin (Moss and Chambers, 1999) and stratigraphic
evidence from west Sulawesi (Calvert, 2000). West Sulawesi was the active east Sundaland margin with calcalkaline
volcanic activity until the early Miocene (Priadi et al., 1994;
PolveÂ et al., 1997). A late Oligocene to early Miocene collision in Sulawesi is widely advocated (e.g. Audley-Charles
et al., 1972; Katili, 1978; Bergman et al., 1996; Wilson and
Moss, 1999; Parkinson, 1998a; Milsom, 2000), and there is
evidence of a collision between microcontinental blocks and
a subduction zone as suggested by Hamilton (1979).
Cof®eld et al. (1993) and Bergman et al. (1996) interpret
west-directed thrusting in the Makassar Straits as the
expression of an orogenic event which began in the early
Miocene. They suggest that Makassar Straits are a Neogene
foreland basin formed after early Miocene continent±continent collision, with Late Miocene magmatism resulting
from melting after collision. However, it is clear that the
Makassar Straits were formed by rifting (Hamilton, 1979;
Situmorang, 1982) in the Eocene (e.g. Chambers and Daley,
1997; Moss et al., 1997; Moss and Chambers, 1999; Cloke
et al., 1999; Calvert, 2000), and that the eastern margin of
this rift basin was in a foreland setting in the Miocene and
Pliocene as a result of tectonic events long after its formation.
However, the older collision features are evident only in
the eastern parts of Sulawesi. Ophiolites were obducted and
eroded in SE Sulawesi in the Early Miocene, but deformation in western Sulawesi is much younger. There are no
signi®cant breaks in marine deposition (Wilson, 1999;
Calvert, 2000), lack of regional angular unconformities,
absence of signi®cant orogenic detrital sediment, and isotopic and ®ssion track ages indicate thrusting, uplift and
erosion dates from the Late Miocene or later (Hall and
Wilson, 2000). Late Neogene K-rich magmatism suggests
an interval of extension during the Neogene which may be
linked to opening of Bone Gulf (PolveÂ et al., 1997). Seismic
lines across Bone Gulf also indicate Late Miocene deformation and uplift (Sudarmono, 2000). Palaeomagnetic data
from SW Sulawesi indicate that the south arm was close
to its present latitude in the Late Jurassic (Haile, 1978b)
and late Paleogene (Sasajima et al., 1980), but has since
rotated counter-clockwise by about 458 before the Late
Miocene (Mubroto, 1988), and sometimes during the late
Paleogene to Middle Miocene. These are similar to the
Borneo results.
Sumba is a part of the east Sundaland margin and has a
similar pre-Neogene geology to West Sulawesi. Wensink
(1994, 1997) and Fortuin et al. (1997) summarise its geological history and previous work, and report its movement
history based on palaeomagnetism. Cretaceous sediments
are intruded by arc igneous rocks and there was arc volcanism during the Paleogene (Burollet and Salle, 1982; Abdullah et al., 2000) in a shallow marine to subaerial setting.
Lytwyn et al. (2001) show that this was an oceanic arc at the
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Sundaland margin without a continental basement. The basement resembles other areas at the edge of the Mesozoic and
older Sundaland core, including much of Java, west Sulawesi
and parts of eastern Borneo (Hamilton, 1979). Rapid subsidence to several kilometres depth began at the end of the
Early Miocene, and a deep basin was supplied by sediments
in part from volcanic activity to the south. From the latest
Miocene, volcanic debris was fed from the present arc to the
north and the island has been elevated rapidly since the Late
Pliocene (Fortuin et al., 1994). On the basis of palaeomagnetic studies (Wensink, 1994, 1997), Sumba is interpreted to
have a northern hemisphere origin, and to have rotated about
908 counter-clockwise before the Late Eocene, of which
about 508 was between 82 and 65 Ma and about 408 between
65 and 37 Ma. In the Late Eocene, Sumba was at 11 ^ 38S,
and before the Early Miocene rotated by a small amount
clockwise; since then it has occupied its present position
and rotated counter-clockwise by 58.
4.8. Celebes Sea
ODP Leg 124 results indicate that the Celebes Sea formed
in the middle Eocene, probably not far from its present
latitude (Silver and Rangin, 1991). The magnetic anomalies
identi®ed by Weissel (1980) indicate the spreading centre
lay to the south of the present southern edge of the basin,
and if the original basin was symmetrical, part of the
Celebes Sea has been subducted at the North Sulawesi
Trench. Part of the Celebes Sea may also have been
subducted at the northern side, beneath the SempornaDent-Sulu Arc. The palaeomagnetic inclinations measured
during ODP Leg 124 (Shibuya et al., 1991) indicate palaeolatitudes similar to the present-day latitude, although the
scatter in the measured inclinations is large; no errors are
quoted but the data allow movement of up to 198 (Silver and
Rangin, 1991). The declinations measured suggest a gradual
counter-clockwise rotation between 42 and 20 Ma, interpreted to be about 608, although inspection of the declination plot presented by Shibuya et al. (1991) indicates the
error is large and the rotation smaller (30 ^ 108).
4.9. Sulu Sea±Cagayan Arc±Sulu Arc
The islands of Palawan and Mindoro include continental
crust of South China origin; the bathymetric contour marking the north side of the Cagayan Ridge is assumed to mark
the southern limit of continental crust. The Sulu Sea is a
marginal basin, which opened during the early Miocene
(Rangin and Silver, 1991) south of the Cagayan Ridge.
The northwest part of the Sulu Sea is underlain by continental crust (Hinz et al., 1991). The Cagayan Ridge is interpreted as a volcanic arc, active for a short period in the early
Miocene, which collided with the South China margin at the
end of the early Miocene (Rangin and Silver, 1991). This arc
continues into Mindoro and Tablas (Marchadier and Rangin
1990; Mitchell and Leach, 1991).
Little is known of the history of the Sulu Arc. It can be

traced into NE Borneo, where in the Dent and Semporna
peninsulas of Sabah there are Late Miocene±Quaternary
volcanic rocks (Haile et al., 1965; Kirk, 1968). K±Ar ages
suggest this arc may have been active from the Middle
Miocene (Rangin et al., 1990; Bergman et al., 2001).
Volcanic activity has ceased in the last few thousand
years. The Sulu Sea is interpreted to have opened due to
southward subduction of the proto-South China Sea beneath
the Cagayan Ridge between 20±15 Ma by Rangin and
Silver (1991). Collision of the Cagayan Ridge with Palawan
at 15 Ma terminated this subduction, and resulted in ophiolite emplacement on continental crust (Encarnacion et al.,
1995). This led to southward subduction of part of the Sulu
Sea beneath the Sulu Arc, which ceased at about 10 Ma as a
result of collision between Mindoro and the Philippine Arc.
Hamilton (1979) tentatively suggested a change in the Sulu
Arc from NW-dipping subduction of the Celebes Sea to
more recent SE-dipping subduction of the Sulu Sea. On
land, a young SE-dipping subduction would imply a suture,
or at least signi®cant young deformation north of the Dent
and Semporna peninsulas for which there is no evidence. I
interpret a change from mid Miocene SE-directed subduction of the Sulu Sea, to Late Miocene NW-dipping subduction of the Celebes Sea, which is supported by the geology
of onshore Sabah and deformation offshore at the northern
end of the Makassar Strait. This suggests that the subduction
system extended from the NE and terminated at a zone of
NW±SE strike-slip faults which have in¯uenced the structural history on land as well as sediment deposition in the
Tarakan Basin.
4.10. Interpretation and reconstruction of Indochina±
Sundaland
Despite reservations about a plate tectonic model for the
Indochina±Sundaland region, I have attempted a reconstruction of this region in more detail than that in Hall
(1996; 1997a). The region between Indochina and Sulawesi
is now divided into a Burma Block, North and South Indochina blocks, North and South Malay blocks, North and
South Sumatra blocks, Java, South Borneo, West Sulawesi,
Maccles®eld Bank and a Reed Bank±Palawan±Mindoro
Block. A number of smaller blocks are used in addition,
to simulate non-rigid deformation of some of the larger
blocks.
For the South China Sea, the Briais et al. (1993) model of
opening, with their rotation poles, has been used without
change, except for reassigning anomaly ages to the Cande
and Kent (1995) time scale. The principal modi®cations to
the earlier model (Hall, 1996) in the South China Sea have
been an attempt to portray areas of extended continental
crust. Deeper water areas are approximated in dark yellow,
whereas true oceanic crust in the centre of the South China
Sea region, in which magnetic anomalies can be identi®ed,
is shown in dark blue.
For Indochina, I have made a number of modi®cations to
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Fig. 8. Changing shape of the Indochina region in the reconstructions modelled by allowing the east and west sides of the area to move with different rotation
parameters, and allowing overlap with adjacent Asian blocks. The region is that of present-day land east of the Sagaing Fault and south of the Red River Fault
and is approximately the area in which there are no major Cenozoic sedimentary basins, all of which are in the present-day offshore areas. The reconstructions
simulate a deforming block. The ®gures by each outline of different age represent the area of the block in terms of the area at 50 Ma. If it is assumed that block
volume remains constant this implies crustal thickening, although changing elevation may have been modi®ed by erosion.

the Hall (1996) reconstructions. The earlier reconstructions
followed Briais et al. (1993) in extruding Indochina with
left-lateral motion on the Red River Fault of about
550 km during the Oligo-Miocene, whereas Wang and
Burch®el (1997) have shown that motion is signi®cantly
reduced in the south. Wang and Burch®el (1997) argue
that there is signi®cant internal deformation of crustal fragments within Asia, and that most of the major faults have
variable displacement along strike, with the amount of
extrusion into offshore Asia being small. In order to display
variable offset on the Red River Fault, I have used two
blocks for Indochina, although because both blocks are
shaded a uniform colour (yellow on the animations) the
separation is not visible. This is not intended to imply that
the two blocks collide with one another on a single boundary, rather that Indochina has deformed internally. The
western part of the main North Indochina Block is displaced
by about 550 km on the Red River Fault as in Hall (1996),
whereas the amount of offset of the south Indochina margin
is of the order of 250 km. Even this may overestimate the
offset on the Red River Fault offshore in the Gulf of Tonkin
(e.g. Rangin et al., 1995). However, it does portray the
changing shape of the region in a schematic way (Fig. 8).
A narrow South Indochina Block is separated from North
Indochina on a line corresponding approximately to the
Wang Chao Fault, and this is separated from the North
Malay Block on a line representing the Three Pagodas
Fault. To allow for the non-rigid deformation of Indochina,
I allowed the South Indochina Block to overlap the north
Indochina Block during restoration of movement on the
Wang Chao-Three Pagodas faults, and assumed almost all
the movement to be on the Wang Chao Fault. The model
includes an Eocene±Oligocene sinistral displacement of
250 km, and a Neogene dextral displacement of about
50 km.
Burma is considered to have become partly coupled to
India from the Early Oligocene, and moves northward on
the Sagaing Fault. After it started to move with India, Indo-

china moved east at a similar rate as Burma moved north, so
there is relatively little overlap. The northward motion of
Burma initially led to extension in the Sundaland margin,
and later to extension in the Andaman Sea. Dextral motion
along the Sumatran Fault Zone is assumed to have been
continuous between 25±0 Ma, and like Indochina has been
modelled using two South Sumatra blocks to simulate the
different displacements at the north and south ends of the fault.
As previously, I have separated north and south Borneo at
the Lupar Line, which is a zone of Mesozoic ophiolites and
melanges, and treated south Borneo as a single rigid fragment. Because of the large area of Cenozoic rocks to the
north of the Lupar Line I have added an area shown in
brown, to simulate growth of the accretionary zone on
northern margin of this Borneo fragment. Neogene additions in this area, which are largely sediment bodies,
which build out from Borneo, are represented in yellow.
I consider that it is not possible to reconstruct the region
without a signi®cant counter-clockwise rotation of Borneo,
because of the evidence for long-term subduction at the
north Borneo margin throughout the Paleogene and early
Neogene (e.g. Hamilton, 1979; Tongkul, 1991; Tan and
Lamy, 1990; Hazebroek and Tan, 1993), and in order to
reconstruct the timing of events which affected collision
between fragments of the Australian margin in west
Sulawesi in the Neogene. In the present model, the rotation
of Borneo has been reduced slightly to 408, and the timing
has been changed slightly, to begin earlier, at about 25 Ma,
instead of 20 Ma in Hall (1996), but otherwise, the model
for Borneo remains essentially as before. Because the rotation pole is close to northwest Borneo, rotation was
absorbed within the north Borneo accretionary complexes
by ®nal closing of the proto-South China Sea, and this also
accounts for the termination of the subduction system at
about the longitude of the Natuna Islands. The area of
Sarawak is not reconstructed in any detail, but this reconstruction suggests an important role for strike-slip faulting
in Sarawak (see Mat-Zin and Swarbrick, 1997) and to the
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northwest, signi®cant changes in the offshore basin history
to the east and west of the Natuna Islands, and an explanation for the Natuna Ridge which is close to the region of the
pole of rotation. In this area, reversals of fault motion would
be expected, as well as a complex subsidence and inversion
history, which could vary laterally and record rapid changes.
The rotation may be supported by Love and Raleigh wave
tomographic images, interpreted as showing a subducted
slab, identi®ed as the proto-South China Sea by Curtis et
al. (1998), which is visible south of Palawan, but which
disappears to the west beneath Borneo. In contrast, Rangin
et al. (1999b) have drawn attention to the absence of an
obvious positive anomaly beneath Borneo in the P wave
tomographic model of Bijwaard et al. (1998). They
suggested that the proto-South China Sea was either smaller
than postulated here, or was subducted but subsequently
rotated north together with their Sundaland Block, identi®ed
from GPS observations, which they believe has rotated
clockwise since 15 Ma. This suggestion relies on projecting
movements based on GPS measurements made over a
period of a few years to a 15 Ma period. On this basis,
they identify the subducted proto-South China Sea beneath
the present South China Sea, north of its expected position,
rather than beneath Borneo. It is true that there is no positive
anomaly beneath Borneo in the P wave tomographic model
of Bijwaard et al. (1998). However, according to the
tectonic model presented here, subduction of the protoSouth China Sea oceanic lithosphere occurred between 45
and 25 Ma at a suture zone south of the present-day position
of Borneo. Because of the counter-clockwise rotation of
Borneo, the island would have rotated across this former
subduction zone since 25 Ma, and any anomaly due to
subduction of the proto-South China Sea should therefore
be deep beneath Sulawesi, where there are positive anomalies in the uppermost lower mantle which could be due in
part to this slab.
The remaining Sundaland blocks were reconstructed with
the following conditions. The position of Indochina, based
on the movements outlined above, provides a northern
boundary. The coastal outlines were treated as rigid, and
the different blocks were moved to keep the fragments in
similar positions relative to one another, that they occupy at
present. Overlap of fragments was minimised, although it is
assumed that both Java and Sumatra have changed shape
with, particularly in Java, considerable Cenozoic addition of
new arc crust. I attempted to honour the palaeomagnetic
data.
Indentor-type tectonic models for SE Asia commonly
show Indochina, the Malay Peninsula, Sumatra and Java
in a more east±west orientation relative to their presentday position and imply large clockwise rotation for the
blocks of this region (e.g. Briais et al., 1993; Huchon et
al., 1994; Leloup et al., 1995) and this orientation is
commonly shown in Cenozoic reconstructions (e.g. Daly
et al., 1991; Hutchison, 1996b; Ramstein et al., 1997).
Besides considerable motion on major faults throughout

Indochina and Sundaland, these imply signi®cant changes
in latitude for the southern blocks of the region. South of
Indochina, the palaeomagnetically observed rotations are
inconsistent with the predictions made by the extrusion
model, as are the latitude changes.
If the 408 counter-clockwise rotation of Borneo is applied
to the entire region as a single block, including Sumatra and
the Malay Peninsula, there is signi®cant overlap with Indochina. Richter et al. (1999) interpreted the counter-clockwise declination de¯ections over a large region to indicate
that much of Malaysia, Borneo, Sulawesi and the Celebes
Sea rotated approximately 30±408 counter-clockwise relative to the Eurasia between the Late Eocene and the Late
Miocene, although they recognise that the rotation may not
have been synchronous, nor need the region have rotated as
a single rigid plate. I found it impossible to model the region
as a single rigid block, and despite breaking this region into
a number of blocks, I also found it impossible to model large
counter-clockwise rotations of the order of 408 for all the
blocks. However, it is possible to satisfy the palaeomagnetic
evidence for rotation if it is assumed that the rotations
recorded in Peninsular Malaysia are not Late Eocene to
Late Miocene, but older. In fact, Richter et al. (1999) report
that only the Malay Peninsula rotations are post-Middle
Cretaceous, although they prefer a post-Paleocene age. A
Cretaceous±early Cenozoic regional rotation is also seen in
data from Borneo and Sumba. This could also account for
the large differences in inclinations from Peninsular Malaysia and Borneo, to which Hutchison (1989) drew attention. I
therefore maintain the proximity of the small blocks such as
Java, Sumatra and the Malay Peninsula blocks, with minimal overlap, by progressively reducing the rotations of
different blocks. The total rotations since 25 Ma relative
to north are: West Sulawesi 418 CCW, Borneo 368 CCW,
Java 228 CCW, Sumatra 148 CCW, South Malay block 58
CCW, and North Malay block 188 CW.
For the Celebes Sea, the model assumes symmetrical
spreading in the Eocene, and subduction of the southern
half of the ocean between 10±0 Ma at the North Sulawesi
Trench. The subduction is interpreted to have resulted
largely from rotation of the north arm of Sulawesi (Surmont
et al., 1994; Walpersdorf et al., 1998a). Some subduction at
the north side of the Celebes Sea is also included, to produce
late Miocene and younger volcanic activity in the Sulu Arc.
The model permits some counter-clockwise rotation during
opening of the Celebes Sea Basin, and has a maximum of
258 counter-clockwise rotation since 40 Ma. However, the
timing is later than that suggested by the Shibuya et al.
(1991) results. Either these are not reliable, or the Celebes
Sea has rotated considerably relative to both north Sulawesi
and Borneo.
GPS measurements (Walpersdorf et al., 1998a,b; Larson
et al., 1999; Rangin et al., 1999a; Stevens et al., 1999;
Kreemer et al., 2000) record not more than ten year's deformation, but show clearly that it is necessary to describe the
Sundaland and east Indonesia region in terms of several
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Fig. 9. Geographical features of the Philippines and surrounding regions. Small black ®lled triangles are volcanoes from the Smithsonian database. Bathymetric contours are at 200, 2000, 4000 and 6000 m.

small blocks, and the past was probably no different,
although boundaries were different. Blocks moved relative
to one another, major displacements occurred along strikeslip faults, and there was probably signi®cant internal deformation of blocks. Their shape changed, which means that a
rigid plate tectonic model offers only an end member reconstruction, although including additional small blocks indicates likely patterns of strain. The different Sunda Block
rotations imply deformation of a non-rigid region, with
strain variably distributed. However, the model requires
considerably less change in block shape than shown in
many models of Sundaland because the poles of rotation
are close to the rotating blocks, and as suggested by Hutchison (1996b, his Figs. 2.3 and 2.4) some intra-Sundaland
deformation may in part be controlled by pre-existing basement structures. As outlined above, and discussed later in
the paper, the model can account for several neglected
features of Sundaland deformation. In this model, major
displacements of Indochina and Sundaland were absorbed
by subduction north and east of Borneo, whereas extension
occurred north of Sumatra, ultimately leading to opening of
the Andaman Sea. Within Indochina and Sundaland, there
was considerable non-rigid deformation accompanied by
extension, strike-slip faulting, and formation of the numerous sedimentary basins of hydrocarbon industry interest.
The widespread evidence for inversion, although with variations in timing, and changes in sense of motion on regional
strike-slip faults, indicate changing local stress ®elds during
the Cenozoic, with the most notable changes in the Early
Miocene, for example in the West Natuna Basin and the
East Java Sea (Ginger et al., 1993; Matthews and Bransden,

1995). I interpret the inversion events of the Malay, Penyu
and Natuna basins to be a consequence of Borneo rotation,
with a modelled pole close to northwest Borneo (18N,
1108E). Borneo was effectively part of the Sundaland
region, while allowing the rotation to be absorbed within
the north Borneo accretionary complexes by closing a protoSouth China Sea. Inversion events within the Sunda Shelf
west of Borneo vary in timing and range from Early to Late
Miocene (e.g. Ginger et al., 1993; Madon and Watts, 1998;
Higgs, 1999; Petronas, 2000) consistent with the postulated
timing of rotation.

5. Asia±Paci®c±Australia margins
5.1. The Philippine Sea Plate
Today, south of Japan the Philippine Sea Plate and Philippine islands separate the Asian margin from the Paci®c Plate
(Figs. 1, 3, 6 and 9). It is the major plate separating the
Paci®c, Australian and Eurasian plates, and therefore it
must be considered in order to understand Australia±Paci®c
and Australia±Eurasia boundaries. The Philippine Sea Plate
is clearly of great importance to models of the western
Paci®c, but it is dif®cult to link to the global plate circuit
because it is surrounded by subduction zones, and even
today its motion in the global plate model is somewhat
uncertain (Demets et al., 1990, 1994, Seno et al., 1993;
McCaffrey, 1996; Kreemer et al., 2000). In the past, its
movement history is arguably of even greater importance.
It was at the margins of the Philippine Sea Plate that many
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of the extensive arc systems of the Philippines, Moluccas,
parts of northern New Guinea and the very extensive
submarine arc system of the eastern Philippine Sea Plate,
the Izu-Bonin-Mariana Arc, formed. The age of the rocks in
the sub-basins of this plate, the West Philippine Sea,
Shikoku Basin, Parece Vela Basin, and Mariana Trough,
and the forearc indicate the Philippine Sea Plate must
have been in a boundary position between the Paci®c,
Australia and Eurasia since the Eocene, although not in its
present position. Unfortunately, within these sub-basins, the
magnetic anomalies required to reconstruct the plate history
are variably de®ned and dated, and the plate lacks obvious
hotspot traces.
The Philippine Sea is still relatively poorly known. Most
mapping of bathymetry and anomalies was carried out
before 1980. That work was reviewed in Hall et al.
(1995c) in which a model for the movement and opening
of the Philippine Sea Plate sub-basins was proposed, based
on the data available in 1995. Palaeomagnetic data collected
over many years indicate northward motions during the
Cenozoic, and a complex rotation history. New work has
recently improved our knowledge of parts of the Philippine
Sea and requires some changes to the model. Deschamps et
al. (1998, 1999, 2000) have studied the westernmost parts of
the Philippine Sea Plate, the Huatung Basin and the Gagua
Ridge, just to the SE of Taiwan. The new work has shown
that the Huatung Basin is probably Cretaceous in age, much
older than was previously supposed. In other words, the
Gagua Ridge must be an important former plate boundary
separating the Eocene±Oligocene central West Philippine
Sea Basin from a much older segment of what is now the
Philippine Sea. The Gagua Ridge therefore must at times
have been the plate boundary. It may have been a strike-slip
boundary, or it may possibly have been a subduction-related
boundary at different times in its history.
New studies have also been made in the Parece Vela and
Shikoku basins by Okino et al. (1998, 1999) and Fujioka et
al. (1999). As a result of the work of Okino et al. (1998,
1999), there is a better understanding of the opening history
of the Shikoku and Parece Vela basins. It appears that rifting
began at about 30 Ma, and within a few million years passed
into active spreading, broadly in an east±west direction
relative to the present orientation of the plate. At around
19 Ma, there was a jump of the spreading centre to the
northeast, and the orientation of spreading changed markedly. Okino et al. (1999) describe several stages of backarc
opening of the Shikoku and Parece Vela basins. During the
rifting phase, from about 30 to 27 Ma, there was a low rate
of extension. This was followed by propagation of spreading
centres from the centre of the Parece Vela Basin northwards,
and from the Shikoku Basin southwards between 27 and
23 Ma, and from 23 to 20 Ma the spreading centres linked
and there was a relatively high rate of opening throughout
the whole system from the Shikoku Basin through the
Parece Vela Basin. At about 20±19 Ma, there was a change
in direction of spreading and the whole spreading centre

system shifted to the northeast in the present orientation
of the plate and adopted a completely new direction of the
spreading centre, and this continued until about 15 Ma at a
slightly lower rate than earlier. The last phase of spreading
was volcanism related to extension, essentially after the
main Parece Vela and Shikoku basins had fully opened.
The recent work in the West Philippine Sea suggests that
although the Hilde and Lee (1984) model broadly describes
the opening of the Central Basin, the opening may have
continued at a slow rate until later than the 34 Ma suggested
in their model. Spreading continued at the ridge in the
central West Philippine Sea until the Parece Vela Basin
began to rift at about 30 Ma.
As far as these new data are concerned, modi®cations
have been made to the Philippine Sea Plate of Hall et al.
(1995c), which include minor changes in the timing of
Parece Vela and Shikoku Basin opening, and adjustment
of the rate of opening of the small basins at the eastern
edge of the plate. I have also allowed more overlap between
the eastern Philippine Sea remnant arc and arc fragments in
the model, to simulate the rifting phases of basin opening.
The Cretaceous Huatung Basin has been separated from the
main part of the West Philippine Sea and is postulated to
have formed part of the proto-South China Sea Basin
formed in the Cretaceous in the northern hemisphere. It is
therefore positioned in the earlier stages of the model north
of Luzon, in a relatively similar position to that of today to
the north and east of the present Luzon Arc, which is colliding with the Asian margin in Taiwan. No new palaeomagnetic data have been acquired since the results reviewed by
Hall et al. (1995c) and there are no new data to better
constrain the rotation history of the Philippine Sea Plate.
Therefore, the rotation model for the Philippine Sea Plate
remains essentially as before. The model of Hall et al.
(1995c) proposed an early rotation of about 508 between
50 and 40 Ma, a period of no rotation from about 40 to
25 Ma, and then a simple continuous rotation from 25 to
5 Ma, when the present pole of rotation shifted to its
present-day position. In this model, I have modi®ed the
period during which the early rotation took place to 55 to
45 Ma, which is still within the limits permitted by the
palaeomagnetic data. This allows a more consistent opening
of the West Philippine Sea Central Basin through to the
Celebes Sea and the Makassar Straits from the period
since 45 Ma. At about 45 Ma, there appears to have been
a major plate reorganisation in SE Asia and the western
Paci®c. The Early±Middle Eocene seems to have been an
interval of changes in motions of plates and/or hotspots,
although it is far from clear if this was synchronous or
what were the causes (e.g. Engebretson et al., 1985; Norton,
1995; Rowley, 1996; Gordon, 2000).
The later period of rotation between 25 and 5 Ma is
retained as before, although it is possible that a more
complex rotation history would be consistent with the data
that are available. Furukawa and Tatsumi (1999) have
suggested that unusual high magnesium andesites erupted
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in SW Japan in the period 13±15 Ma, are related to subduction of the young and hot Shikoku Basin crust during that
period. In this model, the eastern margin of the Shikoku
Basin reached SW Japan at about 15 Ma, although the
former spreading centre active to about 15 Ma did not
pass under the region until about 13 Ma. Earlier subduction
of the Shikoku Basin Ridge beneath SW Japan could have
occurred, if the Philippine Sea Plate rotation rates were
slightly different from those in the model. More palaeomagnetic data, particularly declination data, are required from
the entire region to justify a more complex model. As
suggested by Hall (1996), these reconstructions include a
connection between the Celebes Sea and the West Philippine Central Basin. Nichols and Hall (1999) have shown
that the stratigraphy and sedimentology of the two basins
are similar (based on drilling by DSDP Legs 31, 59 and
ODP Leg 124). The reconstructions show that the different
rotation histories could lead to a sub-parallel alignment of
their magnetic anomalies at the time of basin formation.
5.2. Philippines
At present, the Philippines (Figs. 1, 3 and 9) include an
opposed subduction system, separated by the Philippine
Fault, resulting from the partitioning of oblique Philippine
Sea Plate±Eurasia convergence (Barrier et al., 1991;
Pubellier et al., 1991). In the north, the South China Sea
is subducting east beneath the Luzon Arc, whereas further
south the Philippine Sea Plate is subducting westwards
beneath the East Philippines. The Philippine islands consist
of a very complex arc system which has a history likely to
have been as complex as the present-day tectonics, and to
have included both strike-slip movements and subduction
(e.g. Sarewitz and Karig, 1986), which extends back at least
to the Cretaceous.
Mitchell and Leach (1991) point out there is a large body
of information now available on Philippine geology, and
there are numerous publications, journals and maps both
published and unpublished which review in varying detail,
the different parts of Philippine geology. Despite this information, there is no generally accepted synthesis of tectonic
evolution, even for the late Cenozoic. This is partly a consequence of the position of the Philippines at a complex
margin in which subduction is occurring on both sides of
the Philippines in different directions, and because the archipelago is transected by a complex strike-slip fault system.
The quality of mapping varies, and in many areas, has been
driven by mineral exploration, and more recently by largely
unsuccessful exploration for hydrocarbons. Therefore, the
quality of information available is very variable from place
to place. Islands such as Mindanao at the southern end of the
Philippines have only relatively recently become reasonably
accessible for geological ®eldwork, and therefore comprehensive investigations are few.
Continental crust is found only in the Palawan±Mindoro
region, and possibly in Mindanao (Mitchell and Leach,
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1991; Bird et al., 1992; Pubellier et al., 1996). On the
western side of the Philippines, crust of continental origin
is found in Mindoro, which connects to the Palawan Ridge
and the island of Palawan. This is interpreted to be crust
rifted from the South China margin by opening of the South
China Sea, and to have been thrust into contact with the arc
terranes of the Philippines since the middle Miocene. Metamorphic basement rocks of uncertain age are known from
many areas of the Philippines. From their descriptions, some
of these appear to be metamorphic soles of ophiolitic peridotites, such as those described in Palawan, Mindanao and
central Mindoro. However, Mitchell and Leach (1991)
consider that some of the metamorphic rocks, whose age
is nowhere well established, are regional metamorphic
terrains, metamorphism of which was not related to local
thrusting, faulting or intrusion of plutons. Possible continental metamorphic rocks are reported from the Zamboanga
peninsula of western Mindanao and from the Daguma
Range of southern Mindanao (Ranneft et al., 1960; Pubellier
et al., 1996). They include mica schists and quartzose schists
with uncertain ages, which are known only to be older than
mid Oligocene igneous rocks, which intrude them. Similar
rocks have also been reported from the north arm of
Sulawesi.
Most of the Philippines consist of island arc and ophiolitic material, largely of Cenozoic age. Cretaceous rocks are
largely restricted to the eastern Philippines, where they are
principally of volcanic arc origin with an ophiolitic basement. It is possible that some of the ophiolitic rocks found
elsewhere in the Philippines are as old as Cretaceous. The
arcs were formed at the margins of the Philippine Sea Plate
and different terranes are the result of the collision of arc
fragments with the Eurasian margin during the Cenozoic,
further complicated by strike-slip faulting at the margins of
the plate related to the rotation of the Philippine Sea Plate.
There is no single synthesis for the Philippines upon
which I have been able to rely for reconstruction of this
region, incorporating both the geological information and
other information, such as isotopic dating and palaeomagnetic data. In reconstructing the Philippines, I have used
Florendo (1994) and Stephan et al. (1986) as a guide to
the geology of Luzon, Rangin et al. (1989, 1991) for the
western Philippine islands of the Visayan region, Holloway
(1982), Rangin et al. (1985), Sarewitz and Karig (1986) and
Bird et al. (1992) for the Mindoro region, and Ranneft
(1960), Pubellier et al. (1991), Quebral et al. (1996) and
Sajona et al. (1997) for the Mindanao region. I have relied
heavily on Mitchell and Leach (1991) for a summary of the
geological history. In addition, I have used our compilation
of isotopic ages from Cenozoic igneous rocks to attempt to
infer which volcanic arcs were active. The isotopic ages can
be used to indicate where arc magmatism was occurring,
and the palaeomagnetic data have been used to constrain the
positions and rotation of the fragments during their evolution. Most authors who have attempted regional reconstructions agree that the Philippines formed part of an arc at the
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edge of the Philippine Sea Plate before the Pliocene. South
of Luzon, the palaeomagnetic data indicate Cenozoic clockwise rotations consistent with movement as part of the
Philippine Sea Plate. Luzon is more controversial. McCabe
and Cole (1989) and Fuller et al. (1991) interpret the palaeomagnetic data differently. I have accepted the Fuller et al.
(1991) interpretation of a largely counter-clockwise rotation
history for Luzon for most of the Cenozoic. The palaeomagnetic data indicate only a very small latitude change for
Luzon, implying that it remained in the northern hemisphere
for most of the Cenozoic.
There have been a number of attempts at syntheses for the
evolution of the Philippines which include those by Burton
(1986) and Mitchell et al. (1986), although neither proposed
a plate tectonic model. Rammlmair (1993) attempted a plate
tectonic model for the evolution of the Philippines which
differs considerably from my own, and the reader is referred
to the publication itself to examine the differences. In my
view, Rammlmair's model fails to take into account the
palaeomagnetic data available from the Philippines and
Philippine Sea Plate, and the ages of marginal basins, and
it is dif®cult to see the causes of the development of many of
these basins. Jolivet et al. (1989) proposed a broad regional
model for the tectonic setting of the western Paci®c
marginal basins which included the Philippines. In their
model, as in my own, the Philippines occupy a complex
zone at the western margin of the Philippine Sea Plate and
also, like my own model, the Philippine Sea Plate has been
rotated clockwise progressively since the Oligocene.
However, because of its scale the model has little detail
and the whole of the Philippines is shown simply within a
broad strike-slip zone, separated by opposed subduction
zones, at the western margin of the Philippine Sea Plate.
Lee and Lawver (1995) also include the Philippines in
their plate model, which they rotate with the present west
margins of the Philippine Sea Plate. Some strike-slip faulting is shown on their model, but essentially the Philippine
Islands are moved as a single entity since 60 Ma.
These large-scale models have attempted in different
ways to grapple with the dif®culties of a plate tectonic
model for the Philippines. There has been very extensive
arc growth in the region, which means that the arcs must
have changed shape considerably during the Cenozoic.
Many authors have suggested the Philippines are composed
of a collage of terranes, of uncertain origin, and it is dif®cult
to specify their relationship to one another. These terranes
have been fragmented and moved along strike-slip faults
and in almost all cases it is very dif®cult to ®nd evidence
for the amounts of movement on these faults even over very
short and recent periods of time. The Philippines were probably situated at plate boundaries throughout almost all their
entire history, and as shown on the reconstructions they
were probably transferred from one plate to another as
subduction occurred on both sides of the islands. It is dif®cult to know on which plate the Philippine blocks were
moving, if indeed they were moving with any major plates,

and were not moving independently as small terranes or
microplates at the boundaries of the larger plates. In the
case of subduction-related volcanism, it is also dif®cult to
be sure on which side of a subduction zone the Philippines
were situated. At present, there is almost continuous volcanic activity from the northern to southern end of the Philippines, but this is produced by slabs dipping in different
directions in different sections of the arc. Finally, even
were there suf®cient data to constrain rotations, latitudinal
movements and model the changing shape of the fragments,
a detailed reconstruction of the Philippines would require a
very large number of fragments which at the present is
beyond the capacity of the modelling software.
In Hall (1996), a relatively simple reconstruction of the
Philippines was based on a small number of fragments. I
argued that it was not possible to retain the coherence of the
Philippines from Luzon to Mindanao throughout the Cenozoic, as suggested by previous authors, but that it was necessary to separate the Philippines south of Luzon (the islands
between the Visayan Group and Mindanao) from those in
the Luzon area. This is consistent with both the rotation
history and changes in latitude recorded palaeomagnetically, and with the history of arc volcanism. In this model
I have broken the Philippines into a larger number of fragments than that of Hall (1996). Currently, there are sixteen
fragments in its reconstruction and I have attempted to relate
the motion of these fragments to the large scale motion of
the Philippine Sea Plate by not giving them totally independent motions, but merely transferring them from one plate to
another in order to simulate the effects of subduction and
movement within the Philippine Sea±Eurasia margin. This
assumes that the Philippine Sea Plate motion was the driving force for movements of Philippine blocks. The motion
of different blocks was also constrained by the age of collisions between Mindoro and the Philippine Arc in the middle
Miocene and by the younger collision of the Luzon Arc with
Taiwan in the Pliocene. The plate tectonic model does not of
course simulate the changing size of the fragments, and
therefore I have allowed some overlap between fragments,
to allow for the effects of arc growth through magmatism
and extension related to arc magmatism. The geology of the
islands indicates a long history of strike-slip faulting (e.g.
Rutland, 1968; Karig et al., 1986) and I have therefore also
attempted to restrain the movement of blocks to a broad
zone of deformation at the Philippine Sea±Eurasian Plate
margin, thus preserving an overall strike-slip character to
the region. It is impossible to simulate the effects of strikeslip faulting with a relatively small number of blocks and
rotations without some overlap of fragments.
I consider that this reconstruction does approximately
model the evolution of the Philippines. The reconstructions
place the Zamboanga-North Sulawesi±Luzon Arc as the
extension of West Sulawesi±North Borneo continental
margin in the early Eocene, and preceding this, in the
Cretaceous, this region probably formed an Andean-type
margin at the edge of the western Paci®c. Igneous rocks
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Fig. 10. Geographical features of the Molucca Sea and surrounding regions. Small black ®lled triangles are volcanoes from the Smithsonian database.
Bathymetric contours at 200, 2000, 4000, 5000 and 6000 m are from the GEBCO digital atlas (IOC, IHO, BODC, 1997) and MODEC cruise data (Rangin et
al., 1996). Large barbed lines are subduction zones and small barbed lines are thrusts. Note that the direction of surface thrusting in the Molucca Sea is
correctly shown. Thrusts on each side of the Molucca Sea are directed outwards towards the adjacent arcs, although the subducting Molucca Sea Plate dips east
beneath Halmahera and west below the Sangihe arc (Silver and Moore, 1978; Hamilton, 1979; McCaffrey, 1982). The Halmahera Thrust can be traced south
from the Philippines (Rangin et al., 1996; Lallemand et al., 1998) and is interpreted as the base of the Sangihe forearc now over-riding the Halmahera Arc,
whereas the Sangihe Thrust cannot be traced north of Siau and is not present in the northern part of the Sangihe forearc. It is interpreted as a backthrust within
the accretionary prism (Hall, 2000), as shown in the inset ®gure.

of acid composition are known from South China, offshore
Vietnam and the South China Sea southwards towards Java,
indicating a broadly continuous active continental±type
margin to which material was progressively accreted during
the late Mesozoic. Such rocks may therefore form the basement to many of the arc terranes, which rifted from the
Eurasian margin through the Cenozoic and it is possible
that they will be found scattered throughout the Philippines.
In the Eocene, the southern part of the Philippines, with
the Halmahera Arc, formed part of an arc system which
extended into the western Paci®c at an equatorial/southern
hemisphere position. The north Philippines, principally
Luzon, was connected via the Sulu±Cagayan Arc to northern Borneo and Sabah before the Miocene. Arc magmatism
in this region is related to the subduction of proto-South
China Sea towards the southeast, because of slab-pull at
the proto-South China Sea southern margin, leading to
extension forming the South China Sea north of Palawan.
From about 25 Ma the Philippine Sea Plate began to rotate
after collision of the Halmahera±East Philippines±South
Caroline Arc with New Guinea. This movement carried
the southern Philippine islands northwards and rotated
them clockwise during the Neogene. At the same time, the
north Philippine fragments, which formed an arc at the
northern margin of the Philippine Sea Plate, were trans-

ferred to the Philippine Sea Plate margin. The north and
south Philippines therefore converged as a result of rotation
and subduction within the margin. Luzon became separated
from the proto-Sulu-Cagayan Arc along a strike-slip system
which was maintained throughout the Neogene, but essentially motion of these fragments and opening of the Sulu Sea
are effects caused by the rotation of the Philippine Sea Plate,
inducing backarc opening and subduction within its
margins.
It was only from the Late Miocene onwards that the
Philippines archipelago as we know it today formed a
broad single region at the margin of the Philippine Sea
Plate. The initiation of subduction at the Philippine Trench
on the east side of the Philippines at about 5 Ma means that
the Philippines have been largely transferred to the Eurasian
margin. Because of the partitioning of oblique convergence
between the Philippine Sea Plate and Eurasia, parts of the
Philippines remain partly coupled to the Philippine Sea
Plate and are moving northwards on a sliver plate between
the Philippine Fault and the Philippine Trench.
5.3. Halmahera and Sangihe Arcs and Molucca Sea
The Philippine Arc, a complex of modern and ancient
island arc and continental fragments, terminates southwards

382

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

in the Molucca Sea Collision Zone, where the opposed
Halmahera and Sangihe Arcs are actively converging
(Figs. 1, 3 and 10) The Molucca Sea Plate dips east under
Halmahera and west under the Sangihe Arc in an inverted
U-shape (McCaffrey et al., 1980). Seismicity suggests that
approximately 200±300 km of lithosphere has been
subducted beneath Halmahera, whereas the Benioff zone
associated with the west-dipping slab can be identi®ed to
a depth of at least 600 km beneath the Sangihe Arc. Tomography suggests even greater lengths for the subducted slabs
(Spakman and Bijwaard, 1998; Rangin et al., 1999b). At
present, on the west side of the Molucca Sea, the active
volcanoes of the Sangihe Arc can be traced from north
Sulawesi into Mindanao. In contrast, on the east side of
the Molucca Sea, volcanic activity in the Halmahera Arc
ceases at the latitude of Morotai, and has no Neogene
equivalent in the East Philippines. The Philippine Sea
Plate dips west and the Philippine Trench terminates to
the NE of Halmahera (Nichols et al., 1990).
Mapping of the Molucca Sea Collision Complex shows
that surface thrusts on each side of the Molucca Sea are
directed outwards towards the adjacent arcs (Silver and
Moore, 1978; Hamilton, 1979; McCaffrey, 1982), in the
opposite direction to the dip of the subducting slabs beneath.
These thrusts are the expression of outward thrusting of the
thickened accretionary complex. The direction of thrusting
is therefore not the same as the polarity of subduction, a fact
that clearly confuses many (see Fig. 10). The Halmahera
Thrust can be traced south from the Philippines (Rangin et
al., 1996; Lallemand et al., 1998) and is interpreted as the
base of the Sangihe forearc, now over-riding the Halmahera
arc, whereas the Sangihe Thrust cannot be traced north of
Siau, is not present in the northern part of the Sangihe forearc and is interpreted as a backthrust within the accretionary
prism (Hall, 2000).
Ophiolitic rocks, formed in an early Mesozoic intraoceanic arc, form the basement of east Halmahera (Hall et
al., 1988a). They are overlain by Cretaceous, Eocene and
Oligocene arc volcanic rocks. Miocene carbonates unconformably overlie all the older rocks. The Neogene Halmahera Arc became active at approximately 11 Ma (Hall et al.,
1995b). To the west of the arc, turbidites and debris ¯ows
were deposited in the forearc. To the east of the arc, a
shallow marine basin developed (Hall, 1987; Hall et al.,
1988b; Nichols and Hall, 1991). At about 3 Ma, sedimentary rocks of this basin were thrust west over the Neogene
arc and forearc. The present Halmahera Arc is built unconformably upon all these rocks. The polarity of the Halmahera Arc, related to the east-dipping Molucca Sea slab is
very clear for the Neogene. The polarity of the Halmahera
Arc shown by Charlton (2000) is wrong. There is no seismicity, no dipping slab and no other evidence for subduction
from the east of Halmahera. In contrast, there is good
evidence for east-directed subduction during the late
Neogene, which is consistent with the seismically identi®able slab beneath Halmahera and its longer continuation to

the east, seen on tomographic images (Spakman and
Bijwaard, 1998; Rangin et al., 1999b).
On the west side of the Molucca Sea, the Sangihe Arc is
largely submarine, with a small number of emergent volcanic islands between Sulawesi and Mindanao (Lallemand et
al., 1998). Based on its connection with north Sulawesi, the
arc is assumed to have begun activity in the Miocene. In the
Sangihe forearc, on Talaud, there is a sedimentary sequence
of Middle Miocene to Pleistocene age, which includes probable mid-Miocene volcanic rocks and volcaniclastic turbidites (Moore et al., 1981) suggesting volcanic activity since
the middle Miocene.
Collision between the Halmahera and Sangihe Arcs
began in the late Pliocene (Hall, 2000). In the northern
Molucca Sea, the Halmahera Arc has been entirely overridden by the Sangihe forearc and it seems probable that in a
few million years time the entire Halmahera Arc will have
disappeared. It is likely that other arcs have disappeared in a
similar way during arc±arc and arc±continent collisions and
most evidence for their existence disappears with them.
5.4. Sulawesi
Reconstruction of the area of eastern Indonesia between
the Bird's Head and SE Asia revolves strongly around the
interpretation of the geology of Sulawesi. The arms of the
island are separated by deep basins with inadequately
known histories and uncertain origin. There is active volcanic activity at the east end of the north arm, related to westdipping subduction of the Molucca Sea. Recent GPS results
(Walpersdorf et al., 1998a; Stevens et al., 1999) indicate slip
rates of up to 4 cm/yr on the Palu±Koro Fault, consistent
with palaeomagnetic estimates for rotation of the north arm
during the last 4±5 Ma (Surmont et al., 1994), and implying
that rotation and strike-slip motion is linked to subduction at
the North Sulawesi Trench. However, there is no volcanic
activity related to this subduction. The only volcano, UnaUna, in the Gorontalo Gulf (Fig. 10) is in an anomalous
position relative to the subducting Celebes Sea slab
(Cardwell et al., 1980), and recent volcanic activity in
west Sulawesi is not obviously related to any subducting
slab. Today the island is composed of a number of blocks
bounded by a linked system of strike-slip and thrust faults
(Hamilton, 1979; Silver et al., 1983).
Sulawesi has been divided into several tectonic provinces
(e.g. Sukamto, 1975; Hamilton, 1979): the West Sulawesi
magmatic arc, the Central Sulawesi Metamorphic Belt, the
East Sulawesi Ophiolite and the microcontinental blocks of
Banggai-Sula and Buton-Tukang Besi. This apparently
simple con®guration of arc±ophiolite±continent is the
consequence of several tectonic events. Most of the north
arm of Sulawesi has a basement of oceanic basalts, basaltic
andesites and pelagic sediments, thought to be of Eocene to
Early Miocene age (Pearson and Caira, 1999). Volcanic
activity, connected through the present north arm through
the Sangihe Arc into the southern Philippines, appears to
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have been almost continuous throughout the Miocene and
continues irregularly to the present-day.
West Sulawesi, as summarised above, represents the eastern margin of the Makassar Straits Basin formed by rifting
event during the Eocene. From the Eocene this was the site
of a volcanic arc (Priadi et al., 1994; PolveÂ et al., 1997). In
the Early Miocene, volcanic activity ceased in the south arm
and western Sulawesi, and was not renewed until about
11 Ma. However, the character of volcanic activity changed,
which is similar to rift-related alkalic volcanism rather than
calc-alkaline, subduction-related arc magmatism. To the
west of the arc was an extensive shallow marine area,
which persisted from the Eocene until the Late Miocene.
Central Sulawesi and parts of the SE arm are composed of
sheared metamorphic rocks and a melange complex of the
Central Sulawesi Metamorphic Belt (Sukamto, 1975;
Hamilton, 1979; Parkinson, 1998a,b). Throughout the SE
arm, and parts of Central Sulawesi, are Mesozoic rocks
which are typically deep water carbonates, similar to those
of the Australian margin (van Bemmelen, 1970; KuÈndig,
1956; Audley-Charles, 1978; CorneÂe et al., 1999). The
dominant lithologies in the east and SE arms are fragments
of a dismembered ophiolite, known as the East Sulawesi
Ophiolite, associated with Mesozoic and Cenozoic sediments. The age of the ophiolite is not clear. Cretaceous
pelagic sediments are imbricated with the ophiolite in the
east arm and K±Ar dates from basalts range from Cenomanian to Oligocene (Simandjuntak, 1986; Mubroto et al.,
1994). Further south in Central Sulawesi, magmatic hornblendes in ophiolitic gabbros are Eocene (Monnier et al.,
1995). Cretaceous to Miocene K±Ar (Yuwono et al., 1988)
and Ar±Ar ages (Bergman et al., 1996) have been obtained
from ophiolitic rocks in eastern South Sulawesi. The
Cenozoic ages are interpreted as obduction ages of the
ophiolite. It seems likely, based on geochemistry, ages
and structural relations, that the Sulawesi ophiolites are
composite. They may include the forearc basement of the
Cenozoic Sundaland margin (Bergman et al., 1996), MORB
formed at an Indian Ocean spreading centre (Mubroto et al.,
1994), and marginal basins (Monnier et al., 1995; Parkinson, 1998a). The age of a sub-ophiolite metamorphic sole
suggests that the East Sulawesi ophiolite was detached in an
intra-oceanic setting during the late Oligocene (28±32 Ma,
Parkinson, 1998a). These rocks show a blueschist overprint,
indicating that they were subducted after this (Wijbrans et
al., 1994; Parkinson, 1998a). The oldest-known ophiolitic
debris in the `molasse' sequences of Sulawesi is found in
Lower Miocene conglomerates in SE Sulawesi (Surono and
Sukarna, 1996). Ophiolitic debris is reported from Middle
Miocene sequences in Buton. Elsewhere, the timing of
ophiolite obduction is uncertain.
On the islands of Buton-Tukang Besi and Banggai-Sula,
there are metamorphic and igneous continental rocks with
shallow and deep marine sediments of Palaeozoic and
Mesozoic ages. These rocks have Australian±New Guinea
af®nities, and sedimentary rocks were deposited during
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drifting of the fragments after Mesozoic rifting (AudleyCharles et al., 1972, 1988; Hamilton, 1979; Pigram and
Panggabean, 1984; Garrard et al., 1988; Davidson, 1991).
Davidson (1991) suggested Buton to be a microcontinental
fragment which collided in the Early Miocene with SE Sulawesi, before collision with the Tukang Besi platform.
Thrusting of the East Sulawesi ophiolite onto the western
edge of the Banggai-Sula Block occurred in the latest
Miocene (Davies, 1990b), indicating collision of the SulaBanggai Block with East Sulawesi at about 5 Ma.
It is commonly assumed that there has been a collision
between a western Sulawesi Block and an eastern Sulawesi
Block, and this collision has been widely interpreted to have
begun in the Late Oligocene to Early Miocene (e.g. AudleyCharles et al., 1972; Katili, 1978; Bergman et al., 1996;
Wilson and Moss, 1999; Parkinson, 1998a; Milsom,
2000). Collision-related deformation in Sulawesi does date
from the Late Oligocene to Early Miocene. The oldest
events are recorded by ophiolitic rocks, and ages of subophiolitic metamorphic rocks indicate Late Oligocene
intra-oceanic thrusting, followed by Early Miocene subduction. Ophiolites were clearly obducted in SE Sulawesi
during the Early Miocene, and unconformable contacts indicate Early Miocene thrusting. Deformation continued
throughout the Neogene. However, there is little sign that
this affected western Sulawesi during the Early and Middle
Miocene. During the period when there was erosion and
uplift in SE Sulawesi, with ophiolite emplacement and
erosion, in western Sulawesi marine deposition continued
uninterrupted. Throughout the south arm, there are shallow
water carbonates (Wilson, 1999), and further to the north
shallow marine shelf siliciclastic sediments which were
deposited until the latest Miocene (Calvert, 2000).
Thrusting, uplift and foreland basin development in western
Sulawesi dates from the early Pliocene.
5.5. The Banda Sea region
Despite its relatively small size in the reconstructed area
the Banda Sea and the regions around it (Fig. 11) are dif®cult to reconstruct. This is in part due to problems of rigid
and non-rigid deformation, partly due to the complexity of
the region, partly the consequence of the very young deformation and large potential displacements, and partly the
dif®culty in assessing possible strike-slip motions. Because
of the very young age of deformation, the model for this
region is very sensitive to small variations in rotation poles
and rates of movement. Even the difference between GPSdetermined plate vectors and NUVEL-1A vectors, which
are within error of one another (e.g. McCaffrey, 1996),
could be signi®cant if extended back for periods of a few
million years.
Recent GPS studies (Kreemer et al., 2000; Puntodewo et
al., 1994) indicate that there are very high rates of convergence between the Bird's Head and Seram, linked to underthrusting of the Bird's Head beneath Seram at the Seram
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Fig. 11. Geographical features of the Banda Sea and surrounding regions. Small black ®lled triangles are volcanoes from the Smithsonian database.
Bathymetric contours are at 1000, 2000, 3000, 4000 and 5000 m.

Trough. The Bird's Head is now broadly moving with the
Paci®c Plate. The present Australian±SE Asia Plate boundary appears to be on the north side of the volcanic arc
extending from the Flores Sea through to the north of
Wetar (Audley-Charles, 1975; McCaffrey, 1988; Kreemer
et al., 2000). McCaffrey (1989) concluded that present seismicity indicates there are two lithospheric slabs, an Indian
Ocean slab dipping north and extending to a depth of more
than 600 km, and a second subducted slab dipping southwest beneath Seram which extends to no more than 300 km.
The present Banda Arc consists of an inner volcanic arc,
and an outer non-volcanic arc of islands formed principally
of sedimentary, metamorphic and a few igneous rocks of
Permian to Quaternary age. The inner volcanic arc has been
active since the Late Miocene (Abbot and Chamalaun,
1981; Barberi et al., 1987; Honthaas et al., 1998). The
outer arc islands are formed of allochthonous rocks from
the Asian margin and the Neogene volcanic arc thrust over
an Australian margin sequence. On the south side of the
Banda Sea, in Timor, collision between the Australian
margin and the Banda volcanic arc began in the Pliocene
(Bowin et al., 1980; Audley-Charles, 1986) and the site of
active deformation is migrating west with time (Harris,
1991). As collision has proceeded, the trench south of the
arc has become inactive and the Flores and Wetar thrusts
became the new boundary between the SE Asian and

Australian Plates, probably as a result of slab break-off
(Price and Audley-Charles, 1983). The shape of the Banda
Arc has suggested to many authors that the arc acquired its
curvature as a result of rotation driven by collision. If the
whole arc had been rotated though 1808 this should have left
an obvious volcanic record, would probably require major
rotation of the Bird's Head, and should be easily detectable
using palaeomagnetism, which should indicate changes in
both declination and inclination. Haile (1978a) reported one
site of late Miocene age on Seram showing a large (74 ^ 48)
counter-clockwise rotation, with no signi®cant difference in
inclination which he warned was only of a reconnaissance
nature, although subsequently this rotation has been
commonly accepted as important. No other similar rotations
have been reported. Marine studies of the regions in and
around the Banda Sea (e.g. Hamilton, 1979; Silver et al.,
1985; Letouzey et al., 1983; ReÂhault et al., 1991) suggest a
complex young tectonic history and an important role for
strike-slip faulting. Large local rotations are often the result
of strike-slip faulting for which there is evidence on Seram
(e.g. Linthout et al., 1991) and would be more consistent
with the absence of a change in inclination and contemporaneous volcanic activity.
The South Banda Basin appears to have formed very
recently. For many years, the age of the Banda Sea was
thought to be Mesozoic (Pigram and Panggabean, 1983;
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Lapouille et al., 1986; Lee and McCabe, 1986; Hartono,
1990). However, there is now increasing evidence for the
Neogene age suggested by Hamilton (1979). Geochemical
and geochronological data are consistent with a young backarc origin for the South Banda Sea (Honthaas et al., 1998)
and Hinschberger et al. (2001) have reinterpreted the
magnetic anomalies, previously interpreted as Mesozoic,
and assigned them ages of c. 6±3 Ma. Silver et al. (1985),
Villeneuve et al. (1994) and Honthaas et al. (1998) report
dredged continental fragments and young volcanic rocks
from the Banda Ridges. Less is known about the North
Banda Basin but heat ¯ow observations (van Gool et al.,
1987) and recent dredging (ReÂhault et al., 1994) indicate
that this basin is underlain by late Miocene backarc basalt
crust.
Spreading in the South Banda Sea terminated at about the
time the Banda volcanic arc collided with the north Australian margin in Timor. However, the earlier extension of the
South Banda Sea seems to be contemporaneous with the
uplift and thrusting reported from Seram. Seram, like
much of Timor, consists of relatively deep water continental
margin rocks representing part of the Australian margin
formed during the Mesozoic, which were uplifted into the
present high mountains of Seram in the Late Miocene. Also
on Seram are high-grade metamorphic rocks with young
metamorphic ages, intrusive rocks including cordierite
granite of Late Miocene age, and Late Miocene cordieritebearing dacites (ambonites). Similar rocks have been
sampled from the Banda Ridges offshore (Silver et al.,
1985; Honthaas et al., 1998). The metamorphic and plutonic
rocks have been interpreted by Linthout et al. (1996, 1997)
as representing obduction of young oceanic crust formed in
the Banda Sea onto Seram at around 9 Ma. However, the
metamorphic rocks are most unusual if they are associated
with an obducted slice of oceanic lithosphere. There is also
little evidence of oceanic crust of the age required to
produce such a metamorphic sole. However, these rocks
could be interpreted in terms of an extensional event starting
about 10 Ma, which led to rapid decompression melting,
extension-related metamorphism, initial arc volcanism
contaminated by continental crust, and ®nally led to backarc
basin spreading, forming the South Banda Sea from about
6 Ma.
There have been suggestions that Seram is a mirror image
of Timor (Audley-Charles et al., 1979) and that the uplift of
Seram resulted from collision of the Australian margin with
the Banda volcanic arc. It is now clear that uplift in Seram is
approximately synchronous with, or earlier than, a short
period of volcanic activity in this sector of the Banda Arc
(Honthaas et al., 1999). All volcanic rocks east of Sumbawa
are less than 9 Ma old and ages become generally younger
eastwards (Abbott and Chamalaun, 1981; Beckinsale and
Nakapadungrat, 1979; Silver et al., 1985; Honthaas et al.,
1998). In the region of Seram there were two pulses of
volcanic activity from 5±3.2 and 2.3±1 Ma (Honthaas et
al., 1999). I describe below the development of the Banda
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Arc and Banda Sea in the context of the regional evolution.
Essentially, this has been modelled as driven by roll-back
of subducted proto-Banda Sea of Jurassic age, which
arrived at the Java Trench at about 10 Ma. This induced
extension in the upper plate, causing Seram to move away
from the Bird's Head and causing uplift related to corecomplex-type extension. The model shows the extension to
be continental, but ocean crust formation could have
occurred between Seram and the Bird's Head at this
time. After the collision of the Australian margin with
the Banda volcanic arc in the Pliocene, the thinned area
north of Seram became the site of thrusting, and is now part
of the Australia±Paci®c Plate boundary, according to GPS
measurements.
5.6. Interpretation and reconstruction of eastern Indonesia
Western Sulawesi, the central part of west Sulawesi and
the south arm of Sulawesi, are interpreted to have formed
part of the Sunda margin from the early Cenozoic, and then
rifted away from Borneo by spreading in the Makassar
Strait, beginning in the Eocene and opening to form oceanic
crust at the north end of the strait. This was interpreted by
Hall (1996) to be connected to oceanic crust in the Celebes
Sea, and further east to the West Philippine Sea. Volcanic
arc activity continued in south Sulawesi and in the north arm
of Sulawesi until the Early Miocene, and this is interpreted
to be due to subduction of Indian Ocean lithosphere as
India±Australia moved northwards. There is no evidence
for the very wide Celebes Sea, major Neogene east-directed
subduction, volcanism to be expected from this subduction,
nor the major rotation of West Sulawesi shown in the
palaeogeographic cartoons of Charlton (2000).
Neogene volcanic activity in western Sulawesi is not
related to contemporaneous subduction beneath Sulawesi,
nor is it post-collisional (Macpherson and Hall, 1999).
However, subduction-related volcanism did continue
throughout the Neogene in the north arm. I therefore interpret Sulawesi to record a collision event between the
extended Bird's Head microcontinent and the forearc
of the Sunda margin in the Early Miocene in the region of
SE Sulawesi. The east arm of Sulawesi has been essentially
positioned close to the Bird's Head for all the reconstructions and is assumed to have been oceanic crust formed in
the southern hemisphere during the Late Cretaceous, as
suggested by palaeomagnetism (Mubroto et al., 1994). A
more realistic interpretation is that the ophiolites are composite and include ocean crust originally formed at an Indian
Ocean spreading centre in the Late Cretaceous, added to by
ocean crust formed in marginal basins near to the Bird's
Head microcontinent margin during the Cenozoic, and
ophiolites of the Sundaland forearc. Some of the ophiolites,
for example, the Lamasi ophiolite, may represent backarc or
forearc crust of the Sundaland margin interthrust with an
ophiolite, which originated far to the south during the
Miocene.
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The Bird's Head microcontinent is interpreted to be part
of the Australian margin which separated by rifting in the
Jurassic. The area south of the Bird's Head is interpreted as
a failed rift, and the postulated area of Jurassic ocean ¯oor
remaining before the late Neogene off western Australia, is
shown on the reconstructions in a pale green colour, based
on the maps of Veevers et al. (1991). In the early Miocene,
the extended Bird's Head microcontinent collided with the
ophiolitic Sundaland forearc in SE Sulawesi, causing ophiolite emplacement and uplift of the deep water Australian
continental margin sediments. Other areas of eastern Indonesia are also interpreted to have belonged to this microcontinental fragment and have been sliced from it during the
Neogene. These blocks include parts of eastern and southeast Sulawesi, in which continental crust appears to have
arrived in the Early Miocene, continental crust in the islands
of Buton and Tukang Besi, which collided in the Middle
Miocene, and Banggai±Sula which collided with the east
arm at the end of the Miocene. Fragmentation of the Bird's
Head during the Miocene resulted from westward motion
and rotation of the Philippine Sea Plate, and strike-slip faulting transferred continental fragments of the Bird's Head
onto the Philippine Sea/Molucca Sea Plate and moved
them to the west. This resulted in a series of minor collisional events related to strands of the Sorong Fault system,
which horsetails to the west.
Final contraction of this composite zone of continental
and ophiolitic crust and western Sulawesi did not occur until
the end of the Miocene. Thrusting in western Sulawesi
resulted in rapid elevation of mountains to about 2.5 km,
unroo®ng, and very young ®ssion track ages recorded by
igneous rocks. Thrusting in western Sulawesi towards the
Makassar Strait may now have terminated, although seimic
pro®les show that folding and thrusting has occurred
recently offshore. During the Pliocene, there was rotation
of the north arm, causing subduction of the southern part of
the Celebes Sea and complicated motions of small blocks
within Sulawesi, which can only be represented schematically in an oversimpli®ed way on a reconstruction of this
scale.
Seram is interpreted to have formed part of the Bird's
Head microcontinental fragment which broadly moved
with Australia throughout the Cenozoic. Subduction at the
Seram Trough is interpreted to be largely intra-continental.
For the last few million years the Banda Sea region has been
reconstructed by restoring crust subducted at the Seram
Trough and ®xing the Outer Banda Arc to the Australian
margin in the region of Timor since 3 Ma, the time of collision between the volcanic arc and the Australian margin.
The South Banda Basin opened in the period from 3 to
6 Ma. Buru and west Seram have been moved in order to
maintain a continuous continental region in the Bird's Head
region, and to reconstruct the Bird's Head microcontinent.
The Bird's Head was moved for just under a million years
with the Paci®c Plate, which is consistent with the presentday GPS measurements, but any more movement causes

signi®cant overlap between the Bird's Head and western
New Guinea east of the Bird's Neck. A small rotation of
the Bird's Head is necessary in order to prevent overlap of
the Bird's Head with the south end of the Philippine Sea
Plate in the region of Halmahera, north of the Sorong Fault.
This rotation is consistent with young deformation in the
Lengguru Fold Belt (Dow et al., 1985) producing shortening
in that region and also contributing to extension of Cenderawasih Bay, to the east of the Bird's Head, where the crust
of uncertain character is relatively deep and may be young
oceanic crust.
The Bird's Head microcontinent was restored by returning to it the fragments that have arrived in Sulawesi
during the Miocene. These fragments can be restored to
the Bird's Head simply by transferring them to Philippine
Sea Plate, and giving them a motion which is similar to
the Philippine Sea Plate, except slower, suggesting
coupling along the left-lateral fault system. This progressively restores a Bird's Head microcontinent to a largely
complete form by about 15 Ma. The westernmost part of
the Bird's Head microcontinent is now to be found in east
and southeast Sulawesi where it is represented by deep
water Mesozoic and Cenozoic sediments above continental basement. The reconstruction for the period preceding
15 Ma restores this earliest continental fragment to arrive
in Sulawesi to the Bird's Head by around 25 Ma, leaving
the Bird's Head as an extended continental fragment,
broadly connected to Australia at the position of the
Bird's Neck, but extended in an east±west direction, as
suggested by many authors in the past, the so-called Sula
Spur (KlompeÂ, 1954).

6. Circum-Australia regions
6.1. Eastern Australia
At present the eastern Australian margin (Figs. 2, 3, 11
and 12) consists of a wide region of marginal basins whose
history is still not well known. The margin was essentially in
its present form by the early Eocene. Recent work by Gaina
et al. (1998, 1999) has modi®ed early tectonic models
(Weissel and Hayes, 1977; Weissel and Watts, 1979). The
Coral Sea was fully open by 52 Ma according to Gaina et al.
(1999) and the Tasman Sea ceased spreading at around
52 Ma (Gaina et al., 1998). The western edge of the Lord
Howe Rise on the reconstructions is the continent-ocean
boundary of Gaina et al. (1998), which corresponds approximately to the 4000 m bathymetric contour. The Lord Howe
Rise and other small continental blocks separated from
Australia at about 90 Ma, although there appears to have
been little separation between the northern part of the
Lord Howe Rise and Australia until after about 75 Ma
(this is of interest to biogeographers because of the evidence
for relict Gondwana ¯oral elements and the exotic biota on
New Caledonia). East of the Lord Howe Rise is a complex
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Fig. 12. Geographical features of the Bismarck Sea and Woodlark Basin and surrounding regions. Small black ®lled triangles are volcanoes from the
Smithsonian database. Bathymetric contours at 200, 2000, 4000 and 6000 m.

series of basins and ridges (Eade, 1988), with an uncertain
history.
There was extension in the Late Cretaceous but the nature
of the underlying crust is not clear. Sundaralingam and
Denham (1987) suggest that the New Caledonia Trough is
underlain by oceanic crust. Continental crust forms the
basement to New Caledonia. The descriptions of Brothers
and Lillie (1988) suggest that there were emergent areas in
the Late Cretaceous in New Caledonia, but probable Cretaceous continental sediments are conformably overlain by
Cenozoic cherts and pelagic limestone, according to Guillon
(1974) and Aitchison et al. (1995). The New CaledoniaNorfolk Ridge is a narrow ridge of probably continental
character, often surmised to have formed a land bridge
from New Caledonia to New Zealand during the Cenozoic.
The New Caledonia Ophiolite represents the collision of the
extended continental Australian margin with a forearc of
intra-oceanic origin in the Eocene. Collision in New Caledonia appears to have occurred at around 45 Ma (Aitchison
et al., 1998) and seems to be younger than the emplacement
of the Papuan Ophiolite which is probably of older Eocene
age (Davies, 1971; Davies and Smith, 1971).
East of the New Caledonia±Norfolk Ridge structure is the
Loyalty Rise. This is a poorly known arc system, and I have
assumed that it is a volcanic arc behind the forearc accreted
to New Caledonia in the Eocene. The Loyalty Rise was later
rifted at its southern end to form the South Norfolk Basin.
Further to the east of the Loyalty Rise±New Caledonia±
Norfolk Ridge is another series of marginal basins of

Oligocene and younger age. The anomalies in these basins
are incomplete and not well dated. The South Fiji Basin
opened in a complex manner in the Late Oligocene to
Early Miocene (Watts et al., 1977; Davey, 1982; Malahoff
et al., 1982). Parts of the southern parts of this basin were
apparently subducted soon after formation to form the South
Norfolk backarc basin and the Three Kings Rise, which is an
extinct arc. The reconstructions open the South Norfolk
Basin between 25 and 15 Ma, following Mortimer et al.
(1998) and Ballance (1999). The area around New Zealand
is included in the reconstructions for completeness. I have
relied on Sutherland (1995) for Australia±Paci®c motion
and reconstruction of New Zealand.
6.2. The origin of the Melanesian Arcs
Today the edge of the Australian Plate to the east of New
Guinea is a zone of strike-slip faulting and subduction zones
of opposed polarities along different segments of the
margin. I have followed Crook and Belbin (1978) in
suggesting that the arcs now found in the Solomons, New
Britain, New Ireland, Fiji, and Tonga-Kermadec Arc
systems were rifted away from the eastern Australian
margin at around 40 Ma, following earlier arc±continent
collision. The collision occurred as the former Australian
passive margin collided with various intra-oceanic arcs
during the Eocene, from Papua New Guinea through New
Caledonia into the Loyalty Arc. In contrast to this interpretation, Yan and Kroenke (1993) suggested that these arcs
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Fig. 13. Geographical features of the Southwest Paci®c region including the Solomons, the New Hebrides and surrounding regions. Small black ®lled triangles
are volcanoes from the Smithsonian database. Bathymetric contours are at 200, 2000, 4000 and 6000 m.

originated mainly as intra-oceanic arcs within the Paci®c
region. At the moment there is no good evidence to distinguish between these alternatives, although tests are possible.
In particular, detailed palaeomagnetic studies would be
valuable, since the two models would predict different
latitudes and different rotation histories, which could be
used to test the models. Palaeomagnetic data, such as that
collected by Falvey and Pritchard (1982), Musgrave (1990)
and Musgrave and Firth (1999) are consistent with the interpretation presented here. Falvey and Pritchard (1982)
suggest northward movement for the New Britain islands
which form the westernmost end of the former Melanesian
Arc system.
6.3. Solomon Sea±South Fiji Basin
The rifting of the Melanesian Arc system about 40 Ma led
to the formation of the Solomon Sea and South Fiji Basins,
and later, collision with the Ontong Java Plateau led to
opening of marginal basins and major rotation in the New
Hebrides, Fiji, and Tonga±Kermadec system as the result of
opening of the North Fiji Basin and subduction of the
Solomon Sea following subduction polarity reversal. To
estimate the pole, rate and timing of rotation I have matched
anomalies identi®ed by Watts et al. (1977) and Davey
(1982) in the South Fiji Basin where they have been identi®ed. There are a few poorly preserved anomalies in the
Solomon Sea, which are consistent with an Oligocene age

(Joshima et al., 1987) and represent the northern side of this
basin. The large extent of the Solomon Sea postulated in the
model was almost entirely eliminated by Neogene subduction at the Trobriand Trough under the Papuan Peninsula in
the early Neogene Maramuni Arc, later beneath the Solomon Islands at the San Cristobal±New Hebrides Trenches,
and later still beneath New Britain at the New Britain
Trench. The remnant of the Solomon Sea now preserved
can be traced into and beneath New Guinea into a U-shaped
slab dipping both to the north and the south, as a result of the
convergence of the New Britain Arc with Papua New
Guinea (Cooper and Taylor, 1987; Pegler et al., 1995).
6.4. Fiji±New Hebrides±North Fiji Basin
The present boundary between the Australian and Paci®c
Plates in the southwest Paci®c (Figs. 2, 3 and 13) is a broad
area of deformation between the opposite-facing and partly
overlapping Kermadec±Tonga Arc system, which extends
for 3000 km north from New Zealand, and the New
Hebrides subduction zones (Pelletier et al., 1998). Backarc
extension occurs at the north end of the Tonga Arc in the Vshaped Lau Basin. Convergence rates across the Tonga
Trench increase northwards to a maximum about to
240 mm/yr and the Lau Basin is opening at rates up to
160 mm/yr, corresponding to the fastest motions observed
on Earth (Bevis et al., 1995). Above the west-dipping
subduction zone the active Tonga volcanic arc is separated
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from a remnant arc, the Lau Ridge, and at the north end of
this ridge are the islands of the Fiji Platform. Between the
Lau Ridge and the New Hebrides Arc are the North Fiji
Basins, which contain magnetic anomalies recording a
complex pattern of very young extension.
The oldest known rocks in Fiji record Late Eocene to
Early Oligocene volcanic activity (Hathway, 1994; Wharton
et al., 1995) The lavas include island-arc tholeiites to transitional boninites (Gill, 1987), and are thought to represent
crust formed during or shortly following the initiation of
subduction in the Middle Eocene. Similar lithologies are
preserved in `Eua, Tonga (Cunningham and Ascombe,
1985), and as clasts in sedimentary sequences in Vanuatu
(Carney et al., 1985). Ballance et al. (1999) suggest the
present cycle of west-dipping subduction of the Paci®c
Plate began in Tonga in the Late Oligocene, at about
28 Ma, and that Eocene arc rocks may be related to an
older subduction episode of different polarity. The New
Hebrides (Vanuatu) Arc includes at least three Neogene
arc volcanic sequences built on an ophiolitic basement
representing possible oceanic crust of Oligocene or greater
age (Greene et al., 1989; Macfarlane et al., 1989; Katz,
1989).
The exact location of formation of the oldest volcanic arc
of the Fiji±New Hebrides region is uncertain, but it was
probably far to the southwest of its present position and
was rifted apart as the South Fiji Basin began to open in
the early Oligocene. During the early Oligocene to Miocene,
Vanuatu, Fiji and the Lau-Tonga region formed part of the
continuous NE-facing arc along the margin of the Australian
Plate. Since the late Miocene, the New Hebrides, Fiji and
Tonga Arc systems have been further fragmented by opening of the North Fiji basins and the Lau Basin. The complex
opening history of the North Fiji basins and the older South
Fiji basins suggests that palaeomagnetic data may be of
great value in understanding the rotations and movement
of the arc fragments in this region, and indeed palaeomagnetism has proved a useful tool.
The earliest studies were those of Falvey (1978) who
showed that the New Hebrides Arc had rotated clockwise
since the late Miocene by around 308. This was consistent
with the shape of the North Fiji Basin. Since then there have
been several other palaeomagnetic studies, notably on Fiji
by Malahoff et al. (1982), Inokuchi et al. (1992) and Taylor
et al. (2000). All of these studies have shown very large
rotations for Fiji. The amounts of rotations suggested
vary, as do the timings, but it appears there have been
very large counter-clockwise rotations in Fiji since the
late Miocene of the order of 1008 or more. Musgrave and
Firth (1999) reviewed all of the earlier palaeomagnetic work
and also produced new results from the island of Nendo at
the intersection between the Solomons Arc and the New
Hebrides Arc, where there are very young rotations of the
order of 508 clockwise.
In the last few years there have been detailed studies of
the opening of the North Fiji Basin based on ocean ¯oor
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magnetic lineation mapping by Auzende et al. (1994, 1995),
and Parson and Hawkins (1994) have reviewed the geological history of the Lau Basin. These studies suggest a
slightly older age of rifting in the North Fiji Basin than
suggested by the early palaeomagnetic studies, but all of
the studies broadly concur in postulating a continuous
New Hebrides±Fiji±Lau±Tonga Arc system before about
12 Ma, which was subsequently rifted to form the North Fiji
Basin, with clockwise rotation of the New Hebrides Arc and
associated large counter-clockwise rotation of Fiji to its
present-day position. In the last 2±3 Ma the Lau Basin has
opened by a complex propagating rift system, although the
Lau±Tonga Ridges probably separated since about 10 Ma
by early rifting.
Although most of the tectonic models are generally
similar they differ in detail in their attempts to satisfy
the complex geometry required by the anomaly patterns
in the North Fiji Basin, or the variations in rotations
recorded by the palaeomagnetic data. I have not attempted
to model the history of this region in great detail, since to
do so would require too many fragments. Instead I have
tried to broadly satisfy the palaeomagnetic rotation information and the opening history of the North Fiji and Lau
Basins as outlined by Auzende et al. (1995) and Parson
and Hawkins (1994). I have also allowed some overlap
between fragments, consistent with arc extension during
rotation and fragmentation. The spreading centres in
these small ocean basins are shown schematically on the
reconstruction. These rotations produce a continuous
curved arc at 10 Ma. However, Fiji also records a much
earlier phase of clockwise rotation (Inokuchi et al., 1992),
which is consistent with the continuous arc system, which
existed up to the Late Miocene, having been rifted from
the Australian margin during the Early Oligocene. Broadly
the North Fiji Basin began to open from about 12 Ma, with
a small initial rotation of the New Hebrides Arc, followed
by more signi®cant clockwise rotation since about 10 Ma.
Most of the very large counter-clockwise rotations
recorded from Fiji are inferred to have occurred between
8 and 4 Ma. Slightly larger rotations could be modelled, as
shown by Musgrave and Firth (1999) and Taylor et al.
(2000) if the Fiji fragment is returned to the Tonga forearc
rather than the Lau Ridge, and the New Hebrides are
rotated a little further to the north. My reconstructions
resemble these models and that of Falvey (1978). They
differ from them in allowing signi®cant overlap of the
arc fragments. Because the other reconstructions are only
local they are free to ignore the consequences of their
block motions outside the immediate region. In a larger
plate model maintaining the full length of the New
Hebrides Arc without overlap of the Tonga±Fiji±New
Hebrides Arcs requires overlap of fragments outside this
area. I allow for extension likely to have occurred during
arc growth by overlapping fragments. In a more sophisticated but non-rigid plate model this could be included by
altering the dimensions of the arc.
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6.5. Solomons
The Solomons consist of a double chain of islands (Figs.
2, 3 and 12) separating the Paci®c Plate to the north from the
Australian Plate to the south. At present, subduction is
occurring along the New Britain±San Cristobal Trench
system, with volcanism in parts of the arc. An inactive
trench separates the island chain from the Ontong Java
Plateau to the north. Coleman (1970) divided the Solomons
into three provinces: a southern active volcanic province, a
central province of variably tectonised Cretaceous and early
Cenozoic oceanic basalts, locally metamorphosed, with
ultrama®c rocks, overlain by Oligocene to Lower Miocene
arc volcanic rocks and younger shallow water carbonates
and other sediments, and a Paci®c province of Cretaceous
and early Cenozoic oceanic basalts overlain by Cretaceous±
Pliocene pelagic carbonates similar to rocks known from the
Ontong Java Plateau.
There have been many different models proposed for the
Solomons region. These are reviewed in publications
including those of Coleman and Packham (1976), Vedder
(1986), Bruns et al. (1989a,b), Hilyard and Rogerson
(1989), Vedder and Bruns (1989), Vedder and Colwell
(1989), Wells (1989), Kroenke (1984), Musgrave (1990),
Musgrave and Firth (1999), and Petterson et al. (1997,
1999). All interpretations agree that there was a major
collision between the Solomons Arc and the Ontong Java
Plateau. The Solomons Arc was initiated by SW-directed
subduction of the Paci®c Plate, which began in the Eocene±
early Oligocene, although there may have been earlier
northwards-subduction at the Pocklington Trough and its
eastern extension (see Wells, 1989, for review). There are
differences in the interpreted age of the collision and estimates range from the Late Oligocene to much younger ages.
Petterson et al. (1997) summarise a `consensus model'
based on often con¯icting models and published information, and noted the limited number of isotopic ages available. As observed elsewhere this is not untypical of the
limited amount of information available to reconstruct this
complex region, and in part accounts for the con¯icting
models.
In these reconstructions the Solomons Arc formed at
about 40 Ma as part of the Melanesian Arc system. It
could well be constructed on earlier arc or ophiolitic crust,
emplaced during Eocene, or older collisions between Paci®c
arcs and the Australian margin. Spreading ceased in the
Solomon Sea at around 28 Ma, consistent with the anomaly
ages in the Solomon Sea and the South Fiji Basin. This
caused a slowing of subduction northeast of the Solomons,
and relatively little crust is subducted between 28 and
18 Ma. Collision with the Ontong Java Plateau is interpreted
to have begun at some time before 18 Ma, but the exact time
is uncertain, since the original extent of the Ontong Java
Plateau is uncertain; parts of the plateau may have been
subducted and some parts have been incorporated in the
Solomon Islands. This phase of deformation, as the Ontong

Java Plateau arrived at the former North Solomon Trench, is
called a soft collision phase by some authors. In the model
the Ontong Java Plateau is fully coupled to the Solomons
from around 18 Ma, resulting in closure of the Solomon Sea.
This is accomplished in the model by subduction of the
Solomon Sea at the south side to form the Maramuni Arc
in Papua New Guinea. Subsequently subduction was
initiated on the east side at around 12 Ma, earliest at the
southern end to produce the New Hebrides Arc, and this
subduction system eventually propagated northwards to
subduct the Solomon Sea on the western side of the
Solomons from around 6 Ma. The reconstructions imply
there must have been strike-slip motion within the Solomon
Sea between the northern part of the Solomon Sea and the
southern part of the former Solomon Sea at about the latitude of the northern end of the New Hebrides Arc. The
model does incorporate the principal features of the region
and is consistent with the data as reviewed by Petterson et
al. (1997).
6.6. New Britain±New Ireland±Manus
The Solomons trend can be traced through the New
Ireland group of islands into Manus Island. Up to ®ve separate plates have been postulated in the region between the
Manus Trench and the Pocklington Trough. GPS measurements (e.g. Tregoning et al., 1998, 1999) indicate the existence of the South Bismarck, Woodlark and Solomon Sea
plates, although the probably inactive Manus Trench and
Trobriand Trough may mark boundaries of former North
Bismarck and Trobriand plates. Active and very rapid northward subduction of the Solomon Sea is occurring beneath
the South Bismarck Plate to form the New Britain Arc. At
the northern end of the arc there is a complex pattern of
strike-slip faults which link the Manus Basin spreading
centre to the Paci®c Plate boundary, and these are broadly
parallel to the elongation of New Ireland. The two separate
trends of the New Britain Arc and New Ireland converge
west of Bougainville Island into the Solomons.
In New Ireland and Manus islands there is an EoceneEarly Miocene arc sequence, built on presumed older oceanic crust which is not seen (Stewart and Sandy, 1988; Francis, 1988). Volcanic activity ceased in the Early Miocene
and the arc sequences were uplifted, faulted and eroded.
Shallow water sedimentation resumed and in some areas
intermittent volcanic activity occurred during the Middle
and Late Miocene, but volcanism did not resume on a regional scale until the Pliocene. In New Britain an Eocene to
Miocene arc sequence, similar to that of New Ireland, rests
on an unseen basement (Dow, 1977; Lindley, 1988) and is
overlain in both island groups by thick shallow water carbonates of early to Middle Miocene age.
Falvey and Pritchard (1982) reported preliminary palaeomagnetic results from the New Britain±New Ireland±
Manus region, indicating that these islands formed a continuous arc with the Solomons in the Oligocene. I have
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restored the islands to Falvey and Pritchard's (1982) 30 Ma
con®guration, but have assumed their earlier much larger
clockwise rotations between 45 and 39 Ma are related to
rifting, rather than the very large arc they show at this
time (essentially with present-day dimensions). This
restores the whole arc system to the Australian margin by
45 Ma.
6.7. Woodlark and Bismarck seas
Both the Woodlark Basin and Bismarck Sea are actively
spreading oceans. One of the notable features of the
Bismarck±Woodlark region is the rapidity of change of
tectonic boundaries in the last 5±6 Ma. Several microplates
are required to model this small region. I have followed
Hamilton (1979) and Taylor (1979) in separating part of
the Gazelle Peninsula at the NE end of New Britain from
the SW part of New Britain, to represent recent strike-slip
movements linked to Bismarck Sea spreading. Madsen and
Lindley (1994) show that the situation is complex; there are
a number of strike-slip faults, and several have been active
since the Oligocene. I have represented all the motion to be
along their Wide Bay Fault system. Recent rapid opening of
the Bismarck Sea can be modelled by rotation of a South
Bismarck Plate relative to the Paci®c (Taylor, 1979).
Weissel et al. (1982) and Benes et al. (1994) record the
very rapid changes in motions since the early Pliocene,
which has led to oceanic crust formation in the Woodlark
Basin, rifting of the Papuan peninsula and development of
core complexes in the D'Entrecasteaux Islands (Baldwin et
al., 1993). The Woodlark Basin opening was complex and
had begun by about 6 Ma (Taylor et al., 1995, 1999) with
subsequent westward propagation, spreading centre reorientation, and simultaneous subduction at the eastern end of the
basin. I have simpli®ed this to a single constant-rate rotation
of the Woodlark Rise relative to the Pocklington Rise,
which conveys the timing and essentials, but not the details,
of the basin opening.
6.8. New Guinea
At present New Guinea is the site of oblique convergence
between the Paci®c-Caroline and Australian Plates.
NUVEL-1 predicts a convergence rate of 100±110 mm/yr
on an azimuth of 2488 between the Australian and Paci®c/
Caroline Plates in Irian Jaya (DeMets et al., 1990) which
corresponds to about 1000 km of convergence, if this
motion is extrapolated back to 10 Ma. GPS measurements
(e.g. Puntodewo et al., 1994; Tregoning et al., 1998; Kreemer et al., 2000) show that some of the present-day convergence is accommodated by shortening in New Guinea, by
strike-slip faulting, and by subduction at boundaries of
several small plates, although the relative importance and
location of young deformation is not yet well understood.
However, 1000 km of relative convergence would require
signi®cant subduction in the last 10 Ma between the
Australian and Paci®c/Caroline Plates and there is no
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evidence for this in Irian Jaya, either from volcanism or
from tomography.
There is an extensive literature on the geology of New
Guinea, although the island is still relatively poorly known
and under-explored. The reader is referred to regional
reviews and maps for a more comprehensive overview of
the geology (Visser and Hermes, 1962; Dow, 1977;
Hamilton, 1979; Pieters et al., 1983; Dow et al., 1986;
Carman and Carman, 1990, 1993; Buchanan, 1996).
According to Davies et al. (1996) the New Guinea region
can be simpli®ed into three tectonic provinces: a southwestern cratonic zone, a central collisional zone, and a
northern margin of islands and ranges constructed by
Cenozoic volcanic activity. The collisional zone or orogen
is strongly faulted, and includes elements of both of the
other tectonic provinces, together with igneous, metamorphic and ultrama®c rocks of various ages.
Different authors have presented entirely different models
for the evolution of New Guinea. Early regional interpretations (e.g. Dow, 1977; Hamilton, 1979) recognised the
importance of island arc crust in northern New Guinea,
and the role of strike-slip faulting. Jaques and Robinson
(1977) argued for a mid-Cenozoic arc±continent collision
in northern Papua New Guinea, without the reversal of
subduction polarity which had been widely postulated in
early plate tectonic papers (e.g. Dewey and Bird, 1970).
In contrast, Dow and Sukamto (1984) interpreted the Irian
Jaya section of New Guinea in relatively simple terms as the
result of interaction between the Paci®c and the Australian
Plates. Pigram and Davies (1987) recognised the complexity
of the orogenic belts and proposed a terrane model which
involved the accretion of approximately 30 terranes to the
northern New Guinea margin, and later Struckmeyer et al.
(1993) expanded this to more than 40 terranes, to show how
the complexity of the orogenic margin had developed over
many tens of millions of years. Several authors who interpreted the margin in terms of terranes, recognised that
several of these terranes were composite, and had amalgamated before their accretion to the New Guinea margin, and
Rogerson and Hilyard (1990) suggested that this may have
been related to transform faulting at the Paci®c±Australian
Plate boundary.
Despite the abundance of models for the region, there
have been few attempts to describe these in any detail in
terms of identi®able plates and their motion histories.
Hamilton (1979) identi®ed the most signi®cant present
plates in the region, their high rates of motion, and the
complexity of their boundaries. Smith (1990) proposed a
plate tectonic model which omitted both the Philippine
Sea and Caroline Plates until the last few million years,
and it is quite dif®cult to see how the model relates to the
present-day. Daly et al. (1991) portrayed the region simply
in terms of a collision between northern New Guinea on the
Paci®c Plate, and southern New Guinea representing the
north Australian margin, although they were aware of probable presence of oceanic microplates between the Paci®c
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and Australia. The likely complexity of this region is
conveyed on many published cross-sectional sketches of
plate interactions, which include postulated collisions,
subduction polarity reversals, and quite varied subduction
polarities (e.g. Hill and Hegarty, 1987; Davies, 1990a).
Many authors have advocated contraction during the
Neogene within the New Guinea margin, but few authors
include important episodes of extension. Hill et al. (1993)
argued for the importance of extension, and proposed that
the arc terranes in northern New Guinea were formed far
from the north Australian margin, and that many features of
the Neogene history of New Guinea may be understood in
terms of varying subduction rates, accompanied by Miocene
extension, core complex formation within the northern New
Guinea margin, and Pliocene arc±continent collision. They
also drew attention to the importance of considering the
small oceanic plates such as the Caroline Sea between the
Paci®c and Australia. Hall (1997b, 1998) attempted a plate
tectonic model which postulated arc±continent collision in
the late Oligocene±early Miocene, which was followed by a
Neogene strike-slip history related to rotation of the Philippine Sea Plate. Charlton (2000) adapts this model, although
without identifying any plates, and argues that there has
been signi®cant subduction beneath the whole of northern
New Guinea during the Neogene.
These models have some features in common. All of them
recognise that the northern New Guinea margin is composed
of arc terranes, which originated in the Paci®c. Many of the
models are two-dimensional, and merely display crosssections of selected parts of the orogenic belt. It is generally
dif®cult to interpret the relationships between the areas
shown in the cross-sections and adjacent regions in the
Philippines, eastern Indonesia and the western Paci®c.
Some models omit plates altogether. Some of the models
show maps for different times, but these usually show only a
few of the plates, and it is often uncertain how regions in one
reconstruction are related to another. This is a common
problem with many of the regional reconstruction maps
for all parts of the Asia±Paci®c margin, since they show
only a few snapshots in the sequence of events that have
occurred during the Cenozoic. Many models show a single
arc±continent collision. Almost all advocate northwardsubduction of oceanic crust north of Australia, before collision of the Australian margin with a south-facing arc. A few
authors have proposed that the northern Australian margin
was an active margin and there was southward-subduction
beneath this margin before the active north Australia margin
collided with an arc (e.g. Hill and Hegarty, 1987; Hill et al.,
1993; Monnier et al., 1999, 2000). Variations include the
opening of marginal basins within the Australian margin
and their subsequent subduction, and multiple subduction
zones. In some models, these subduction zones have a
consistent polarity, for example, many models suggest
more than one subduction zone north of Australia dipping
north, but in other models, there are subduction zones which
have opposing polarities. More complex models propose or

imply multiple arc±continent collisions (e.g. Pigram and
Davies 1987; Daly et al., 1991; Lee and Lawver 1995)
with accretion of arc fragments to the northern New Guinea
margin at several periods during the Cenozoic. Suggested
dates of these events also vary. What all the models of New
Guinea do show is considerable controversy over the interpretation of extension and collision events, and the timing of
these events.
Despite the considerable present-day evidence for major
left-lateral strike-slip faulting in northern New Guinea, and
suggestions from early workers in the region such as Carey
(1958), who proposed a major circum-Paci®c left-lateral
shear zone, very few of the models incorporate any strikeslip motion in their reconstructions. Indeed many of the
models simply show terranes or arcs arriving from the Paci®c region, colliding with the New Guinea margin at various
times during the Cenozoic and subsequently remaining in
place throughout the rest of the Cenozoic. The model of
Pigram and Davies (1987) encapsulates this approach
most completely, showing a series of additions of material
to the northern New Guinea margin and the growth of the
north Australian margin as material was added to it,
although without showing plate boundaries, or the nature
of the events which led to the addition of these terranes.
This is understandable because of the lack of knowledge
of the details of the geology of New Guinea, which is partly
due to the inhospitable nature of the region and the dif®culty
of ®eldwork and exploration in New Guinea. These
problems are also re¯ected in the controversy over the
timing of events in the region.
Disputes surround the timing of major orogeny in the
New Guinea margin. At some point in the early Cenozoic
ophiolites were obducted onto the New Guinea margin in
Irian Jaya and in Papua New Guinea (Hutchison, 1975). The
ages of the events are uncertain, and it is not clear if obduction was a single event, or whether there were multiple
obduction events at different places on the margin. For
example, Davies (1971) reported the most likely time for
emplacement of the Papuan ophiolite was Late Eocene or
Oligocene, whereas Davies and Smith (1971) suggested an
Early Eocene age. Pigram and Davies (1987) suggested
Paleogene assembly of a composite East Papuan terrane
which was separated from Australia by an oceanic basin,
and docked with the Australian craton in the middle or late
Miocene. In Irian Jaya, Davies et al. (1996) reported emplacement of Irian ophiolites at the end of the Cretaceous, and
recognised at least ®ve collisions between then and the early
Miocene. Monnier et al. (1999) interpreted collision and
ophiolite obduction to have taken place in the Oligocene.
Many authors have suggested a Late Oligocene±Early
Miocene collision between arc terranes and New Guinea,
which has been the predominant paradigm for the northern
New Guinea margin. Jaques and Robinson (1977) suggested
a mid-Cenozoic arc±continent collision, and Davies et al.
(1996) interpreted collision between the Finisterre Terrane
and the New Guinea margin to be Early Miocene age. In
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contrast, Abbott et al. (1994), Abbott (1995) and Weiler and
Coe (2000) interpreted this event to be Pliocene. Hill and
Raza (1999) summarised the literature, giving the evidence
on which the main interpreted tectonic events in Papua New
Guinea are based. There is, throughout New Guinea, widespread evidence for metamorphic cooling of Late Oligocene
and Early Miocene age, but there is an absence of signi®cant
volumes of the collision-related erosional material which
should have been produced if a volcanic arc collided with
the northern New Guinea margin in the Early Miocene.
Fission track ages also indicate much younger uplift than
expected. Much of the uplift in New Guinea is very young,
and most of the ®ssion track ages record rapid uplift since
10 Ma, and in many areas since 5 Ma.
In western New Guinea there is insigni®cant volcanism
during the Neogene, and there is little evidence for signi®cant subduction. Seismically, there is a poorly de®ned slab
beneath western New Guinea suggesting south-dipping
subduction of little more than 100 km of ocean crust at
the New Guinea Trench. Tomographic images show no
slab beneath western New Guinea (Spakman and Bijwaard,
1998; Hall and Spakman, 2002). This is consistent with the
absence of subduction-related volcanic activity in Irian
Jaya, and the unusual chemical character of the volcanic
rocks that are known (e.g. Housh and McMahon 2000). In
contrast, there was a volcanic arc in eastern New Guinea,
the Maramuni arc (Page, 1976; Dow, 1977; Rogerson et al.,
1987; Cullen, 1996; McDowell et al., 1996; Hill and Raza
1999). Southwest-dipping subduction is commonly
suggested to have occurred during the Miocene beneath
the Papuan Peninsula, although the duration of arc activity
is uncertain and based on a few K±Ar dates (Page, 1976;
Rogerson and Williamson, 1985). The volcanic activity is
generally interpreted as subduction-related (some is
reported to be shoshonitic), but some authors have questioned whether this was due to south-dipping subduction
(e.g. Abbott, 1995)
As several workers in the region have argued, there are
many reasons to doubt that the New Guinea margin can be
explained simply in terms of Australia±Paci®c relative
motion as inferred from present-day global plate models
(e.g. Pigram, 1986; Pigram and Davies, 1987; Hill and
Hegarty, 1987). GPS vectors show very considerable
convergence between Australia and Paci®c all along northern New Guinea. If this motion is extended back into the
Neogene, there should have been considerable amounts of
subduction, accompanied by volcanism, all along the northern New Guinea margin and there should be evidence for a
long subducted slab in the upper mantle. Neither of these are
seen. Clearly, intervening oceanic microplates in this region
must be considered, and the rates of development of the
Woodlark Basin and Bismarck Sea indicate that several
microplates could have formed and disappeared in a very
short time. The existing microplates north of New Guinea
are the obvious starting points for reconstructions, and any
model for northern New Guinea must include the Philippine
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Sea Plate and the Caroline plates, often omitted from reconstructions of the region, which must have been present to the
north of New Guinea during the Neogene (e.g. Hill and
Hegarty, 1987; Hill et al., 1993; Hill and Raza, 1999). It
is probably impossible, with our present limited knowledge
of New Guinea, to produce a model which satis®es all the
data and interpretations. However, I have attempted to
reconcile many of the opposing interpretations, the con¯icts
of evidence of ages and collision events, and the present-day
plate motions. I believe this area can be understood in terms
of an extended and oblique arc±collision event, which
began in the Late Oligocene±Early Miocene, with arcs of
the southern Philippine Sea and Caroline Sea margins. The
northern New Guinea margin has been for most of Neogene
a broad plate boundary with a left-lateral strike-slip character. In order to model this it is necessary to consider the
position of the Caroline Plate.
6.9. Caroline plate
The Caroline Plate (Figs. 2, 3 and 12) is a major problem
in reconstructions of the western Paci®c as its age and position of formation are both uncertain. At the present-day
many authors consider that the Caroline Plate is not a separate plate (e.g. McCaffrey, 1996) as it appears to be moving
with velocities which are very close to those of the Paci®c
Plate (Kreemer et al., 2000). GPS measurements have not
yet managed to resolve whether there is a separate Caroline
Plate today. Seno et al. (1993) proposed a model including a
separate Caroline Plate which satis®es evidence of a very
slow rate of opening between the Caroline and the Philippine Sea Plate at the western edge in the Ayu Trough, and
evidence of subduction at the Mussau Trench. The calculated Caroline±Philippine Sea rotation pole is also consistent with slow subduction to the north in the Palau and Yap
Trenches, as a result of the position of the pole of rotation.
There is some evidence of oblique extension along the
northern side of the Caroline Plate at the Sorol Trough
(Hegarty et al., 1983). To the north of the Caroline Plate
is the Caroline Ridge, which is a very broad feature of
uncertain origin, probably thickened oceanic crust, and
possibly of hotspot origin (Altis, 1999).
Whether or not the Caroline Plate is currently a separate
plate today, it certainly was a separate plate at some time in
the past. The anomalies of the Caroline Plate are of different
age and different orientation to those found to the west in the
Philippine Sea Plate, and to those found to the east in
the Paci®c Plate. At some time in the Neogene its present
eastern boundary at the Mussau Trench must have been an
important plate boundary, because anomalies in the Caroline Basin are Oligocene, whereas those within the Paci®c
Plate on the east side of the Mussau Trench are Cretaceous.
The anomaly identi®cations of Hegarty and Weissel (1988)
indicate spreading in the Caroline Sea from around 34 to
around 27 Ma. In their reconstruction of the SW Paci®c,
Yan and Kroenke (1993) essentially moved the Caroline

394

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

Plate with the Paci®c Plate, since its time of formation in the
Oligocene, requiring signi®cant subduction in the region of
the Ayu Trough (and beneath New Guinea). However, there
is no indication of subduction beneath western New Guinea
nor at the Ayu Trough. According to Weissel and Anderson
(1978) the Ayu Trough is a slow spreading centre which
opened since about 15 Ma. As observed above, there is also
little evidence for the subduction beneath New Guinea
required by the Yan and Kroenke (1993) model. On the
other hand using the present-day Caroline±Philippine Sea
motion of Seno et al. (1993) for a few million years implies
that the Caroline Plate has been in a similar position relative
to the Philippine Sea Plate and to New Guinea during the
Neogene. This can account for many of the features of
the northern New Guinea±Halmahera±southern Philippine
Sea Plate geology but rotating the Caroline Plate essentially
with the Philippine Sea Plate requires signi®cant Neogene
subduction at the eastern edge of the Caroline Plate at the
Mussau Trench. At present, there is evidence of a trench and
there is some evidence of subduction of the Caroline Plate
beneath the Paci®c Plate, but there is no evidence of an arc
on either the Caroline Plate or the Paci®c Plate, which might
have been expected had there been extensive subduction at
this plate boundary. Thus, both the model in this paper, and
the Yan and Kroenke (1993) solution, have problems which
cannot be resolved without more information from the Caroline Sea region. However, in this reconstruction the use of
the Paci®c±Australia rotation poles of Sutherland (1995)
has reduced the gap between the Paci®c and Caroline Plates,
compared to the reconstructions in Hall (1997b, 1998).
Cande et al. (2000) have demonstrated that previously
undiscovered Cenozoic West Antarctica±East Antarctica
motion was the cause of mis®ts in the Australia±Paci®c
margin and their new rotation poles may contribute to
further reducing the gap at the Caroline±Paci®c margin.
6.10. South Caroline Arc
In this reconstruction the Caroline Plate is moved essentially with the Philippine Sea Plate from 25 Ma, which is
consistent with slow spreading at the Ayu Trough, and with
the lack of signi®cant arc volcanic activity at the western
edge of the plate in the Palau and Yap islands. The model
here follows the proposal of Hall (1997b, 1998) that the arc
terranes found now in northern New Guinea, such as the
Gautier, Cyclops, Torricelli, Adelbert and Finisterre
terranes were formed at the southern edge of the Caroline
Plate in an arc above a north-dipping subduction zone,
which I term the South Caroline Arc, and that this arc
connected to the Halmahera and East Philippines Arcs,
and through Sulawesi into the Sunda Arc, before the
Miocene. These and many other terranes of Pigram and
Davies (1987), Rogerson and Hilyard (1990) and Struckmeyer et al. (1993) and other authors, are simpli®ed as
four north New Guinea blocks on the reconstructions.
New Britain and islands to the east were moved with the

Caroline Plate. The Finisterre Block has been transferred
from the Caroline Plate to the New Guinea margin by collision since 4 Ma (e.g. Abbott et al., 1994; Abbott, 1995),
satisfying the observed rotations (Weiler and Coe, 2000).
The other arc terranes are modelled as colliding diachronously and rotating within a Mio-Pliocene transpressive
zone at the northern New Guinea margin. The model simulates this discontinuous strike-slip motion by swapping the
fragments to and from the Australian and Caroline Plates. A
more complex model would allow more fragments and rotations and could simulate the moving Euler poles of Weiler
and Coe (2000).
For the period back to the Early Miocene, the arc terranes
were moved with the Caroline Plate, and for the Neogene
this maintains a broadly continuous plate boundary zone of
arc terranes (which may not have been volcanically active
for much of this period, because the boundary was dominated by strike-slip motion). For the Paleogene the arc
terranes are seen to be assembled from two earlier arcs:
the South Caroline and Melanesian Arcs, and this raises
the question of which blocks belonged to which arcs during
the Paleogene. I have cut the two arcs between the New
Britain and the Finisterre Block. Other solutions are possible, since it is not dif®cult to maintain the major features of
the kinematic model and cut the arc west of the Finisterre
Block, or indeed east of New Britain. Geological arguments
for continuity of these areas (e.g. New Britain±New Ireland,
or Finisterre±New Britain) are not very helpful, since there
are no major differences in the Paleogene±Neogene geological history predicted by the model for the different parts of
the arc: all were initiated in the Eocene, and were built
probably on older arc or oceanic crust, and all experienced
active arc volcanic activity until the Late Oligocene to Early
Miocene. A period of faulting, uplift and arc quiescence, is
predicted for the Early Miocene, followed by intermittent
volcanic activity at a predominantly strike-slip plate boundary. On the other hand, palaeomagnetic data from Paleogene
rocks, which is currently lacking for most of New Guinea
and is limited to reconnaissance results in other regions (e.g.
Falvey and Pritchard, 1982), could provide a critical test of
this model, and the data needed to produce a better model.
For the Eocene±Oligocene I have experimented with two
possible solutions to opening of the Caroline Basin in a
backarc position behind the South Caroline Arc. Hall
(1997b, 1998) simply closed the Caroline Basin parallel to
the present anomalies, so that the backarc basin was
initiated within a Paci®c margin to the east of the Philippine
Sea Plate at around 40 Ma. This solution appears anomalous
since at around 40 Ma the arc is initiated in a strange orientation relative to both the Philippine Sea Plate and the
Paci®c Plate, although this could be explained if the arc
initiated at a former transform fault segment within the
Paci®c Plate.
In this paper, I have tried an alternative solution, which is
to assume that the arc rocks now found in New Guinea were
formed at the margin of the Philippine Sea Plate, and that
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these rotated away from the eastern Philippine Sea Plate
margin in a similar way to the Marianas and the IzuBonin Arc systems rotated away from the leading edge of
the Philippine Sea Plate in the period since 25 Ma. The
Caroline Basin was closed in a direction perpendicular to
the magnetic anomalies in the basin and then the arc was
rotated back to form the eastern margin of the Philippine
Sea Plate at around 40 Ma. This model offers an explanation
for the opening of the Caroline Sea Basin in this setting but
some of the arc volcanism dated isotopically in the East
Mariana and West Mariana Ridges during the Oligocene
is not satisfactorily accounted for. However, in the Marianas
(Saipan, Guam) and Palau, K±Ar dating indicates mainly
Oligocene ages, whereas palaeontology indicates Eocene
ages (Cloud et al., 1956; Tracey et al., 1964; Meijer et al.,
1983; Reagan and Meijer, 1984). It is not resolved if the
discrepancies are due to reworking of fossils or problems
with the isotopic ages (Cosca et al., 1998). If the palaeontological ages are correct, then the model is not in con¯ict
with the evidence for arc volcanic activity.
The history of the western Paci®c suggests that a more
complex tectonic origin is possible, and indeed likely, but
given our present knowledge of the Caroline Basin and the
area to the north of New Guinea, there are insuf®cient data
to suggest a different model. For the Late Oligocene and
Neogene the interpretation has a number of attractive
features. Collision at the end of the Oligocene was between
the Australian margin and the Philippines±Halmahera±
South Caroline Arc system. The model predicts that the
boundary then changed to a strike-slip system in most of
northern New Guinea, within which the arc terranes moved
along the New Guinea margin. Some continental fragments
of eastern Papuan origin could have been transferred into
the strike-slip zone at this time, thus accounting for
geochemical evidence of old crust in eastern Indonesia
(Vroon et al., 1995, 1996). No signi®cant subduction is
predicted beneath western New Guinea until very recently,
whereas important subduction is predicted beneath eastern
Papua New Guinea in the Early Miocene and onwards.
Subduction propagated westwards with time as the Philippine Sea±Caroline±Paci®c Plate system rotated. The model
accounts for the progressive arrival of the arc regions of the
South Caroline Arc in northern New Guinea at different
times. The arc regions are shown schematically on the
reconstructions as entrained within a strike-slip zone in
the Neogene, moved along the New Guinea margin, and
progressively rotated to their present-day positions. The
present Australia±Paci®c convergence vector became of
relevance to New Guinea only since about 5 Ma, when the
New Guinea Trench was developed south of the Caroline
Plate, and there was distributed contraction and uplift of
northern New Guinea. The model can accommodate extension within the New Guinea margin, such as that advocated
by Hill and co-workers (e.g. Hill et al., 1993; Crowhurst et
al., 1996; Hill and Raza, 1999). East of New Guinea the
overall Australia±Paci®c convergence was accompanied
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by subduction beneath the New Britain Arc, and just such
extension has occurred in the Bismarck Sea and Woodlark
Basin.
Another interesting feature of this model is the position of
a plume which is thought to exist beneath the Manus Basin
at the present-day (Macpherson et al., 1998, 2000). The
plume centre is shown as a yellow dot and its position is
®xed in the model relative to the Paci®c hotspots. Norton
(2000) has shown that globally there are hotpot families
which move as groups relative to one another, and the
Paci®c hotspots have moved together during the last 80
million years. In this case, the Manus plume is considered
to be part of the Paci®c family. The path of the plume can be
followed on the reconstructions. For the period from about
5 Ma the hotspot is situated immediately beneath the Manus
Basin, which is the site of very rapid and recent spreading.
For the period, back to the early Neogene the hotspot
broadly migrates up and down the Eauripik Rise in the
centre of the Caroline Plate. The trace of the hotspot is
lost for the period before about 30 Ma, due to the later
subduction of the part of the Paci®c Plate which passed
over the hotspot, but before about 45 Ma the hotspot is
close to the eastern boundary of the Philippine Sea Plate.
Macpherson and Hall (2001) have suggested that this
hotspot may be responsible for the initiation of the massive
boninite volcanism and spreading in the central West
Philippine Sea in the Middle Eocene.
7. The plate tectonic model
Below, the geological evolution of the region, based on
the information summarised earlier, is described for 5 Ma
intervals. In this section, I have deliberately avoided reciting references which have been discussed earlier in the
paper, in the hope that it will be easier to follow. It is hoped
and assumed that the reader will use the computer animations when reading this account. Throughout the text the
ages given should all be accompanied by the word
`about', although the resolution of this indication of error
is variable. As discussed above the isotopic age database is
of variable quality, there are problems converting ages in
the literature from a variety of biostratigraphical and chronostratigraphical scales, and there are numerous other
problems. It is evident from the literature that some `facts'
become established through constant repetition, some correlations become accepted by wishful thinking, and it is often
dif®cult to separate fact from interpretation.
I caution the reader against uncritical acceptance of the
reconstructions and the timing of events portrayed. A rigid
plate model, even as modi®ed here, requires numerical ages
to be chosen for beginning and ends of movements, which
any geologist would wish to consider as transitional. I also
caution readers about selectively using parts of the model
without consideration. Any change in a large regional model
has effects elsewhere and these need to be considered
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together. Finally, I would hope that readers will not simply
reject the model on the basis of their own detailed knowledge of local geology of particular areas. A plate tectonic
model on this scale cannot portray all geological detail.
Changes will be required as our knowledge of major plate
movements improves and as new information is acquired. In
some areas, relatively small changes in the major plate
motions could require important changes. Alternative
models are possible, and despite advice on good practice
in science (e.g. Chamberlain, 1965) during development of
this type of model it is dif®cult to maintain multiple working
hypotheses and to develop multiple working models. Significant alternatives to the model presented here are for other
workers to produce, but they must be large-scale not local,
they must include known plates and show how fragments
move, and they must show the whole development, not
selected snapshots, to be truly useful. They too will need
to be tested against a wide range of geological data.
7.1. Mesozoic to early Cenozoic background
During the Palaeozoic and Mesozoic, continental terranes
separated from Gondwanaland and were accreted to Asia by
the opening and closing of the Palaeotethys and Mesotethys
Oceans (e.g. Audley-Charles, 1988; Audley-Charles et al.,
1988; SengoÈr and Natal'in, 1996). Metcalfe (1998) interprets all the East and SE Asian continental terranes to
have originated on the margin of Gondwanaland, and probably within the Indian and northern Australian margins. By
the Mesozoic, a region composed of fragments derived from
Gondwana formed a Sundaland core, surrounded by subduction zones. By the beginning of the Cenozoic the western
and northwestern edges of the Australian continent were
passive margins, although the eastern margin was a more
complex extended region, with marginal basins which were
still in the process of opening. Rifting and spreading had
produced Mesozoic oceanic crust around Australia (Veevers
et al., 1991) and led to the largely northwestward motion of
Gondwana fragments which were accreted to the SE Asian
margin (Metcalfe, 1994, 1996, 1998).
In contrast to Australia, the SE and Asian margins were
active margins for most of the Mesozoic. Subduction meant
that the Asian margins were complex. Island arcs at the
margins may have been underlain by continental and oceanic crust, and there were probably many small ocean basins
behind the arcs and above the subduction zones. The widespread ophiolites formed mainly in subduction-related
settings, such as backarc basins and forearcs. By the beginning of the Cenozoic SE Asia was a composite mosaic of
continental crust, island arc material and oceanic crust.
Two major fragments separated from Gondwana
(Veevers, 2000) in the Cretaceous and moved northwards
as parts of different plates: India and Australia. India
collided with the Asian continent about 50 million years
ago, although it continued to move northwards. The
mechanism and consequences of the continued convergence

remain controversial, although the attractive indentor
hypothesis proposed by Tapponnier et al. (1982) is widely
considered the explanation for many features of SE Asian
geology. Australia separated from Gondwana, leaving
Antarctica as its ®nal remnant, at about the same time as
India, but moved less quickly northwards. The northward
movement of Australia resulted in arc±continent collision
and major strike-slip motion within the collision zone. The
collision of Australia with the Asian margin began later than
that of India, but likewise continues to the present-day.
7.2. Greater India
Two aspects of the India±Asia collision are of particular
relevance for the reconstructions here: the age of collision
from which the continental boundaries of the two continents
can be inferred, and the consequences of the continued
northward movement of India. Both remain controversial
and Packham (1996) provides a useful review which is
summarised here. The pre-collision size of Greater India
is somewhat conjectural, but for a given size and age of
collision, the position of the Asian margin can be reasonably
well located. Powell et al. (1988) suggested that continental
crust of Greater India extended about 1300 km north of the
eastern syntaxis, on the basis of the ®t of India against
Australia and Antarctica. A smaller Greater India was
proposed by others (Dewey et al., 1989; Treloar and
Coward, 1991; Harrison et al., 1992). On this basis, Le
Pichon et al. (1992) estimate a minimum size for Greater
India to 600 km north of the suture, whereas Dewey et al.
(1989) give a range from 450 to 1000 km. These authors
also differ in whether collision was synchronous or diachronous along the suture. I have accepted the age of collision
interpreted by Rowley (1996), and a conservative estimate
of the extent of Greater India, which implies that the Asian
margin extended south to at least 308N. I have also extended
the Greater India boundary to the east to allow for collision
in Burma at the end of the Eocene, as interpreted by Mitchell (1993). This area of Greater India is still slightly smaller
than the maximum permitted by the reconstruction of Royer
and Sandwell (1989) which is adopted by Lee and Lawver
(1995). Using this maximum possible area would cause
collision in Burma slightly earlier than shown in this
model (40 Ma instead of 35 Ma), which is still close to
the end Eocene age suggested by Mitchell (1993).
7.3. Asia
There is now agreement that after collision some convergence was absorbed within Asia by substantial crustal thickening, but there is controversy about the amount and
distribution of strain and its effect on SE Asia. In their
early models, Tapponnier and co-workers argued that continental blocks, including Sundaland, were extruded up to
1000 km southeast (e.g. Peltzer and Tapponnier, 1988)
although their later estimates were smaller (Briais et al.,
1993; Leloup et al., 1995; Lacassin et al., 1997). In contrast,
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Fig. 14. Reconstruction at 55 Ma. This preceded the major collision between India and Asia. The possible extent of Greater India and the Eurasian margin
north of India are shown schematically. Ophiolites representing the forearcs of intra-oceanic island arcs were emplaced on the north Australian continental
margin from about this time, although emplacement is generally poorly dated. A spreading centre between the Paci®c and North New Guinea Plates is inferred
for reasons discussed in the text. In the north Paci®c there was a spreading centre between the Paci®c and the Kula plates. The reconstruction at this stage is not
kinematically consistent in the Paci®c because of the limited evidence available. There must have been several microplates between the Australian and Paci®c
plates, as today, most of which were subsequently eliminated by subduction.

other workers (e.g. England and Houseman, 1986; Dewey et
al., 1989; Houseman and England, 1993) largely dismissed
the extrusion hypothesis, arguing that the displacement on
the strike-slip faults was small, and that the continued
convergence of India and Asia was accommodated by crustal thickening, with very little eastward movement of crust.
As noted above, Wang and Birch®el (1997) argued that even
a 600 km offset on the northern Red River Fault (e.g. Briais
et al., 1993) was reduced signi®cantly by internal deformation of Indochina to a much smaller offset at the SE end of
the Red River Fault.
The starting reconstructions here (Fig. 14; 55 Ma) portray

the position of the Indochina±Sundaland margins, and very
schematically, the positions of Greater India and Asia, but
do not show how the large area of crust between India and
Asia has been deformed since collision. The position of
Indochina has been restored as described above, with different offsets on the south and north ends of the Red River
Fault, and displacement on the Wang Chao Fault. As far
as Asia is concerned, these reconstructions resemble the
diagrams of indentor models. However, in SE Asia the
reconstructions do differ considerably from those which
accept an indentor model, and model Indochina deformation
as movement of rigid blocks (e.g. Briais et al., 1993;
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Huchon et al., 1994; Leloup et al., 1995; Ramstein et al.,
1997) passing into the whole of SE Asia. In such models
Eocene reconstructions show the Thai±Malay Peninsula
and Sumatra to have a more east±west orientation, Borneo
is further north, and all are rotated by post-collision clockwise rotations. As summarised earlier, such rotations are not
supported by palaeomagnetic evidence from SE Asia. In this
model, Cenozoic clockwise rotations are present as far south
as the North Malay Block, but from the South Malay Block
south and east there are Cenozoic counter-clockwise
rotations. In the Late Mesozoic, the Asia±east Sundaland
Paci®c continental margin was oriented broadly NE±SW
and this active margin may have continued through Borneo
with a similar orientation, based on palaeomagnetic
evidence for late Cretaceous or early Cenozoic rotation in
Borneo and elsewhere. At the beginning of the Cenozoic,
Borneo is interpreted to have formed a promontory of
Sundaland at the eastern margin of Eurasia (Hall, 1996,
1997a), partly separated from Asia by oceanic crust of a
proto-South China Sea.
7.4. Paci®c
Since 55 Ma a very large area of the western Paci®c and
much of the Indian Ocean has been subducted. The areas
with no anomalies, shown in blue on the oldest reconstructions, are the areas that have been subducted since that time,
and reconstructing plates and boundaries within the oceanic
parts of the region is very conjectural. Many of the arc
regions that did exist were much smaller, and there is very
little evidence to locate them.
8. Cenozoic history
8.1. Reconstruction at 55 Ma (Fig. 14)
At 55 Ma the Asian margin from Japan northwards was
an active continental margin. Further south the situation is
less clear, and different plate boundaries can be inferred
from the limited evidence that exists. It seems plausible
that Taiwan, Palawan and the now extended crust of the
South China Sea margins formed a passive margin, established during the late Cretaceous after the cessation of
earlier subduction. Ru and Pigott (1986) and Zhou et al.
(1995) report the earliest episode of extension of the
South China passive margin in the Late Cretaceous. The
active margin at the edge of the Paci®c is assumed to
have been further east.
India was approaching the Asian margin, and the northern
edge of Greater India was soon to collide with the southern
edge of the extended Eurasia, shown in the reconstructions.
Australia had separated from Antarctica in the Cretaceous,
but for about the ®rst 40 Ma after rifting the rate of spreading was extremely slow, and there were possibly land
connections through Tasmania into Antarctica. At 55 Ma
the Tasman Sea had almost fully opened and the Lord

Howe Rise and the continental fragments to the east of
Australia were by this time widely separated, and almost
in their present-day positions relative to the Australian
margin.
SE Asia is shown as a promontory. The western part of
SE Asia, the Sumatra±Java region, is inferred to have been
orientated in a more northerly-directed direction compared
to the present-day. Borneo is rotated from its present-day
position clockwise, by about 408, leaving to the north of it an
area of oceanic crust of uncertain age, probably formed
during the Late Cretaceous and referred to here as the
proto-South China Sea. A small part of this oceanic crust
may be preserved in the present-day Huatung Basin, just to
the east of Taiwan, and this area of the proto-South China
Sea is shown to the east of the ocean margin at about 308N.
All the remaining oceanic crust of this region has been
subducted. To the northeast of northern Sabah the area
shown as an arc region is inferred to be the oldest parts of
the Luzon Arc system, which became fully developed after
about 45 Ma. Cretaceous radiolarites from Luzon (Florendo,
1994) resemble the Chert±Spilite Formation of Sabah (e.g.
Leong, 1974) and suggest a connection between these
regions from the Cretaceous.
The northern margin of Australia was at about 308S and
the Bird's Head microcontinent extended to the west of
Australia, from which it was separated by the proto-Banda
Sea, which is inferred to be of probable Jurassic age, as
indicated by the evidence for break-up along the Northwest
Shelf. The proto-Banda Sea is interpreted as a failed rift.
Between Australia and SE Asia was an oceanic region of
uncertain age. There were at least two further ridge jumps
west of Australia before the termination of India±Australia
spreading (Veevers et al., 1991), and I have shown the
present areas of Cretaceous oceanic remaining west of
Australia in shades of blue. The postulated full extent of
the Jurassic oceanic crust that occupied the proto-Banda
Sea is shown on the reconstructions in pale green. Some
of this crust has been subducted in the last 10 Ma.
At 55 Ma Australia and India were on separate plates, and
there was a spreading centre between Australia and India.
The spreading centre must have extended northwards and
was probably being subducted somewhere along the Sunda±
Java Trench, but its position is uncertain. It did not extend
into the Paci®c east of Sulawesi, since the western Paci®c
region was occupied by microplates, which must have been
formed in the Late Cretaceous or early Cenozoic, and which
were converging on the Australian margin. Two of these
microplates are shown on the reconstruction, although
there may well have been several others. The forearcs of
these microplates were obducted as ophiolites onto the
northern Australian passive margin from New Caledonia
to New Guinea at different times in about the Eocene,
after northward subduction of the oceanic crust to the
north of Australia. The Sepik ophiolites of northern New
Guinea are shown schematically to be the forearc of one of
these microplates. To the east of these ophiolites were the
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Fig. 15. Reconstruction at 50 Ma. India±Asia collision began. Extension was underway within Sundaland, in east Borneo, the east Java Sea, and Sumatra.
Subduction was initiated at the present east margin of the Philippine Sea Plate, accompanied by voluminous boninite magmatism causing rapid growth of the
Izu±Bonin±Mariana Arc. As for 55 Ma this reconstruction is not kinematically consistent in the Paci®c region. However, it is important to note that there
could have been no connection between spreading centres of the Indian and Paci®c Oceans. The limited evidence indicates there must have been several
microplates between the Australian and Paci®c Plates which represent marginal basins formed during the Mesozoic. The Philippine Sea Plate rotated rapidly at
this time.

Papuan Ophiolite, and further south the New Caledonia
Ophiolite is inferred to be the forearc of the Loyalty Ridge.
Remnants of older crust in the Paci®c region are all of arc
origin, including the Oki±Daito Ridge and Amami Plateau
of the northern Philippine Sea Plate and the Halmahera
region of the southern Philippine Sea Plate. These are reconstructed in a sub-equatorial position based on palaeomagnetic data, which indicate their subsequent rotation history
and that latitude. Further north in the Paci®c a spreading
centre is postulated for reasons outlined below. To the north
of it was the Paci®c Plate, and to the south of it was the
Northern New Guinea Plate, originally suggested by Seno

and Maruyama (1984). At the northern edge of the Paci®c
the Paci®c±Kula Plate spreading centre was active until
43 Ma (Lonsdale, 1988).
8.2. Reconstruction at 50 Ma (Fig. 15)
By 50 Ma the ophiolites of Papua had collided with the
Papuan margin and subduction had ceased in this region.
The Sepik ophiolites are shown as about to collide with the
northern Australian margin. New Caledonia was a little
further behind in this collisional process. The differences
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in timing imply at least one, and probably more than one,
rotating microplate.
The major event in the western Paci®c at about 50 Ma
was the massive eruption of boninitic volcanic rocks in what
is now the eastern Philippine Sea Plate margin, from the IzuBonin Arc to the Mariana Arc. The cause of this voluminous
and strange, indeed unique, eruptive episode is not clear. It
has been suggested in the past that subduction was initiated
at north±south transforms in the Paci®c±Indian Ocean
spreading system (Uyeda and Ben Avraham, 1972) but
this hypothesis is not now tenable. Much of the crust in
the Philippine Sea Plate has an older arc history, and cannot
therefore have formed at a mid-ocean ridge connecting the
Paci®c to the Indian Ocean. The rotation history of the
Philippine Sea Plate also precludes the possibility that
these transforms had the north-south orientation suggested.
Furthermore, a transform origin for the boninitic magmatism (e.g. Stern and Bloomer, 1992) can explain the magmatism to only a limited area. I suggested (Hall, 1996) that the
cause of the extensive magmatism along this arc system,
several thousand kilometres in length, was the result of
subduction of a ridge at a former subducting margin, and
the sub-parallelism of the spreading centre. This is inferred
to have been a spreading centre between the Paci®c Plate
and the Northern New Guinea Plate, which is now completely subducted. Macpherson and Hall (2001) have recently
suggested an alternative hypothesis to explain the extensive
boninite magmatism, and other features of the regional geology and geochemistry. The present-day Manus plume
would have been situated beneath the margin of the Philippine Sea Plate at around 50 Ma, and it may have been the
initiation of this plume that caused the extensive magmatism. The plume is located under the eastern edge of the
Philippine Sea Plate at 52 Ma in these reconstructions.
This is consistent with the ages of the boninites, and the
early rotation history of the plate, neither of which are
very precisely dated. The hypothesis would also explain
the absence of evidence for earlier subduction at the Izu±
Bonin±Mariana margin plate of the Philippine Sea Plate. If
correct, this would cast doubt on the existence of the Northern New Guinea Plate, which was originally postulated to
explain ophiolite emplacement in northern New Guinea
(Seno and Maruyama, 1984). Whatever the cause, the
Philippine Sea Plate, in the sense we now know it, came
into existence at this time, although the reconstruction may
over-emphasise the area of magmatism as a result of
retaining the shapes of fragments in a rigid plate tectonic
model.
By 50 Ma there must have been westward-directed
subduction all along the Asian margin, and the margin
extending southwards towards what is now Luzon, the
North Sulawesi Arc and the West Sulawesi Arc. East
Borneo and West Sulawesi are underlain by arc and ophiolitic rocks, as well as by continental crust, which may be
early-rifted Gondwana fragments. This material had been
accreted by subduction and the collision of microcontinental

fragments during the Cretaceous, which may have resulted
in a thickened crust in this part of Sundaland. By the Paleocene much of Sundaland from Sumatra to Sulawesi was
emergent, and at some time in the Paleocene or Eocene
rifting began in several places. The cause of the rifting is
uncertain, in part because the older parts of all the sequences
are poorly known and dif®cult to date, since they are principally sub-aerial sediments. From Sumatra to Java there are
several broadly N±S trending graben with red beds, alluvial
fans and conglomerates (Cole and Crittenden, 1997) and in
eastern Borneo similar poorly dated rocks are known from
the Meratus region and the Kutai Basin.
India was probably beginning continent±continent collision with the Asian margin at this time, and the northward
movement of India is sometimes suggested to have played
a part in rifting of the Sumatra and Java Basins. My
reconstructions suggest this was not the case, as even
with a greater area of Greater India to the NE, such as
the maximum possible extent used by Lee and Lawver
(1995), the Indian continent would still have been very
far from the Sunda Trench. Reconstructions based on the
indentor-model do not offer a solution, since they suppose
the Sundaland margin to have been east±west and further
north than shown here. Extrusion is not an explanation,
since its effects on the Sundaland margin are required at
the same time, or even before (if rifting was older than
50 Ma) India±Asia collision, and would have required the
leading edge of any extruded blocks to be extending faster
than the collision driving the extension at the rear of the
blocks.
Because the timing of rifting is uncertain, it is not clear if
its initiation was synchronous, and any explanations are
speculative. Some of the basins, especially those north of
Sumatra and Java, are often referred to as backarc basins,
but is not clear that they were in a backarc setting at about
50 Ma. There appears to be a widespread absence of volcanic activity, at least between Sumatra and Java, at this time.
There is no evidence for signi®cant changes in India±Asia
relative motion this early, and therefore variation in the rate
of subduction is an improbable cause of reduced magmatic
activity. However, the absence of volcanism may be significant, if considered together with the palaeomagnetic
evidence for late Cretaceous±Paleocene counter-clockwise
rotations. Hamilton (1988, 1995) emphasised the necessity
of viewing subduction in a dynamic way, and argued that
most subduction zones are characterised by retreat of the
hinge with time, or rollback, causing the mantle wedge
above the subduction zone to be constantly replenished by
an in¯ow of hot, undepleted mantle. In contrast, hinge
advance does not allow the mantle wedge above the
subducted slab to be replenished and therefore magmatism
ceases as the wedge loses non-refractory components. As in
the early Neogene (see below) counter-clockwise rotation of
the Sundaland margin would lead to exactly this situation,
and magmatism would cease, despite continued subduction
(Macpherson and Hall, 1999).
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Fig. 16. Reconstruction at 45 Ma. This was a period of major plate reorganisation. Continent±island arc collision emplaced ophiolites in New Caledonia and
there was a subduction polarity change along the east Australian margin. Subduction of the Paci®c Plate began accompanied by long-term and rapid hinge rollback, initiating the Melanesian Arc. Rotation of the Philippine Sea Plate ceased at about this time and there was a connection between spreading centres of the
West Philippine Sea Basin and the Celebes Sea. The proto-South China Sea began to subduct beneath the north Borneo±Luzon margin. The Sunda±Java
Trench system extended well into the Paci®c via the East Philippines and Halmahera Arcs, with northward subduction of the Indian and Australian plates.
Extension continued in the East Java Sea and Sumatra.

An alternative explanation may also be related to subduction. Atwater and Stock (1998) have shown that subduction
of the Paci®c±Farallon spreading centre beneath western
North America in the Neogene is linked to extension of
the continental margin. The India±Australia spreading
centre must have been subducted beneath the Sundaland
margin at some time before 42 Ma, although the timing
would depend on the geometry of the ridge and this cannot
now be determined. This explanation could account for
variations in initiation of extension at different places in
the Sundaland margin.

8.3. Reconstruction at 45 Ma (Fig. 16)
At some point between 50 and 40 Ma, there was a
major plate reorganisation, extending from SE Asia
through the western Paci®c to the Australian margins
east of Australia in the region of New Caledonia. During
this interval of time the rate of northward motion of India
reduced signi®cantly. India and Australia became a single
plate, the spreading centre between them ceased activity,
and new spreading centres in the southern Indian Ocean
were initiated. The rate of Australia±Antarctica separation
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increased and Australia began to move northwards
relatively rapidly.
After the emplacement of ophiolites on the northern and
eastern Australian margins the polarity of subduction changed east of New Guinea. The Melanesian Arc system was
initiated by rifting of earlier arc crust within the Australian
margin, from Papua New Guinea to New Caledonia. From
Papua westwards, the north New Guinea margin became a
passive margin, and northward subduction of the ocean crust
was established south of the East Philippines±Halmahera
Arc, which was north of the eastern extension of the
Sunda and Java Trenches. The Philippine Sea Plate is
surmised to have completed its early large rapid clockwise
rotation by about 45 Ma (Fig. 16) and the spreading system
of the West Philippine Sea propagated through the Celebes
Sea into the Makassar Strait, to open a wide ocean basin in
this region. By 45 Ma there was an extensive area of arcs on
the eastern margin of the Philippine Sea Plate, due to
subduction of the Paci®c Plate beneath this margin, which
has continued to the present-day.
Southward subduction of the proto-South China Sea
began at about 45 Ma, resulting in the creation of a new
and important active margin extending from Sabah through
the Sulu Arc into Luzon. This was to lead to opening of the
South China Sea within the Asian margin, as a result of slabpull forces. The beginning of subduction is therefore
postulated to have been the cause of extension in the Indochina±South China margin, rather than indentation of India
at the rear of extruding east Asian blocks.
It is not clear what caused all these changes, and there
are a number of possibilities. The collision of India and its
change in motion would have required signi®cant plate
boundary changes. In the Paci®c region, the loss of the
Kula±Paci®c ridge, and the possible loss of a Paci®c±
Northern New Guinea Ridge may have changed the lengths
and distribution of subducted slabs around the Paci®c
Plate. This could have caused plate boundary forces to
require a change in direction of the Paci®c Plate, resulting
in propagation of other plate boundary changes throughout
the region. The well-known bend in the Hawaiian-Emperor
seamount chain is often surmised to be due to this change
in motion at 43 Ma, although this is still uncertain.
Furthermore, in SE Asia and the SW Paci®c it is not
entirely clear that these changes were synchronous.
However, the period around 45 Ma is one of the most
important plate reorganisations of the Cenozoic as far as
this region is concerned.
8.4. Reconstruction at 40 Ma (Fig. 17)
At about 43 Ma Kula±Paci®c spreading ceased in the
north Paci®c, and at about the same time spreading in the
Indian Ocean at the India±Australia Plate boundary ceased.
From this time India moved more slowly northward
(Rowley, 1996). At 40 Ma (Fig. 17) there was north-directed subduction all along the SE Asian margin from Burma

through Sumatra, Java, North Sulawesi, the East Philippines
as far east as the Halmahera Arc.
In the Paci®c region the West Philippine±Celebes Sea
basin became wider, and the anomalies of the West
Philippine Sea show a relatively simple pattern of opening
(although recent work suggests some complexities; A.
Deschamps, pers. comm., 2000). After the Philippine
Sea Plate ceased its early large rotation, there was an
almost continuous arc stretching from North Borneo,
through Luzon into the Izu-Bonin±Marianas. The protoSouth China Sea continued to become smaller as a
result of south-directed subduction beneath Borneo and
Luzon.
At the eastern margin of the Philippine Sea Plate subduction of the Paci®c Plate is inferred to have led to splitting of
the eastern Izu-Bonin±Marianas Arc, as proposed in Karig's
(1974) model for arc evolution, to produce the Caroline Sea,
in a similar way that the Parece Vela±Shikoku basins and
the Mariana Trough developed during the Neogene. As
discussed earlier in this paper, this interpretation is speculative, because the Caroline Sea is so poorly known. The
splitting of the old arc led to the rotation of the new arc, the
South Caroline Arc, away from the Marianas remnant arc,
and later the more organised spreading of the Caroline Sea.
As reported earlier, this sequence of events is consistent
with palaeontological ages for arc volcanic activity in the
Palau-Guam islands, but not with isotopic ages and the
difference is still to be resolved. However, this pattern of
opening has clearly occurred elsewhere in the west Paci®c
and has been accompanied by large rotations, as seen in the
eastern Philippine Sea Plate, the New Hebrides, and the FijiTonga±Kermadec system.
East of New Guinea subduction was towards the Australian margin. In the SW Paci®c the Melanesian Arc had rifted
from the Australian margin, and the arc system extending
from New Britain through New Ireland, the Solomons, Fiji
and a proto-Kermadec±Tonga Arc system had separated
from the Australian margin, with marginal basin formation
at a spreading centre, which was to produce the Solomon
Sea. The history of this marginal basin is very poorly
known, since so little of it remains. Paci®c±Australia
motion must have been close to strike-slip in the Papuan
sector. The 40 Ma situation resembles the Paci®c±Philippine Sea Plate boundary of about 30±25 Ma, and suggests
an opening pattern similar to that of the Parece VelaShikoku basins. By 30 Ma the Solomon spreading centre
was moving along a subduction zone in a similar way to
the spreading centre of the Shikoku Basin at 20 Ma and the
Woodlark Basin since 6 Ma.
8.5. Reconstruction at 35 Ma (Fig. 18)
At 35 Ma the situation was similar to that of 40 Ma. The
Caroline Basin and Solomon Sea were wider. The West
Philippine Sea Basin was almost fully open, and according
to Hilde and Lee (1984) model the basin ceased spreading
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Fig. 17. Reconstruction at 40 Ma. Spreading had ceased at the Indian±Australian ridge and India and Australia were parts of a single plate. Spreading had also
ceased at the Kula±Paci®c ridge. An oceanic spreading centre linked the north Makassar Strait, the Celebes Sea and the West Philippine Basin. Slab pull forces
due to subduction of the proto-South China Sea caused extension of the South China continental margin. There was signi®cant along-arc extension at the
Palau±Kyushu ridge and the Izu-Bonin±Mariana Arc at the eastern Philippine Sea Plate margin due to opening of the West Philippine Basin. The Solomon
Sea was the ®rst of the marginal basins to form behind the Melanesian island arc around eastern Australasia.

soon after, although recent work (Deschamps et al., 1999;
Fujioka et al., 1999) suggests the possibility of very slow
spreading after 35 Ma. The South Caroline Arc was well
separated by rotation at its northern end from the eastern
margin of the Philippine Sea Plate. The southern part of the
arc was linked to the north-directed subduction, producing
the Halmahera±East Philippines±North Sulawesi Arc
connected with the Java±Sunda Arcs.
Subduction at the North Borneo±Luzon Arc margin
continued to reduce the width of the proto-South China
Sea, and a wide accretionary complex developed in northern
Borneo, probably fed mainly from sediment derived from
Asia, for example on rivers such as the Mekong and

Salween, produced by erosion of the rising area to the
north and east of the India collision zone.
Collision at the end of the Eocene between India and
Burma at the western edge of Indochina is suggested by
mid Eocene ophiolite emplacement, deformation of
accreted sediments in the Indo-Burman Ranges, and termination of arc igneous activity (Mitchell, 1993). This implies
an eastward extension of Greater India (as shown on the
reconstructions) although the size of this area may be overestimated if there was signi®cant shortening in the Burma
Block. As noted above, using the maximum possible area
for Greater India would cause collision in Burma slightly
earlier at 40 Ma, instead of 35 Ma.
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Fig. 18. Reconstruction at 35 Ma. Within the Asian mainland there was sinistral movement on strike-slip faults. There was extension in the Gulf of Thailand as
far south as the Malay and Penyu Basins. Slab pull due to southward subduction of the proto-South China Sea caused extension of the South China±Indochina
continental margin preceding formation of the South China Sea. The West Philippine Basin had reached its maximum size and opening was almost complete.
Hinge rollback at the eastern margin of the Philippine Sea Plate separated the South Caroline Arc and formed the Caroline Sea. Multiple arcs extended from
Sundaland into the west Paci®c, linking the Sunda Arc, the East Philippines±Halmahera Arc, and the South Caroline Arc. The Solomon Sea became wider, and
opening extended south to form the South Fiji Basin.

In Indochina±Sundaland there was some extrusion
related to movement on the Wang Chao±Three Pagodas
Faults (Lacassin et al., 1997). Although the timing is uncertain, it was at about this period that extension occurred to
initiate basin formation within Sundaland, notably the
offshore Thai and Malay basins. The dated movements on
the sinistral Wang Chao Fault suggest that strike-slip movement played a part in the development of these basins
(Lacassin et al., 1997). In the model, the movement of the
block north of the Gulf of Thailand suggests a dextral pullapart setting, but there is little evidence offshore for the
extension of major strike-slip faults in the Gulf of Thailand.

However, the author considers that, although still very
simpli®ed, this aspect of the model is improved from Hall
(1996). With more blocks, the Gulf of Thailand extends at a
time more consistent with the known ages of the offshore
basins, and there is much less increase in width compared to
the earlier model. The faults on the reconstructions, representing major structures in the basins (highly simpli®ed),
have been rotated with the adjacent blocks from their
present-day orientations. The basement fabric may have
also in¯uenced the development of these basins, as offshore
seismic data suggests a mainly half graben geometry for this
stage of extension.
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8.6. Reconstruction at 30 Ma (Fig. 19)
By 30 Ma extrusion of Indochina was well underway, the
South China Sea was opening, there was already oceanic
crust in the northern part of the South China Sea, and the
spreading centre presumably extended to the east, although
how far is very uncertain. There are many possible ways of
reconstructing plate boundaries in the area to the east of
Taiwan, and few constraints, since little or no oceanic
crust from this interval has been preserved (an exception
is the Huatung Basin east of Taiwan). In the model the
South China Sea spreading system is terminated at a
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transform fault system bounding the eastern edge of the
Paci®c Plate and extending into the Philippine Sea Plate
margin north of Luzon. There is no clear evidence of
subduction in the Ryukyu region beneath the Asian margin
at this time, although most of the region, as far north as
Japan, is now submerged and not well known, and therefore
the Paci®c±Asia boundary may have been to the east of the
position shown. In such a case, the South China Sea spreading centre may have extended further northeast along the
Asian margin, leaving the Ryukyu sector behind a marginal
basin, and very distant from any volcanic arc. In Japan,
extension of the Asian margin began at about 30 Ma, a little

Fig. 19. Reconstruction at 30 Ma. Indentation of Eurasia by India had led to extrusion of the Indochina Block with movement on the Red River Fault and Wang
Chao-Three Pagodas (WC-TP) Faults. Slab pull due to southward subduction of the proto-South China Sea had rifted the South China±Indochina continental
margin to form oceanic crust in the South China Sea. Extension began in the Sea of Japan. Spreading had ceased in the West Philippine Sea Basin. A wide area
of marginal basins separated the Melanesian Arc from passive margins of eastern Australasia, shown schematically between the Solomon Sea and the South
Fiji Basin. These were probably much more complex than shown, as indicated by marine anomalies in the South Fiji Basin, and imply the existence of several
microplates.
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later than extension of the South China Sea. The opening of
the Japan Sea was interpreted by Jolivet et al. (1994) as
controlled by intra-continental dextral strike-slip faults
which, although very far from the India indentor, may be
related to India-induced deformation of Asia. The authors
have incorporated their reconstruction of the Japan Sea in
the model, but it not obvious that this is related to the India
collision. The rigid plate model may disguise some of the
deformation of Asia suggested by their sand box models,
although like extrusion-based models, their interpretation
postulates signi®cant southward displacement of the SE
Asian margin, as well as clockwise rotations in the whole
region, which are not supported from the data collected
south of Indochina. Jolivet et al. (1994) recognised that
trench retreat or roll-back may have been a more important
control on deformation of the Asian margin than extrusion.
We clearly need to know much more about the internal
deformation of Asia before dismissing postulated extrusion
effects, but certainly subduction-related forces seem to be of
greater importance than extrusion in opening of both the
Japan Sea (hinge roll-back) and the South China Sea
(slab-pull).
At about 30 Ma the eastern end of the South Caroline Arc
would have come into contact with the western end of the
Melanesian Arc. Both arcs were rotating rapidly clockwise.
The result of this incomplete arc±arc collision, or contact,
would have been to slow the rate of spreading in the Caroline Sea back-arc basin. The Solomon Sea spreading centre
must have been continually subducting during this period,
rather in the manner that the present-day Woodlark Basin is
subducting at its eastern edge beneath the Solomon islands.
The Melanesian Arc continued to separate from Australia,
the Solomon Sea continued to widen; there is no way of
accurately reconstructing the spreading centres in this
region. At the very eastern end of the Solomon Sea there
was the opening of the South Fiji Basins, which have a
complicated set of incomplete anomalies, and these spreading systems must have been linked in some way to the
Solomon Sea spreading centres further to the northwest.
Also of interest is the position of the Manus plume. From
about 50 to 35 Ma the plume was situated beneath parts of
the Paci®c Plate now subducted. The plume enters the Caroline Plate between about 35 and 33 Ma at the position of the
Eauripik Rise, an area of thickened crust in the centre of the
Caroline Sea Plate, of uncertain origin, but which has been
suggested to have been a hot-spot thickened area. The
Manus plume then tracks up and down the Eauripik Rise
from about 33 to around 15 Ma.
8.7. Reconstruction at 25 Ma (Fig. 20)
The period at about 25 Ma saw the most important change
in plate boundaries in the region during the Cenozoic. Best
seen on the global reconstruction, it is from this time that the
arc systems extending from Melanesia, through the South
Caroline Arc into Halmahera, and the East and North

Philippines Arcs, became effectively coupled to the Paci®c
Plate. The eastern edge of the Philippine Sea Plate became
an intra-oceanic subduction zone, at which there was rapid
subduction of the Paci®c Plate, and rapid rollback of the
trench hinge from this time.
This plate reorganisation event may have been the manifestation of events deep within the Earth or at plate boundaries outside the region, but within the Asia±Paci®c region
there are some obvious candidates for possible causes.
There was the collision between the East Philippines±
Halmahera±South Caroline Arc with the northern New
Guinea margin at about 25 Ma, which caused a change in
the nature of plate boundaries at the southern edge of the
Philippine Sea Plate. Northward subduction of the northern
Australian oceanic crust ceased, and a major left-lateral
strike-slip boundary developed through northern New
Guinea from this time. From this time on arc terranes
were translated westwards along the northern New Guinea
margin, within a major strike-slip system, and later fragments of continental crust were sliced from the Bird's
Head microcontinent and moved westwards to collide in
Sulawesi. It is possible that some fragments of continental
crust were similarly sliced from eastern New Guinea at
25 Ma. In the Bacan region at the south end of the present
Halmahera Arc there is evidence for Proterozoic continental
crust at depth from isotope geochemistry of young volcanic
rocks (Forde, 1997). There is no Proterozoic crust known in
the region of the Bird's Head microcontinent, and it is therefore possible that some fragments of continental crust have
been carried from further east.
A second possible cause of the 25 Ma plate reorganisation
is the beginning of collision of the Ontong Java Plateau with
the Melanesian Arc. The reconstructions show the contact to
occur somewhat later, at 18 Ma, but this is because the full
extent of the Ontong Java Plateau before termination of
subduction is not known. Many authors have suggested
that the period preceding the change from subduction to
coupling at this boundary was a `soft collision' between
the Ontong Java Plateau and the Melanesian Arc system,
during which there was shortening of the edge of the Ontong
Java Plateau and thrusting of part of the plateau into what is
now the Solomon Islands. In the backarc region, behind the
Melanesian Arc, spreading in the Solomon Sea and South
Fiji basins is inferred to have ceased at about this time. This
is somewhat uncertain, since most of the Solomon Sea has
been subducted, and the form of the South Fiji Basin has
also changed since 25 Ma, but it is consistent with the dating
of anomalies in the South Fiji Basin and the interpreted age
of anomalies in the present Solomon Sea north of the
Papuan peninsula.
Another possible cause of the plate reorganisation is the
®rst contact of Australian continental crust with SE Asia,
which occurred at about 25 Ma. In Sulawesi the earliest
evidence of collision is a little younger than 25 Ma. Intraoceanic thrusting is indicated by isotopic ages from subophiolite metamorphic sole rocks just before 25 Ma.
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Fig. 20. Reconstruction at 25 Ma. The East Philippines±Halmahera±South Caroline Arc collided with the Australian Plate at the north New Guinea margin
and the Ontong Java Plateau began to collide with the Melanesian Arc. These two events caused major reorganisation of plate boundaries. Extrusion of the
Indochina Block was accompanied by reversal of sense of motion on the Wang Chao-Three Pagodas Faults. Spreading continued in the South China Sea.
Spreading in the Caroline Basin had ceased. Renewed hinge rollback at the eastern margin of the Philippine Sea Plate caused extension and oceanic spreading
in the Parece Vela Basin. Spreading in the Solomon Sea and the South Fiji Basins ceased.

Blueschist metamorphic ages indicate subduction continued
until about 20 Ma. The Celebes Molasse of SE Sulawesi
contains evidence of erosion of ophiolites in the early
Miocene. However, there is no evidence in west Sulawesi
of collision, and most of western Sulawesi appears to have
remained close to or just below sea level during this period.
The author interprets this evidence to indicate collision and
uplift due to thrusting of the Sundaland forearc of Sulawesi
over the leading edge of the Bird's Head microcontinent.
The East Sulawesi Ophiolite is represented as a single block
on the reconstructions, and parts of East and SE Sulawesi
are represented as continental. In reality the situation is
complex, and the rigid model, with a small number of

blocks, can do no more than illustrate the framework of
collision. The ophiolite is probably complex and includes
Indian Ocean MORB, marginal basin crust, and parts of the
Sundaland forearc. The oldest continental fragments to
arrive were distal parts of the microcontinent margin,
which were highly extended, and thus are now considerably
shortened. The ophiolite and the continental material are
now intercalated and juxtaposed in a complex manner, by
early Miocene collision, subsequent contraction and later
strike-slip faulting.
Within the Philippine Sea Plate rifting that had begun at
about 30 Ma at its eastern margin, had changed to true
oceanic spreading in the Parece Vela Basin. After 25 Ma
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spreading propagated from the Shikoku Basin into the
Parece Vela Basin, linking the two basins as a single
marginal basin at the eastern edge of the Philippine Sea
Plate. At the same time the plate was rotating, and this
may have contributed to the asymmetry of opening and
the complex pattern of anomalies in both basins. From
25 Ma the North Philippines are interpreted to have become
partly coupled to the western margin of the Philippine Sea
Plate.
North of the Philippine Sea Plate there was a ridge jump
in the South China Sea, which extended the width and
length of the V-shaped basin into the Sundaland margin,
east of Vietnam. In geometry, and in reorientation of the
ridge, this resembles the opening of the present Woodlark
Basin. These changes may re¯ect changing plate boundary
forces on the rotating continental fragment being pulled by
the subducting slab. The eastern margin of the South China
Sea is uncertain. It is interpreted as a broad strike-slip
boundary connecting the northern Philippines to the Asian
margin east of Taiwan, but other con®gurations are possible,
and there is no real evidence to distinguish between them.
At the southern edge of the proto-South China Sea,
subduction continued beneath the Luzon-Sulu±Sabah Arc.
The proto-South China Sea was by this stage signi®cantly
reduced in size due to subduction, and due to the widening
of the South China Sea north of Palawan. Major uplift in
Borneo began at about this time, in part because of the initial
underthrusting of the Borneo margin by extended continental crust of the South China Sea, and in part because of the
counter-clockwise rotation of southern Sundaland caused by
the Australian impact in east Indonesia. The absence of
signi®cant deformation between Borneo and East Sulawesi
implies that at this time the whole region was rotating, and
stresses were transmitted through the Makassar Straits to the
free boundary at the subduction zone north of Borneo.
The Indochina Block was still moving southeast in
response to India±Asia convergence. Within Sundaland
and within Indochina the timing of events is not particularly
clear, largely because most of the basins that are preserved
contain continental sediments which are relatively poorly
dated, but from around the early Miocene there were
changes in the direction of strike-slip faulting within Indochina. The Wang Chao±Three Pagodas Fault system changed from sinistral to dextral at about 23.5 Ma (Lacassin et
al., 1997), and left-lateral motion on the Red River Fault up
to 23 Ma was followed by a phase of oblique left-lateral
shear, inducing several kilometres of uplift between 23
and 18 Ma (Leloup et al., 1993). Lacassin et al. (1997)
interpret this as due to the development of new, more northerly, strike-slip faults in Asia, whereas Huchon et al. (1994)
suggest it is due to a changing stress ®eld as India progressively indented Asia. The change in plate boundaries cannot
be explained solely, or even primarily, as consequences of
India±Asia convergence, since they affect the entire region
east of Indochina. This suggests that continent±continent,
arc±continent, arc±plateau collision in the region from the

Borneo to the Ontong Java Plateau contributed or caused the
plate boundary reorganisation. Perhaps the coincidence of
timing of several important events accounts for the signi®cance of this change.
8.8. Reconstruction at 20 Ma (Fig. 21)
The Melanesian Arc system and backarc basins behind it
are inferred not have changed greatly during the Late Oligocene and Early Miocene, although, because of the amount of
subduction, reconstruction of this region is uncertain.
Judging from present-day form of the boundary at the eastern edge of the Australian Plate, there may well have been
simultaneous opening and closing of a number of small
ocean basins within the simpli®ed boundaries shown in
the reconstructions. At least one such basin illustrates this
complexity. At the south end of the South Fiji Basin is the
South Norfolk Basin, which apparently opened as a backarc
basin behind the Three Kings Rise north of New Zealand.
The Three Kings Rise moved eastwards in response to
subduction of part of the South Fiji Basin, which was
spreading at the same time. The mechanism for this is not
clear.
By 20 Ma the Ontong Java Plateau was probably partially
coupled to the Australian margin in the Solomons, although
because of the rigid plate modelling employed here, some
convergence is shown to continue until 18 Ma, before
complete coupling was achieved. As a result, southward
subduction began at the south edge of the Solomon Sea,
initiating the Maramuni Arc in eastern New Guinea.
The arc terranes at the southern edge of the Caroline and
Philippine Sea Plates moved in a clockwise direction along
the northern New Guinea margin, and from this time
onwards the Philippine Sea and Caroline Sea Plates rotated
around the western Paci®c at the margin of what is effectively a great Paci®c Plate. This resembles the ideas of some
of the mobilist pioneers such as Carey (1958) and Holmes
(1965). At the western end of the left-lateral fault system in
northern New Guinea, the Bird's Head microcontinent
began to fragment along strike-slip faults, resulting in
convergence, shortening and uplift at the eastern margin
of Sulawesi.
Within the Philippine Sea Plate the Parece Vela and
Shikoku Basins had widened considerably, and shortly
after 20 Ma there was a jump of the spreading centre to
the east within both basins, possibly in response to the
requirement of the spreading system to move as the plate
rotated. At the western margin of the Philippine Sea Plate
the con®guration is very complex and probably oversimpli®ed. Luzon is inferred to have rotated signi®cantly during
the Early Miocene, based on palaeomagnetic data, and this
presumably required complex plate boundaries around
Luzon, possibly involving subduction on both sides and
links to strike-slip faults at the eastern edge of the
Philippines.
To the north of Palawan the South China Sea was still
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Fig. 21. Reconstruction at 20 Ma. The plate reorganisation event of 25 Ma effectively joined the arc systems from the Solomons to the Philippines, which
moved around the Paci®c in a clockwise direction. The Philippine Sea±Caroline Plates rotated clockwise. Hinge rollback at the eastern margin of the
Philippine Sea Plate was accompanied by spreading in the Parece Vela and Shikoku marginal basins. At the southwest edge of plate the rotation caused
westward subduction of the Molucca Sea beneath North Sulawesi. The north Australian margin was a major left-lateral strike-slip system. Movement on splays
of the Sorong Fault system led to the collision of Australian continental fragments in East Sulawesi. Australia±SE Asia convergence caused counter-clockwise
rotation of Borneo and related Sundaland fragments. At the north Borneo margin subduction of thinned continental crust resulted in signi®cant crustal
thickening beneath Borneo, major uplift and crustal melting resulting in the igneous activity of the gold belt. Further northeast a remnant of the proto-South
China Sea remained. Extension in the Sea of Japan had led to ocean crust formation.

spreading, but had reached almost its maximum extent. As
in the present Woodlark Basin, very young crust was being
subducted eastwards at the Manila Trench beneath Luzon
and the Luzon Arc. To the south of Palawan, there was still
an extensive area of proto-South China Sea remaining.
Continued southward subduction of this ocean crust resulted
in the splitting of the Sulu±Cagayan Arc and opening of the
Sulu Sea backarc basin from the early Miocene.
North of Borneo the proto-South China Sea was almost
completely closed, and continental crust of the extended

South China margin was being thrust beneath Borneo,
resulting in cessation of subduction at the north Borneo
boundary. This was followed by uplift of the former accretionary complex and forearc basins, and a change to shallow
marginal marine sedimentation in Sabah, supplied by rivers
feeding northeast to the rifting Sulu Sea. The reconstructions probably underestimate the width of the accretionary
zone, since these are now considerably shortened, are
steeply dipping and thrusted, and extend well offshore
beneath the Baram and NW Sabah shelf. The central Borneo
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ranges were also shedding large volumes of sediment southeastwards down the Mahakam River to the Kutai Basin.
The Burma Block became partly coupled to the Indian
Plate, resulting in northward motion of the Burma Block on
the Sagaing Fault system and extension of the Mergui
Basin to the south of Burma and to the north of Sumatra.
It seems that arc activity was not abundant in Sumatra
before this period. The postulated rotation of Sumatra
from 20 Ma accounts for the renewal of volcanic activity,
as after 20 Ma the subduction hinge retreated towards the
Indian Ocean and the mantle wedge above the subducting
slab was replenished. It was at about this time that the
Sumatran Fault system became active, and this response
to oblique subduction may have been facilitated by weakening of the overriding plate due to magmatism. In
contrast, arc activity was absent or very minor along the
sector of the arc between Java and Sumba during the same
period. The subduction hinge was advancing northwards as
a result of counter-clockwise rotation of the Sundaland
margin, and as explained above, this would have led to
termination of magmatism, despite continued subduction,
because of the absence of fresh material replenishing the
mantle wedge. The differential and counter-clockwise rotations of eastern Sundaland also contributed to reversal of
movements on normal and strike-slip faults and multiple
episodes of basin inversion within Sundaland. The earliest
of these appear to be in the East Java Sea and the West
Natuna Basin.
8.9. Reconstruction at 15 Ma (Fig. 22)
By 15 Ma the Ontong Java Plateau was fully coupled to
the Melanesian Arc system in the Solomon Islands, and
subduction ceased at the North Solomon Trench, although
there may have been minor local subduction either to the
south or north, and probably strike-slip faulting. The Solomon Sea was rapidly diminishing in size, due to subduction
along its southern edge beneath the Papuan Peninsula and
eastern New Guinea, forming the Maramuni Arc, and possibly by local northward subduction beneath the South Caroline Arc system, although this sector was essentially a
strike-slip zone.
Within the Philippine Sea Plate spreading had ceased in
the Shikoku and Parece Vela basins. Slow spreading was
initiated in the Ayu Trough at the southern edge of the
Philippine Sea Plate, with possible minor subduction to
the north as a result of Philippine Sea±Caroline Plate relative motion about a pole in the region of Palau. At the
western edge of the plate there was probably very complicated strike-slip motion and linked minor subduction within
the Philippines, shown schematically on the reconstructions,
based on the distribution of isotopic ages and volcanic
activity.
The Cagayan Arc system had collided with the Palawan
margin causing termination of spreading in the Sulu Sea. Itype granites were intruded in Palawan at about 15 Ma and

have calc-alkaline af®nities, which are interpreted to be due
to the underlying Mesozoic Andean-type margin source
rocks of south China (Encarnacion and Mukasa, 1997). It
seems possible that the Cagayan Arc collision may also
have contributed arc material and contributed to crustal
thickening and melting of the Palawan continental crust,
rather than being the effect of the more widespread basaltic
magmatism in the area, following cessation of sea¯oor
spreading in the South China Sea, as suggested by Encarnacion and Mukasa (1997). The arc±continent collision
initiated south-dipping subduction of the Sulu Sea at its
south side beneath the Sulu Arc. Northeast of this, there
was collision between the continuation of the Sulu Arc in
the Philippines with the Mindoro margin, at the eastern edge
of Eurasia, resulting in a temporary coupling of the Luzon
Arc to Mindoro. Subduction at the Manila Trench is inferred
to have slowed down or stopped for some time.
Further to the north in the Asian margin, extension within
the Japan Sea region had led to ocean crust formation by
about 20 Ma. By about 15 Ma the Japan Sea was almost
fully opened, with a large area of extended continental
crust, and with some oceanic crust at the eastern end of
the Japan Sea, north of the Japanese islands. The South
China Sea had also ceased spreading completely and the
Indochina Block is inferred to have been broadly in its
present position. There have been only small dextral movements on the Red River Fault since the Miocene.
At the southern and eastern margins of Sundaland there
was erosion, and possibly minor collisional events within
the still extended Bird's Head microcontinent. The Buton±
Tukang Besi Block is shown as detached from the Bird's
Head between 17 and 15 Ma, and fully linked to SE Sulawesi by 11 Ma, although this probably oversimpli®es a
sequence of thrusting and strike-slip events. However,
there was still no manifestation of collision in western Sulawesi. Carbonate deposition in south Sulawesi continued,
and further to the north clastic deposition continued in a
shallow shelf environment in the Lariang and Karama
Basins. At this time Bone Gulf, situated between the SE
and south arms, is inferred to be a former forearc basin,
being fed by collision-derived detritus from its east side,
where shortening was occurring within the extended Bird's
Head microcontinent, and by debris shed from the eastern
margin of the carbonate platforms to the west in South
Sulawesi.
Local and signi®cant inversion events continued
through Sundaland, best known from oil company seismic
data, and I do not know the details of their timing. I suggest
uplift of the Sunda Shelf between Borneo, the South Malay
Block and Sumatra (Singapore Platform of Ben-Avraham
and Emery, 1973) from about 15 Ma, because of the
presence of thick Neogene sediments ®lling the offshore
NW Java basins, and sequences of deep marine clastic
sediments further south in West Java. These require a
source somewhere north of West Java, probably the Singapore Platform.
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Fig. 22. Reconstruction at 15 Ma. The Cagayan Ridge collided with Palawan, eliminating the proto-South China Sea. The Sulu Sea opened as a backarc basin
behind the Cagayan Ridge during this interval of subduction. The arc±continent collision ended spreading in the South China Sea. Continued movement on
splays of the Sorong Fault system led to further collisional events in SE Sulawesi. Continued rotation of the Philippine Sea Plate resulted in collision in
Mindoro and probable locking of splays of the Sorong Fault induced eastward subduction of the Molucca Sea.. Small motion differences between the
Philippine Sea and Caroline plates led to slow spreading in the Ayu Trough. The New Guinea terranes, formed in the South Caroline Arc, docked in New
Guinea but continued to move in a wide left-lateral strike-slip zone. Subduction of the Solomon Sea began at the eastern New Guinea margin to form the
Maramuni Arc. There was opening of the Loyalty Basin and movement of Three Kings Rise. It is possible that this subduction system was the Australian±
Paci®c margin at this time.

8.10. Reconstruction at 10 Ma (Fig. 23)
Coupling of the Ontong Java Plateau to the Melanesian
Arc in the Solomons ultimately led to initiation of a new
subduction zone on the north and east sides of the Solomon
Sea. By 10 Ma the older southwest-directed subduction,
indicated by extensive magmatic activity in eastern New
Guinea, was linked by a transform fault crossing the Solomon Sea to the earliest east-dipping subduction, which
produced the New Hebrides Arc. The Solomon Sea was

then rapidly reduced in size by subduction on both its eastern and western sides. Development of the New Hebrides
Arc led to a complex history of rotation and formation of
new ocean crust in the North Fiji Basin. There were several
ridge jumps, a very large rotation of the Fiji Islands, and
rifting at the northern end of the Kermadec±Tonga Arc
leading ultimately to spreading in the Lau Basin.
The movement of the South Caroline Arc along the north
New Guinea margin is portrayed schematically on the
reconstructions by moving arc terranes at different times,
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Fig. 23. Reconstruction at 10 Ma. Collision events at the Eurasian continental margin in the Philippines, and subsequently between the Luzon Arc and Taiwan,
were accompanied by intra-plate deformation, important strike-slip faulting and complex development of opposed subduction zones. Counter-clockwise
rotation of Borneo was complete. Subduction on north side of Celebes Sea led to development of Dent±Semporna Arc in Sabah. Jurassic oceanic lithosphere
off NW Australia began to subduct. This induced extension in the overriding plate, initially in Sulawesi. Motion of the Sumatran forearc slivers linked to
oceanic spreading in the Andaman Sea. To the east of New Guinea the Solomon Sea was being eliminated by subduction on both sides, after subduction began
on its east side. The two subduction systems were linked by a transform fault. The New Hebrides Arc initiated and the North Fiji Basin developed as a result of
the rotation of the arc.

with either the Caroline Plate or the Australian Plate. The
movement of the arc fragments is likely to have been intermittent, and this, with coupling of the Ontong Java Plateau
and Solomons Arc, caused the New Hebrides Trench to
propagate north to initiate subduction beneath the Solomons
and the New Britain Arc. The changing balance of forces on
the Solomons Sea Plate then caused spreading to initiate at
or close to the former transform, leading to spreading in the
Woodlark Basin. The Woodlark Basin is now rifting westwards into the Papuan Peninsula, but is being subducted at
about the same rate at the New Britain±San Cristobal

Trench, south of the Solomons. The oldest ocean crust
remaining in the Woodlark Basin formed at about 6 Ma,
but its wedge shape suggests older Woodlark crust has
already been subducted. The known rate of westward propagation suggests ocean spreading could have begun as early
as 10 Ma.
The Philippine Sea Plate had been moving northwards as it
rotated clockwise, and this required strike-slip motion, and
possibly minor subduction at the eastern side of Luzon,
between about 15 and about 10 Ma. South of Luzon
south-dipping subduction of the Sulu Sea was terminated
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by collision between Luzon and the Visayan Islands, causing Luzon again to become partially coupled to the Philippine Sea Plate from 10 Ma. After collision in the Visayans,
subduction at the Sulu Arc ¯ipped. Initiation of northward
subduction along the northern Celebes Sea margin beneath
the Sulu Arc and Sabah formed the young Dent-SempornaSulu Arc which ceased activity in the last one or two million
years.
Another double subduction system, in the Molucca Sea,
was initiated at about 15 Ma. Subduction on the west side is
older, and probably dates from soon after the 25 Ma plate
reorganisation. The oldest Neogene volcanic rocks in the
Halmahera Arc have ages of about 11 Ma, indicating that
east-dipping subduction began before this. At the southern
edge of this Molucca Sea region, there was strike-slip movement on many fragments at the horse-tail termination of the
northern New Guinea left-lateral fault zone. It was the locking of one of these strands which led to initiation of Molucca
Sea subduction. Also worthy of note is the fact that this
subduction must have been driven primarily by gravity as
the slab fell into the mantle, not by a slab moving down a
®xed slot (Hamilton, 1995). The timing of movements is
uncertain, and this area has been reconstructed from ages
of known deformation related to microcontinent collision in
Sulawesi, and by moving the fragments back to the Bird's
Head microcontinent, with the same rotation poles, but at
different rates (implying partial coupling) from the Philippine Sea Plate. The relative movement of fragments caused
opening of the North Banda Basin south of the Banggai±
Sula Block, as they became separated.
At the western edge of Sundaland the coupling of the
Burma Block to India had resulted in opening of the Mergui
Basin, and the beginning of spreading at the northern end of
the Sumatran Fault system in the Andaman Sea; by 10 Ma a
spreading centre had been established in this ocean basin.
The most dramatic events occurred at the eastern end of
the Java Trench and began at about this time. Although the
Indian Plate had been subducted at a relatively continuous
rate along the Sunda-Java trenches, the counter-clockwise
rotation of Borneo between 25 and 10 Ma caused a signi®cant diminution in volcanic activity from Java, Bali,
Lombok and Sumbawa, as a result of subduction hinge
advance. After the termination of rotation at about 10 Ma,
magmatism began again in this sector with increased vigour.
Contraction in eastern Sulawesi also appears to have
reached a limit, and therefore the Java Trench propagated
eastwards along the southern side of the Bird's Head microcontinent. The age of the ocean crust south of Java, and to
the east, was much older than that south of Sumatra and to
the west. The ocean crust to the south of Sumatra was of
Late Cretaceous or early Cenozoic age, whereas that to the
south of Java and to the east was Early Cretaceous and
Jurassic, judging from the anomalies still preserved to the
west of Australia (Fig. 24). Because of its age and thickness,
the Jurassic ocean lithosphere, in what had been the protoBanda Sea, fell away rapidly. The subduction hinge
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migrated very rapidly to the south and east, inducing
massive extension in the overlying slab from western
Sulawesi to the east, initiating the Banda volcanic arc, and
causing opening of the Flores Sea, and later the South Banda
Sea. The mechanism is that explained by Lonergan and
White (1997) for the origin of the Betic±Rif Arc in the
western Mediterranean.
The propagation of the arc, and rapid extension, led to
several important consequences. To the south of West
Sulawesi was Sumba, and to the south of this was a Middle
Miocene arc. This arc was split by spreading in the Flores
Sea, which caused rotation of Sumba and a shift from a
backarc to a forearc position between the Middle and end
Miocene. Interestingly, this is consistent with palaeomagnetic evidence for very small rotations, because although
Sumba was rotating relative to SW Sulawesi, the whole of
eastern Sundaland was itself rotating in the opposite direction. Thus, Sumba remained at a similar latitude with no
signi®cant rotation. Rutherford et al. (2001) have proposed
a similar timing and reconstruction of Sumba's Neogene
movement, although driven by a different mechanism,
since they postulate this was escape tectonics driven by
Australia±Banda Arc collision which they suggest began
at about 16 Ma. As they observe, this is much earlier than
suggested by other workers as discussed above, and much
earlier than the 3 Ma timing interpreted in this model. On
Seram there are metamorphic rocks and cordierite granites,
previously interpreted as sub-ophiolite metamorphic rocks
and melting produced by obduction of hot oceanic lithosphere (e.g. Linthout et al., 1997), with an age of about
10 Ma, although there is little evidence for the ophiolite. I
suggest instead that the initial rifting associated with the
extension propagated rapidly through to Seram, where it
caused high temperature extensional metamorphism and
low pressure melting of continental crust. As the arc developed in this sector the volcanic rocks were heavily contaminated with continental crust, producing the famous garnet±
cordierite-bearing dacites (ambonites) in this sector of the
Banda Arc at about 5 Ma. The volcanic rocks were the
product of north-dipping subduction of the proto-Banda
Sea.
Not all of the magmatism in east Indonesia was related
directly to subduction. In western Sulawesi a different type
of magmatism began at about 11 Ma. These rocks resemble
post-subduction potassic volcanics, such as those of the
Basin and Range Province of the United States, formed in
an extensional setting. The subduction-related geochemical
features of the rocks are due to melting of mantle that was
previously enriched by earlier subduction (Macpherson and
Hall, 1999).
8.11. Reconstruction at 5 Ma (Fig. 25)
At about 5 Ma there were important changes in plate
motions, and the plate motions of the present-day are
those which originated at about this time.
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Fig. 24. Reconstruction of SE Asia at 10 and 5 Ma showing the area of Indian Ocean crust subducted at the Sunda and Java Trenches. The arrival of Jurassic
ocean crust at the trench south of Sulawesi is surmised to have caused rapid hinge rollback in eastern Indonesia, resulting in young volcanism in the Inner
Banda Arc, and oceanic spreading in the Banda Sea. See text for discussion.

In the east the continued subduction beneath the Solomons and the New Hebrides Arcs had resulted in a signi®cant rotation of the New Hebrides Arc system, and a very
complex opening of the North Fiji Basin, which in the
model has been simpli®ed to a total clockwise rotation of
the New Hebrides Arc of about 228 since 12 Ma. No attempt
has been made to reconstruct the details of opening indicated by the very complex anomaly patterns in the North
Fiji Basin. By 5 Ma the Fiji Islands had almost completed a
very large counter-clockwise rotation (1208 in the model)

which had occurred, like the rotation of the New Hebrides
Arc, during the previous few million years.
The Solomon Sea had almost completely closed and
subduction probably ceased along its southern edge, leaving
the Trobriand Trough as a relict trench. Subduction was now
primarily at the northern side of the Solomon Sea beneath
the New Britain Arc, which was converging on the eastern
New Guinea margin. This resulted in the inverted U-shaped
slab preserved in mantle beneath eastern New Guinea. The
subducting Solomon Sea slab was also the cause of
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Fig. 25. Reconstruction at 5 Ma. At about this time there was a major change in plate motions. The Philippine Sea Plate±Eurasia Euler pole moved to its
present position. This led to an increased rate of subduction at the Manila Trench, followed by collision of the Luzon Arc and the China continental margin in
Taiwan. Subduction began on the east side of the Philippines at the Philippine Trench. Hinge retreat at the New Hebrides Trench was accompanied by the
rotation of Fiji. Subduction of the Solomon Sea extended northwards from the New Hebrides Trench to the New Britain Trench. The slab pull forces caused
spreading to begin at the former transform fault in the Solomon Sea, leading to formation of ocean crust in the Woodlark Basin. Bismarck Sea opening began.
Australia±Paci®c convergence began in New Guinea causing ®nal accretion of arc terranes and signi®cant uplift. Hinge rollback at the western end of New
Guinea induced ocean ¯oor spreading in the Banda Sea.

Woodlark Basin spreading. The Woodlark Basin is notable
for the rapid propagation of the spreading centre towards the
west, ripping open the Papuan Peninsula and forming core
complexes in advance of the propagating tip. However, the
subduction system which produced the Woodlark spreading
centre is also subducting the Woodlark Basin. This con®guration gives an interesting insight into the potential
complexity of the whole western Paci®c margin at earlier
stages, a complexity which cannot be represented on the
reconstructions, since it either cannot be inferred, or there
is very tenuous evidence of the multiple small plates at the

interface between the Paci®c, Australian and Eurasian
Plates. The Woodlark Basin will leave little or no trace of
its existence within another 5 Ma.
The Manus plume had arrived at approximately its
present-day position within the New Guinea sinistral fault
system by around 5 Ma, after having tracked up and down
(in relative terms) the Eauripik Rise in the Caroline Plate
during the earlier Neogene. The conjunction of the plume
and the sinistral fault zone may have promoted the rapid
spreading in the Bismarck Sea, which began at about 5 Ma
in a tectonic setting which resembles a large pull-apart. In
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New Guinea the major terranes are shown schematically
close to their present-day positions, requiring rotation and
minor translation within what became a transpressional leftlateral fault zone from about 5 Ma. I suggest the limited and
poorly-de®ned subduction at the New Guinea Trench dates
only from this time. At present much of the convergence
between the Paci®c and Australia indicated by present GPS
vectors is absorbed by distributed deformation over a very
wide zone. A similar wide zone of distributed deformation is
suggested by the model for the last 5 Ma and is supported
by, for example, the rapid unroo®ng indicated by ®ssion
track ages, and the large volumes of sediment in Plio-Pleistocene basins of northern New Guinea. I suggest that the
present elevation of northern New Guinea is almost entirely
a Plio-Pleistocene feature, which has important implications
for climate modelling. It is likely to have contributed to
increased aridity south of New Guinea and increased rainfall
in New Guinea. The rapid increase in land area, range of
elevations, and changing climate provided the varied habitats, which helped develop the present great ¯oral and faunal
diversity of New Guinea.
At its western end the left-lateral fault system splayed out
into numerous minor faults, which had caused the collision
of the Banggai±Sulu Block with the East Sulawesi Ophiolite, continued extension in the North Banda Basin, and
further fragmentation of the Bird's Head microcontinent.
It is from about 5 Ma that there is clear evidence for contraction and uplift throughout the whole of Sulawesi, and the
beginning of the rise of the mountains in western Sulawesi,
partly as a result of thrusting following collision between
the East Sulawesi Ophiolite and the Banggai±Sulu Block.
This is considerably later than commonly represented in
much of the literature, but it is only from the Late Miocene
that there is any good evidence for uplift and erosion in
western Sulawesi. There was termination of carbonate
platform deposition in south Sulawesi and a change from
shallow marine sedimentation in the northern part of the
western arm to foreland basin type sedimentation. Thrusting
to the west slightly narrowed the Makassar Strait and it is
only from this time that the Makassar Strait can be regarded
as a foreland basin (although atypical because of its depth).
South of the Bird's Head microcontinent the rapid hinge
retreat continued, and there was southward and eastward
movement of the trench towards the Australian margin.
This continued to induce massive extension in the Banda
Sea region. The active arc was now ripped apart and the
Banda Arc ceased activity at Ambon, while at the same
time, the South Banda Sea began spreading. Uplift in
Seram began at almost the same time, and I therefore question if Seram should be interpreted as a fold and thrust belt.
Everything in this region points to extension, and the timing
of associated events suggests that at this stage the elevation
of Seram had much more in common with development of a
core complex than a collision. Strike-slip faulting may also
have contributed, and is shown in the model, which is not
unlikely, in view of the forces acting on the edge of the

extending area, and is consistent with the large local rotation
found at one site in Seram. The speed of hinge retreat and
extension of the upper plate is modelled as a relatively
simple rotation of the eastern Banda volcanic arc from its
early position, which extended from Sumbawa to Ambon, to
its present position. At about 3 Ma the arc came into collision with the Australian margin in the region of Timor. As a
result spreading ceased in the South Banda Sea and the
volcanic arc of the Banda Arc became coupled to the
Australian margin in the Outer Banda Arc region around
Timor.
At the eastern edge of the Philippine Sea Plate rifting
followed by spreading began in the Mariana Trough. At
the southern edge of the Philippine Sea Plate spreading
was probably continuing at a very low rate in the Ayu
Trough, continuing to re¯ect the small difference in the
plate motion between the Caroline Sea and Philippine Sea
Plates. At about 5 Ma the Philippine Sea±Eurasia pole of
rotation moved to its present position north of the plate, at
about the latitude of Japan. This produced rapid eastward
subduction of the South China Sea beneath the Luzon Arc
south of Taiwan, and led to collision in Taiwan. New
subduction was initiated in the opposite direction beneath
the Philippines at the Philippine Trench.
Within Indochina deformation was continuing on strikeslip faults, allowing east±west extension between northern
Thailand and Vietnam. The Red River Fault reversed its
motion to dextral. The Andaman Sea continued to open at
a low rate as the Burma Block continued to move north
along the Sagaing Fault. In Sundaland there appears to
have been renewed extension, certainly offshore south of
the Gulf of Thailand, Malay and Natuna basins, and
Sunda Shelf region, which caused the previous continental
region to become marine, despite the fact that during this
interval of time global sea levels were falling. The cause and
the exact timing of this extensional episode is uncertain but
it presumably re¯ects the continued complex deformation
and distribution of strain within a non-rigid continuous
region rather than plate tectonics, which cannot adequately
describe it.
8.12. Reconstruction from 5 Ma to the present-day
Although the present-day system of plate boundaries was
broadly established from 5 Ma there have been very significant changes in the form of the marginal basins around the
eastern Australian margin through eastern Indonesia into the
Philippines region during the last few million years (Figs. 3
and 24).
The dramatic rotation of Fiji ceased, the Solomon Sea
almost completely disappeared, by subduction along its
northern margin, beneath the New Britain-Solomons±New
Hebrides Arcs, and the North Fiji Basin continued to widen.
Spreading at the northern end of the Tonga-Kermadec Arc
produced the Lau Basin as a result of subduction of the
Paci®c Plate.

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

It is probably only within the last 5 Ma that the presentday Australia±Paci®c relative motion vectors are useful for
understanding the tectonic situation in New Guinea. In addition to strike-slip faulting in the northern Australian margin,
there was signi®cant uplift from the fold belt to the New
Guinea coast, caused by docking of arc terranes of the South
Caroline Arc. The regions close to the Bird's Head are
among the most complex, and are still relatively poorly
understood. Part of Cenderawasih Bay immediately east
of the Bird's Head may have extended at this stage, and
there is some suggestion from very young metamorphic
ages in the Wandaman region in the area of the Bird's
Neck, of both extension and contraction during the last
5 Ma. The area around the Bird's Head has changed its
con®guration dramatically. Within the last million years
the Bird's Head may have become partly coupled to the
Paci®c Plate, although its present motion with the Paci®c
Plate cannot be modelled back much beyond 1 Ma, because
this reconstruction would result in a signi®cant overlap
between the Bird's Head and the body of New Guinea.
After collision of the Banda volcanic arc with the Australian margin in the Timor region, convergence ceased south
of the volcanic arc and new plate boundaries developed
north of the arc in the Flores±Wetar Sea and to the north
of the South Banda Sea. Within the Bird's Head microcontinent there has been signi®cant shortening and probable
intra-continental subduction within the last 3 Ma at the
Seram Trough. The reconstructions show the timing and
complexity of these events in a simpli®ed way, but at
present it is not possible to truly reconstruct this region,
even for the last few million years, with a great deal of
accuracy, since there are so many uncertainties about the
amount of subduction, the amount of movement along
strike-slip faults, and the amount of contraction within
areas of extended continental crust around the Banda Sea.
Immediately to the north of the Banggai±Sula Block the
Molucca Sea was progressively eliminated by subduction at
both its eastern and western sides. The Sangihe±North
Sulawesi Arc is now thrusting over the Halmahera Arc in
the Molucca Sea. The central Molucca Sea melange wedge
and ophiolites represent the forearc basin and basement of
the Sangihe Arc, and within a few million years, at the
present rate of convergence, the Halmahera Arc will have
been largely eliminated.
North of the Philippine Sea Plate subduction induced
extension, although probably not ocean crust formation, in
the Okinawa Trough. This may have begun in the late
Miocene, although the timing of the earlier extension is
still uncertain, and there was a more recent Plio-Pleistocene
episode of extension. While extension occurred in the
Okinawa Trough immediately to the west and south of
this region, there was massive contraction in Taiwan, as a
result of collision between the Luzon Arc and the Asian
continental margin at the northern end of the Manila Trench.
This collision was initiated in the last 5 Ma.
Spreading continues at the eastern edge of the Philippine
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Sea Plate in the Mariana Trough, which has now become a
signi®cant oceanic basin and may propagate further to the
north in the future. Above the Manus plume there has been
rapid spreading in the Bismarck Sea, opening another small
ocean basin within the overall Australian±Paci®c convergent setting.
Within Indochina and Sundaland deformation continues.
Some Sumatra basins were inverted at different times since
the late Neogene. Some deformation may be related to
movements on the Sumatran Fault and related splays, but
other inversions seem not to be related to strike-slip faulting.
In Java there has been important contraction and uplift from
below sea level to elevations of more than 3 km. We know
little about the forearc regions of Sunda and Java, but what
is known suggests greater complexity than implied by
simple accretion models. South of Sumatra complexities
are expected due to oblique convergence, strike-slip faulting, and subduction of the Bengal Fan. South of Java,
marginal marine Eocene sediments are found close to the
present south coast in West Java, and no wide accretionary
zone has developed. The young uplift in Java may be related
to increased arc magmatism, but also requires some deformation of Sundaland, which is not yet understood. A plate
tectonic model provides only a broad context for such an
understanding. We need to discover more of the timing and
distribution of contraction, and at the same time consider
how this can be modelled.
It is very dif®cult to predict what might be the form of the
region in a few million years time. Simple logic indicates
that Australia will continue to move northwards, and the
Paci®c will continue to move westwards relative to Eurasia.
Therefore, within the Asian margin extending from Japan
southwards through the Philippines to eastern Indonesia and
northern New Guinea one might expect to see a relatively
simple convergent mountain belt system produced as a
result of the interaction of these three plates. However,
this has not been the pattern of development of this region
for the last few million years, and probably for much longer.
As these major plates have converged on one another new
ocean basins have formed, and signi®cant displacements
have taken place around the western Paci®c, partly as a
result of partitioning of strain at oblique convergent
margins, and partly as a result of hinge roll-back in different
areas. The addition of arc crust and fragmentation of the
margins of Eurasia, Australia and the Paci®c has not been
a simple unidirectional process. Subduction has driven
almost all this complex evolution.
9. Discussion
There were three important periods in the regional development of SE Asia and the SW Paci®c. At about 45 Ma
plate boundaries changed, probably as a result of India±
Asia collision, but possibly after Paci®c Plate motion
change. At about 25 Ma plate boundaries and motions
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changed again, perhaps due to Ontong Java±Melanesian
Arc collision, Australia±Philippine Sea Arc collision, and/
or changes related to India±Asia collision. Plate motions
and boundaries changed again at about 5 Ma, for uncertain
reasons, possibly as a consequence of Paci®c Plate motion
changes, arc±continent collision in Taiwan, or other boundary changes at the Paci®c margin, for example in the Philippines. The 25 Ma reorganisation is the most important of
these. All of these changes could be global events caused by
events outside the region or within the Earth. There have
been many, and rapid, changes in plate motions and
boundaries. Present-day measurements of plate motions
offer no more than a snapshot of the complex history in
the region and offer many insights into processes, such as
the rates of motions and change, the sizes of deforming
regions, and the width of boundaries. They do not provide
a way of modelling the history of the region.
SE Asia and the SW Paci®c have long been used as
analogues or models for ancient orogenic belts (e.g. Silver
and Smith, 1983; Snyder and Barber, 1997; van Staal et al.,
1998), and some useful models have even been developed
from simpli®ed or incorrect ideas of what has happened (for
example models of arc reversal related to collision based on
New Guinea, and ophiolite emplacement based on the
Papuan Ophiolite) and more detailed studies have shown
the situation to be more complex than originally envisaged.
A number of aspects of the region are of interest for models
of other orogenic belts.
Although India±Asia collision is the most well known
explanation for regional events, and extrusion effects are
important in Asia, the predictions made by the indentor
model are not consistent with many data in the southern
and eastern parts of SE Asia, and India collision cannot
account for events further east in the West Paci®c. Australia±Asia collision is more important in SE Asia. In both the
Banda Sea and the Makassar Straits, stresses have been
transmitted through ocean crust to other sites, leading to
deformation being focused at subducting boundaries or
within continental crust. Subduction-related controls seem
to be far more important in most parts of the region, and
even in parts of the Asian margin subduction seems to have
contributed more than indentor-driven processes, for
example, slab-pull forces causing South China Sea spreading, and hinge roll-back inducing Japan Sea extension.
Many of the marginal basins have asymmetrical spreading
histories, with ridge re-orientations and jumps, caused by
changing plate boundary forces related to subduction or
rotation of plates while spreading. Hinge retreat and
advance is very important in controlling magmatism and
subduction zones need to be viewed dynamically as argued
by Hamilton (1995).
Subduction has almost always been initiated at the boundaries of areas of differences in crustal thicknesses, which in
the most parts of the region has been the boundaries of arc
fragments. The principal possible exception to this is the
Eocene event which produced the Izu-Bonin Arc. This is

still poorly understood. The evidence for pre-existing
subduction is weak, and models suggesting initiation at a
transform do not explain the widespread distribution of
boninites. The ridge subduction model requires arc±ridge
parallelism over a large distance which seems implausible.
The plume model of Macpherson and Hall (2001) may
account for many of the features of this event, not satisfactorily accounted for by earlier models.
One of the most interesting and signi®cant aspects of the
tectonic development of the region is the importance of
extension in a largely convergent setting. The Woodlark
Basin and Banda Sea illustrate this well. The Woodlark
Basin has opened due to slab-pull forces and is being
subducted at one end at about the same rate as the spreading
centre is propagating at the other. In the Banda Sea there has
been massive extension of the upper plate, induced by rollback of the subduction hinge, as an old dense slab sank into
the mantle. This caused a rapid sequence of events from
continental rifting, extension, core complex formation, arc
development, backarc basin spreading, collision and
subduction, within a period of about ten million years.
The con®guration of the region changed very dramatically
during this interval.
Just north of the Banda Sea, in the Molucca Sea, the
Halmahera Arc began its Neogene activity less than
15 Ma ago and is now disappearing under the forearc of
the Sangihe Arc. It will have survived for no more than
20 Ma, and will have been completely eliminated as a result
of the convergence within this complex margin. The
Woodlark Basin, Bismarck and Banda Seas show that new
oceanic crust can be formed rapidly within an overall
convergent setting, and the Halmahera Arc demonstrates
that arcs can disappear as quickly. Unlike Charlton (2000)
I do not believe that the region has recently become
complex; it has always been complex. In many areas the
evidence for this complexity is preserved and in part
accounts for the variety of local models. Regions like the
Moluccas Sea, the Banda Sea, and the Woodlark Basin
explain why some evidence disappears. A model using the
known plates requires such complexity, and the present
tectonics predicts it. This model is only as complex as it
needs to be to explain the principal features of the region
and could not be simpler. Improvements in this model, or
new models, will be tectonically more complex than the
reconstructions shown here.
What is needed in the region is a better knowledge of basic
geology which can still be acquired only by mapping. Also of
vital importance are signi®cantly improved databases of
palaeomagnetic data and isotopic age dates, especially by
the Ar±Ar method and other more modern techniques. The
K±Ar dates that exist, although meticulously determined,
are often impossible to interpret for older rocks and may
give an inadequate and misleading insight into the timing
of events. The Fiji±New Hebrides region is one area where
varied, large and extremely rapid rotations are demonstrable.
Who knows what palaeomagnetists will make of such varied
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rotations in millions of years from now when the arcs have
been further dismembered and reassembled? The response
of those geologists who entirely ignore palaeomagnetic
evidence is more predictable. More palaeomagnetic results
are needed to identify movements which cannot be detected
by any other means.
Finally, models like this are constantly being reassessed
using many types of geological information. Important
new tomographic images are now being obtained from
seismicity showing old lithospheric slabs in the mantle,
and these give us a view of the past in a manner similar
to the way the night sky provides a view of the past
universe. I expect to see this model tested by using such
images in the near future, and I hope to see development
of better models which work within the constraints
provided by these and other methods, so that there is a
broadly agreed plate framework within which reconstructions can be made, in order that we can turn our attention
to better understanding the non-rigid aspects of deformation at plate boundaries and to understanding the region in
much more detail.
Acknowledgements
Financial support has been provided at different times by
NERC, the Royal Society, the London University Central
Research Fund, and the London University and Royal
Holloway SE Asia Research Groups, supported by a number
of industrial companies. Work in Indonesia has been facilitated by GRDC. I am especially grateful to Alan Smith and
Lawrence Rush for advice, discussion and considerable
practical support in using the ATLAS program and their
constant willingness to modify the application to help the
user. I thank Kevin Hill for considerable help and discussion
during the reconstruction of the SW Paci®c. I have had
helpful comments from, and discussion with, numerous
people including: Mike Audley-Charles, Simon Baker,
Allagu Balaguru, Tony Barber, Steve Bergman, Stephen
Calvert, Steve Cande, Kai Kim Chiang, Ian Cloke, John
Decker, Anne Deschamps, Chris Elders, Anne Fortuin,
Mike Fuller, Carmen Gaina, Charles Hutchison, Loren
Kroenke, Stephen Lokier, Andrew McCarthy, Colin
Macpherson, Rob McCaffrey, Sebastian Meffre, Steve
Moss, Dietmar MuÈller, Dick Murphy, Bob Musgrave,
Soejono Martodjojo, Gary Nichols, Martin Norvick, Gordon
Packham, Manuel Pubellier, Claude Rangin, Wim Spakman, Rupert Sutherland, Brian Taylor, Wutti Uttamo,
Moyra Wilson, Rinus Wortel, Khin Zaw. Very many oil
company geologists have provided me with information
which has contributed to my understanding of the region.
I apologise to those I have not listed. Almost everyone I
have spoken to about the geology of the region has contributed in some way to my knowledge and ideas although they
may not share my views. Review of an earlier version of the
manuscript by Claude Rangin, and a challenging review by

419

Larry Lawver stimulated revision of the frame of reference
used in the reconstructions and expansion of the text to give
a fuller explanation of the points in contention.

References
Abbott, L.D., 1995. Neogene tectonic reconstruction of the Adelbert±
Finisterre±New Britain collision, northern Papua New Guinea. Journal
of Southeast Asian Earth Sciences 11, 33±51.
Abbott, M.J., Chamalaun, F.H., 1981. Geochronology of some Banda Arc
volcanics. In: Barber, A.J., Wiryosujono, S. (Eds.), The Geology and
Tectonics of Eastern Indonesia. Geological Research and Development
Centre, Bandung, Special Publication 2, 253±268.
Abbott, L.D., Silver, E.A., Galewsky, J., 1994. Structural evolution of a
modern arc±continent collision in Papua New Guinea. Tectonics 13,
1007±1034.
Abdullah, C.I., Rampnoux, J.-P., Bellon, H., Maury, R.C., Soeria-Atmadja,
R., 2000. The evolution of Sumba Island (Indonesia) revisited in the
light of new data on the geochronology and geochemistry of the
magmatic rocks. Journal of Asian Earth Sciences 18, 533±546.
Ahrendt, H., Chonglakmani, C., Hansen, B.T., Helmcke, D., 1993.
Geochronological cross-section through northern Thailand. Journal of
Southeast Asian Earth Sciences 8, 207±217.
Aitchison, J.C., Clarke, G.L., Meffre, S., Cluzel, D., 1995. Eocene arc±
continent collision in New Caledonia and implications for regional
Southwest Paci®c tectonic evolution. Geology 23, 161±164.
Aitchison, J.C., Ireland, T.R., Clarke, G.L., Cluzel, D., Davis, A.M.,
Meffre, S., 1998. Regional implications of U/Pb SHRIMP age
constraints on the tectonic evolution of New Caledonia. Tectonophysics
299, 333±343.
Allagu, B., 2001. Tectonic Evolution and Sedimentation of the Southern
Sabah Basin, Malaysia. Unpublished Ph.D. Thesis, University of
London, 418 pp.
Altis, S., 1999. Origin and tectonic evolution of the Caroline Ridge and the
Sorol Trough, western tropical Paci®c, from admittance and a tectonic
modeling analysis. Tectonophysics 313, 271±292.
Andreason, M.W., Mudford, B., Onge, J.E.S., 1997. Geologic evolution and
petroleum system of Thailand Andaman Sea Basins. In: Howes, J.V.C.,
Noble, R.A. (Eds.), Proceedings of the International Conference on
Petroleum Systems of SE Asia and Australia, Indonesian Petroleum
Association. pp. 337±350.
Atwater, T., Stock, J., 1998. Paci®c North America plate tectonics of the
Neogene southwestern United States: an update. International Geology
Review 40, 375±402.
Audley-Charles, M.G., 1975. The Sumba Fracture: a major discontinuity
between eastern and western Indonesia. Tectonophysics 26, 213±228.
Audley-Charles, M.G., 1978. Indonesian and Philippine archipelagoes. In:
Moullade, M., Nairn, A.E.M. (Eds.), The Phanerozoic Geology of the
World II: The Mesozoic. Elsevier, Amsterdam, pp. 165±207.
Audley-Charles, M.G., 1986. Timor±Tanimbar Trough: the foreland basin
to the evolving Banda orogen. Foreland Basins, Allen, P.A., Homewood, P. (Eds.), International Association of Sedimentologists, Special
Publication 8, 91±102.
Audley-Charles, M.G., 1988. Evolution of the southern margin of Tethys
(North Australian region) from early Permian to late Cretaceous. In:
Audley-Charles, M.G., Hallam, A. (Eds.), Gondwana and Tethys,
Geological Society London Special Publication 37, 79±100.
Audley-Charles, M.G., Carter, D.J., Milsom, J., 1972. Tectonic development of eastern Indonesia in relation to Gondwanaland dispersal.
Nature 239, 35±39.
Audley-Charles, M.G., Carter, D.J., Barber, A.J., Norvick, M.S., Tjokrosapoetro, S., 1979. Reinterpretation of the geology of Seram: implications
for the Banda Arc and northern Australia. Journal of the Geological
Society of London 136, 547±568.

420

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

Audley-Charles, M.G., Ballantyne, P.D., Hall, R., 1988. Mesozoic±
Cenozoic rift±drift sequence of Asian fragments from Gondwanaland.
Tectonophysics 155, 317±330.
Auzende, J.M., Pelletier, B., Lafoy, Y., 1994. Twin active spreading ridges
in the North Fiji Basin (Southwest Paci®c). Geology 22, 63±66.
Auzende, J.M., Pelletier, B., Eissen, J.P., 1995. The North Fiji basin:
geology, structure and geodynamic evolution. In: Taylor, B. (Ed.),
Backarc Basins: Tectonics and Magmatism. Plenum Press, New
York, pp. 139±175.
Baillie, P., Gilleran, P., Clark, W., Moss, S.J., Stein, A., Hermantoro, E.,
Oemar, S., 2000. New insights into the geological development of the
deepwater Mahakam delta and Makassar Straits. Proceedings Indonesian
Petroleum Association, 27th Annual Convention pp. 397±402.
Baldwin, S.L., Lister, G.S., Hill, E.J., Foster, D.A., McDougall, I., 1993.
Thermochronologic constraints on the tectonic evolution of active
metamorphic core complexes, D'Entrecasteaux Islands, Papua New
Guinea. Tectonics 12, 611±628.
Ballance, P.F., 1999. Simpli®cation of Southwest Paci®c Neogene arcs:
inherited complexity, and control by retreating pole of rotation. In:
Mac Niocaill, C., Ryan, P.D. (Eds.), Continental Tectonics. Geological
Society of London Special Publication 164, 7±19.
Ballance, P.F., Ablaev, A.G., Pushchin, I.K., Pletnev, S.P., Birylina, M.G.,
Itaya, T., Follas, H.A., Gibson, G.W., 1999. Morphology and history of
the Kermadec trench±arc±backarc basin±remnant arc system at 30 to
32 degrees S: geophysical pro®le, microfossil and K±Ar data. Marine
Geology 159, 35±62.
Barber, A.J., 2000. The origin of the Woyla Terranes in Sumatra and the
Late Mesozoic evolution of the Sundaland margin. Journal of Asian
Earth Sciences 18, 713±738.
Barberi, F., Bigioggero, B., Boriani, A., Cattaneo, M., Cavallin, A., Cioni,
R., Eva, C., Gelmini, R., Giorgetti, F., Iaccarino, S., Innocenti, F.,
Marinelli, G., Slejko, D., Sudradjat, A., 1987. The island of Sumbawa:
a major structural discontinuity in the Indonesia arc. Bulletin of the
Geological Society of Italy 106, 547±620.
Barrier, E., Huchon, P., Aurelio, M., 1991. Philippine fault: a key for
Philippine kinematics. Geology 19, 32±35.
Beckinsale, R.D., Nakapadungrat, S., 1979. A late Miocene K±Ar age for
the lavas of Pulau Kelang, Seram, Indonesia. In: Uyeda, S., Murphy,
R.W., Kobayashi, K. (Eds.), Geodynamics of the Western Paci®c,
Proceedings of the International Conference on Geodynamics of the
Western Paci®c±Indonesian Region. Supplement Issue of Journal of
Physics of the Earth, Advances in Earth and Planetary Sciences 6,
199±202.
Ben-Avraham, Z., Emery, K.O., 1973. Structural framework of Sunda
Shelf. American Association of Petroleum Geologists Bulletin 57,
2323±2366.
Benes, V., Scott, S.D., Binns, R.A., 1994. Tectonics of rift propagation into
a continental margin: western Woodlark Basin, Papua New Guinea.
Journal of Geophysical Research 99, 4439±4455.
Bergman, S.C., Cof®eld, D.Q., Talbot, J.P., Garrard, R.J., 1996. Tertiary
tectonic and magmatic evolution of western Sulawesi and the Makassar
Strait, Indonesia: evidence for a Miocene continent±continent collision.
In: Hall, R., Blundell, D.J. (Eds.), Tectonic Evolution of SE Asia.
Geological Society of London Special Publication, 106, pp. 391±430.
Bergman, S.C., Hutchison, C.S., Swauger, D.A., Graves, J.E., 2001. K:Ar
ages and geochemistry of the Sabah Cenozoic volcanic rocks. Bulletin
of the Geological Society of Malaysia.
Bertrand, G., Rangin, C., Maury, R.C., Htun, H.M., Bellon, H., Guillaud,
J.P., 1998. The Singu basalts (Myanmar): new constraints for the
amount of recent offset on the Sagaing Fault. Comptes Rendus de
l'AcadeÂmie des Sciences, Paris 327, 479±484.
Bevis, M., Taylor, F.W., Schutz, B.E., Recy, J., Isacks, B.L., Helu, S.,
Singh, R., Kendrick, E., Stowell, J., Taylor, B., Calmant, S., 1995.
Geodetic observations of very rapid convergence and back-arc extension at the Tonga Arc. Nature 374, 249±251.
Bijwaard, H., Spakman, W., 2000. Nonlinear global P-wave tomography by

iterated linearized inversion. Geophysical Journal International 141,
71±82.
Bijwaard, H., Spakman, W., Engdahl, E.R., 1998. Closing the gap between
regional and global travel time tomography. Journal of Geophysical
Research 103, 30055±30078.
Bird, P.R., Quinton, N.A., Beeson, M.N., Bristow, C., 1992. Mindoro
Island, a rifted microcontinent in collision with the Philippines volcanic
arc: basin evolution and hydrocarbon potential. Journal of Southeast
Asian Earth Sciences 7, 259.
Bishop, W.P., 1980. Structure, stratigraphy and hydrocarbons offshore
southern Kalimantan, Indonesia. American Association of Petroleum
Geologists Bulletin 64, 37±58.
Bowin, C., Purdy, G.M., Johnston, C., Shor, G., Lawver, L., Hartono,
H.M.S., Jezek, P., 1980. Arc±continent collision in the Banda Sea
region. American Association of Petroleum Geologists Bulletin 64,
868±918.
Briais, A., Patriat, P., Tapponnier, P., 1993. Updated interpretation of
magnetic anomalies and sea ¯oor spreading stages in the South China
Sea: implications for the Tertiary tectonics of Southeast Asia. Journal of
Geophysical Research 98, 6299±6328.
Briggs, J.C., 1974. Marine Zoogeography. McGraw-Hill, New York 475
pp.
Brothers, R.N., Lillie, A.R., 1988. Regional geology of New Caledonia.
In: Nairn, A.E.M., Stehli, F.G., Uyeda, S. (Eds.), The Paci®c Ocean.
The Ocean Basins and Margins, vol. 7B. Plenum Press, New York,
pp. 325±374.
Brown, J.H., 1988. Species diversity. In: Myers, A.A., Giller, P.S. (Eds.),
Analytical Biogeography. Chapman & Hall, London, pp. 57±89.
Bruns, T.R., Vedder, J.G., Cooper, A.K., 1989a. Geology of the Shortland
Basin region, central Solomons trough, Solomons Islands Ð review
and new ®ndings. In: Vedder, J.G., Bruns, T.R. (Eds.), Geology and
offshore resources of Paci®c Islands arcs Ð Solomon Islands and
Bougainville, Papua New Guinea regions. Circum-Paci®c Council for
Energy and Mineral Resources Earth Science Series 12, 125±144.
Bruns, T.R., Vedder, J.G., Culotta, R.C., 1989b. Structure and tectonics
along the Kilinailau Trench, Bougainville±Buka island region, Papua
New Guinea. In: Vedder, J.G., Bruns, T.R. (Eds.), Geology and offshore
resources of Paci®c Islands arcs Ð Solomon Islands and Bougainville,
Papua New Guinea regions. Circum-Paci®c Council for Energy and
Mineral Resources Earth Science Series 12, 93±123.
Buchanan, P.G. (Ed.), 1996. Petroleum Exploration, Development and
Production in Paupa New Guinea. Proceedings of the Third PNG
Petroleum Convention, Port Moresby, 822 pp.
Bunge, H.-P., Grand, S.P., 2000. Mesozoic plate-motion history below the
northeast Paci®c Ocean from seismic images of the subducted Farallon
slab. Nature 405, 337±340.
Burollet, P.F., Salle, C., 1982. Histoire geologique de l'ile de Sumba (Indonesie). Bulletin de la SocieÂteÂ geÂologique de France 24, 573±580.
Burrett, C., Duhig, N., Berry, R., Varne, R., 1991. Asian and south-western
Paci®c continental terranes derived from Gondwana, and their biogeographic signi®cance. In: Ladiges, P.Y., Humphries, C.J., Martinelli,
L.W. (Eds.), Austral Biogeography, Australian Systematic Botany 4,
13±24.
Burton, C.K., 1986. Geological evolution of the Southern Philippines.
Bulletin of the Geological Society of Malaysia 19, 87±102.
Butler, R.F., 1992. Paleomagnetism. Blackwell Scienti®c Publications,
Oxford 319 pp.
Calvert, S.J., 2000. The Cenozoic evolution of the Lariang and Karama
basins, Sulawesi. Proceedings Indonesian Petroleum Association, 27th
Annual Convention, 505±511.
Cambridge Paleomap Services, 1993. ATLAS version 3.3. Cambridge
Paleomap Services, P.O. Box 246, Cambridge, UK.
Cande, S.C., Kent, D.V., 1995. Revised calibration of the geomagnetic
polarity timescale for the Late Cretaceous and Cenozoic. Journal of
Geophysical Research 100, 6093±6095.
Cande, S.C., Leslie, R.B., 1986. Late Cenozoic tectonics of the southern
Chile trench. Journal of Geophysical Research 91, 471±496.

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431
Cande, S.C., LaBrecque, J.L., Larson, R.L., Pitman, W.C., Golovchenko,
X., Haxby, W.F., 1989. Magnetic Lineations of the World's Ocean
Basins (map with text). American Association of Petroleum Geologists.
Cande, S.C., Stock, J.M., MuÈller, R.D., Ishihara, T., 2000. Cenozoic motion
between East and West Antarctica. Nature 404, 145±150.
Cane, M., Molnar, P., 2001. Closing of the Indonesian Seaway as a precursor to east African aridi®cation around 3±4 million years ago. Nature
411, 157±162.
Cardwell, R.K., Isacks, B.L., 1978. Geometry of the subducted lithosphere
beneath the Banda Sea in eastern Indonesia from seismicity and fault
plane solutions. Journal of Geophysical Research 83, 2825±2838.
Cardwell, R.K., Isacks, B.L., Karig, D.E., 1980. The spatial distribution of
earthquakes, focal mechanism solutions and subducted lithosphere in
the Philippines and northeast Indonesian islands. In: Hayes, D.E. (Ed.),
The Tectonic and Geologic Evolution of Southeast Asian Seas and
Islands. American Geophysical Union, Geophysical Monograph Series
23, 1±35.
Carey, S.W., 1958. A tectonic approach to continental drift. Symposium on
Continental Drift Proceedings, Hobart, 177±355.
1990. Petroleum Exploration in Papua New Guinea. In: Carman, G.J.,
Carman, Z. (Eds.), Proceedings of the First PNG Petroleum Convention, Port Moresby. p. 597.
1993. Petroleum Exploration in Papua New Guinea. In: Carman, G.J.,
Carman, Z. (Eds.), Proceedings of the Second PNG Petroleum Convention, Port Moresby. p. 687.
Carney, J.N., Macfarlane, A., Mallick, D.I.J., 1985. The Vanuatu island arc:
an outline of the stratigraphy, structure and petrology. In: Nairn,
A.E.M., Stehli, F.G., Uyeda, S. (Eds.), The Ocean Basins and Margins,
vol. 7A. Plenum Press, New York, pp. 683±718.
Carter, A., Moss, S.J., 1999. Combined detrital-zircon ®ssion-track and
U±Pb dating: a new approach to understanding hinterland evolution.
Geology 27, 235±238.
Cater, M.C., 1981. Stratigraphy of the offshore area south of Kalimantan,
Indonesia. Proceedings Indonesian Petroleum Association, 10th Annual
Convention, 269±284.
Chamberlain, T.C., 1965. The method of multiple working hypotheses.
Science 148, 754±759.
Chambers, J.L.C., Daley, T.E., 1997. A tectonic model for the onshore
Kutai Basin, East Kalimantan. In: Fraser, A.J., Matthews, S.J., Murphy,
R.W. (Eds.), Petroleum Geology of Southeast Asia. Geological Society
of London Special Publication 126, 375±393.
Chamot-Rooke, N., Renard, V., Le Pichon, X., 1987. Magnetic anomalies
in the Shikoku Basin: a new interpretation. Earth and Planetary Science
Letters 83, 214±228.
Charlton, T.R., 2000. Tertiary evolution of the Eastern Indonesia Collision
Complex. Journal of Asian Earth Sciences 18, 603±631.
Cloke, I.R., Milsom, J., Blundell, D.J.B., 1999. Implications of gravity data
from east Kalimantan and the Makassar Straits: a solution to the origin
of the Makassar Straits? Journal of Asian Earth Sciences 17, 61±78.
Cloud, P.E., Schmidt, R.G., Burke, H.W., 1956. Geology of Saipan,
Mariana Islands, 1, General Geology. USGS Professional Paper
280-A, 126 pp.
Cochran, J.R., 1981. The Gulf of Aden: structure and evolution of a young
ocean basin and continental margin. Journal of Geophysical Research
86, 263±287.
Cof®eld, D.Q., Bergman, S.C., Garrard, R.A., Guritno, N., Robinson, N.M.,
Talbot, J., 1993. Tectonic and stratigraphic evolution of the Kalosi PSC
area and associated development of a Tertiary petroleum system, South
Sulawesi, Indonesia. Proceedings Indonesian Petroleum Association,
22nd Annual Convention, 679±706.
Cole, J.M., Crittenden, S., 1997. Early Tertiary basin formation and the
development of lacustrine and quasi-lacustrine/marine source rocks on
the Sunda Shelf of SE Asia. In: Fraser, A.J., Matthews, S.J., Murphy,
R.W. (Eds.), Petroleum Geology of Southeast Asia. Geological Society
of London Special Publication 126, 147±183.
Coleman, P.J., 1970. Geology of the Solomon and New Hebrides Islands, as

421

part of the Melanesian re-entrant, Southwest Paci®c. Paci®c Science 24,
289±314.
Coleman, P.J., Packham, G.H., 1976. The Melanesian borderlands and
Indian±Paci®c plates' boundary. Earth Science Reviews 12, 197±233.
Cooper, P., Taylor, B., 1987. Seismotectonics of New Guinea; a model for
arc reversal following arc continent collision. Tectonics 6, 53±67.
CorneÂe, J.J., Martini, R., Villeneuve, M., Zaninetti, L., Mattioli, E., Rettori,
R., Atrops, F., Gunawan, W., 1999. Mise en eÂvidence du Jurassique
infeÂrieur et moyen dans la ceinture ophiolitique de Sulawesi
(IndoneÂsie). ConseÂquences geÂodynamique. Geobios 32, 385±394.
Cosca, M.A., Arculus, R.J., Pearce, J.A., Mitchell, J.G., 1998. Ar40/Ar39
and K±Ar geochronological age constraints for the inception and early
evolution of the Izu±Bonin±Mariana arc system. Island Arc 7,
579±595.
Cox, A., Hart, R.B., 1986. Plate Tectonics: How it Works. Blackwell
Scienti®c Publications, Oxford 392 pp.
Crook, K.A.W., Belbin, L., 1978. The Southwest Paci®c area during the last
90 million years. Journal of the Geological Society of Australia 25,
23±40.
Crowhurst, P.V., Hill, K.C., Foster, D.A., Bennett, A.P., 1996. Thermochronological and geochemical constraints on the tectonic evolution of
northern Papua New Guinea. In: Hall, R., Blundell, D.J. (Eds.),
Tectonic Evolution of SE Asia. Geological Society of London Special
Publication 106, 525±537.
Cullen. A.G., 1996. Ramu Basin, Papua New Guinea: a record of Late
Miocene Terrane Collision. Bulletin of the American Association of
Petroleum Geologists 80, 663±685.
Cunningham, J.K., Ascombe, K.J., 1985. Geology of 'Eua and other
islands, Kingdom of Tonga. In: Scholl, D.W., Vallier, T.L. (Eds.),
Geology and Offshore Resources of Paci®c Island Arcs Tonga region.
Circum-Paci®c Council for Energy and Mineral Resources, Earth
Science Series 2, 221±258.
Curray, J.R., Moore, D.G., Lawver, L.A., Emmel, F.J., Raitt, R.W., Henry,
M., Kieckhefer, R.M., 1979. Tectonics of the Andaman Sea and Burma.
Geological and Geophysical Investigations of Continental Margins,
Watkins, J., Montadert, L., Dickenson, P.W. (Eds.), American Association of Petroleum Geologists Memoir 29, 189±198.
Curtis, A., Trampert, J., Snieder, R., Dost, B., 1998. Eurasian fundamental
mode surface wave phase velocities and their relationship with tectonic
structures. Journal of Geophysical Research 103, 26919±26947.
Daly, M.C., Cooper, M.A., Wilson, I., Smith, D.G., Hooper, B.G.D., 1991.
Cenozoic plate tectonics and basin evolution in Indonesia. Marine and
Petroleum Geology 8, 2±21.
Davey, F.J., 1982. The structure of the South Fiji basin. Tectonophysics 87,
185±241.
Davidson, J.W., 1991. The geology and prospectivity of Buton Island,
Southeast Sulawesi, Indonesia. Proceedings Indonesian Petroleum
Association, 20th Annual Convention, 209±234.
Davies, H.L., 1971. Peridotite-gabbro-basalt complex in eastern Papua: an
overthrust plate of oceanic mantle and crust. Bureau of Mineral
Resources, Geology and Geophysics Bulletin 128, 48.
Davies, H.L., 1990a. Structure and evolution of the Border Region of New
Guinea. In: Carman, G.J., Carman, Z. (Eds.), Petroleum Exploration in
Papua New Guinea. Proceedings of the First PNG Petroleum Convention, Port Moresby, pp. 245±270.
Davies, I.C., 1990b. Geology and exploration review of the Tomori PSC,
eastern Indonesia. Proceedings Indonesian Petroleum Association, 19th
Annual Convention, 41±68.
Davies, H.L., Smith, I.E., 1971. Geology of eastern Papua. Bulletin of the
Geological Society of America 82, 3299±3312.
Davies, H.L., Winn, R.D., KenGemar, P., 1996. Evolution of the Papuan
Basin Ð a view from the orogen. In: Buchanan, P.G. (Ed.), Petroleum
Exploration, Development and Production in Papua New Guinea.
Proceedings of the Third PNG Petroleum Convention, Port Moresby,
pp. 53±62.
Demets, C., 1993. Earthquake slip vectors and estimates of present-day
plate motions. Journal of Geophysical Research 98, 6703±6714.

422

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

Demets, C., Gordon, R.G., Argus, D.F., Stein, S., 1990. Current plate
motions. Geophysical Journal International 101, 425±478.
Demets, C., Gordon, R.G., Argus, D.F., Stein, S., 1994. Effect of recent
revisions to the geomagnetic reversal time-scale on estimates of current
plate motions. Geophysical Research Letters 21, 2191±2194.
Deschamps, A.E., Lallemand, S.E., Collot, J.Y., 1998. A detailed study of
the Gagua Ridge: a fracture zone uplifted during a plate reorganisation
in the Mid-Eocene. Marine Geophysical Researches 20, 403±423.
Deschamps, A., Lallemand, S., Dominguez, S., 1999. The last spreading
episode of the West Philippine Basin revisited. Geophysical Research
Letters 26, 2073±2076.
Deschamps, A., MonieÂ, P., Lallemand, S., Hsu, S.-K., Yeh, K.Y., 2000.
Evidence for Early Cretaceous oceanic crust trapped in the Philippine
Sea Plate. Earth and Planetary Science Letters 179, 503±516.
Dewey, J.F., Bird, J.M., 1970. Mountain belts and the new global tectonics.
Journal of Geophysical Research 75, 2625±2647.
Dewey, J.F., Cande, S., Pitman, W.C., 1989. Tectonic evolution of the
India/Eurasia collision zone. Eclogae Geologicae Helvetiae 82,
717±734.
Diament, M., Harjono, H., Karta, K., Deplus, C., Dahrin, D., Zen, M.T.,
GeÂrard, M., Lassal, O., Matin, A., Malod, J., 1992. Mentawai fault zone
off Sumatra; a new key to the geodynamics of western Indonesia.
Geology 20, 259±262.
Dow, D.B., 1977. A geological synthesis of Papua New Guinea. BMR
Australia. Geology and Geophysics Bulletin 201, 41.
Dow, D.B., Sukamto, R., 1984. Western Irian Jaya: the end-product of
oblique plate convergence in the late Tertiary. Tectonophysics 106,
109±139.
Dow, D.B., Robinson, G.P., Ratman, N., 1985. New hypothesis for formation of Lengguru Foldbelt, Irian Jaya, Indonesia. American Association
of Petroleum Geologists Bulletin 69, 203±214.
Dow, D.B., Robinson, G.P., Hartono, U., Ratman, N., 1986. Geological
map of Irian Jaya, Indonesia 1:1,000,000. Geological Research and
Development Centre, Bandung.
Dunning, G.R., Macdonald, A.S., Barr, S.M., 1995. Zircon and monazite
U±Pb dating of the Doi Inthanon core complex, northern Thailand:
implications for extension within the Indosinian orogen. Tectonophysics 251, 197±215.
Eade, J.V., 1988. The Norfolk Ridge system and its margins. In: Nairn,
A.E.M., Stehli, F.G., Uyeda, S. (Eds.), The Paci®c Ocean. The Ocean
Basins and Margins, vol. 7B. Plenum Press, New York, pp. 303±324.
Encarnacion, J., Mukasa, S.B., 1997. Age and geochemistry of an anorogenic crustal melt and implications for I-type granite petrogenesis.
Lithos 42, 1±13.
Encarnacion, J.P., Essene, E.J., Mukasa, S.B., Hall, C.H., 1995. Highpressure and temperature subophiolitic kyanite±garnet amphibolites
generated during initiation of mid-Tertiary subduction, Palawan,
Philippines. Journal of Petrology 36, 1481±1503.
Engebretson, D.C., Cox, A., Gordon, R.G., 1985. Relative motions between
oceanic and continental plates in the Paci®c Basin. Geological Society
of America Special Paper 206, 59.
England, P., Houseman, G., 1986. Finite strain calculations of continental
deformation 2. Comparison with the India±Asia collision zone. Journal
of Geophysical Research 91, 3664±3676.
Falvey, D.A., 1978. Analysis of paleomagnetic data from the New
Hebrides. Bulletin of the Australian Society of Exploration Geophysics
9, 117±123.
Falvey, D.A., Pritchard, T., 1982. Preliminary paleomagnetic results from
northern Papua New Guinea: evidence for large microplate rotations.
In: Watson, S.T. (Ed.), Transactions of the 3rd Circum-Paci®c Energy
and Mineral Resources Conference, Honolulu, Hawaii, 593±600.
Fischer, A.G., 1960. Latitudinal variations in organic diversity. Evolution
14, 64±81.
Fisher, R.L., Sclater, J.G., 1983. Tectonic evolution of the southwest Indian
ocean since the mid-Cretaceous: plate motions and stability of the pole
of Antarctica/Africa for at least 80 Myr. Geophysical Journal of the
Royal Astronomical Society 73, 553±576.

Fitch, T.J., 1972. Plate convergence, transcurrent faults and internal
deformation adjacent to southeast Asia and the Western Paci®c. Journal
of Geophysical Research 77, 4432±4462.
Fleming, K., Johnston, P., Zwartz, D., Yokoyama, Y., Lambeck, K.,
Chappell, J., 1998. Re®ning the eustatic sea-level curve since the last
glacial maximum using far- and intermediate-®eld sites. Earth and
Planetary Science Letters 163, 327±342.
Florendo, F.F., 1994. Tertiary arc rifting in northern Luzon, Philippines.
Tectonics 13, 623±640.
Forde, E.J., 1997. The geochemistry of the Neogene Halmahera Arc, eastern Indonesia. PhD Thesis. University of London, 268 pp.
Fortuin, A.R., Roep, T.B., Sumosusastro, P.A., 1994. The Neogene
sediments of East Sumba, Indonesia Ð products of a lost arc? Journal
of Southeast Asian Earth Sciences 9, 67±79.
Fortuin, A.R., van der Werff, W., Wensink, H., 1997. Neogene basin history
and paleomagnetism of a rifted and inverted forearc region, on- and
offshore Sumba, Eastern Indonesia. Journal of Asian Earth Sciences 15,
61±88.
Francis, G., 1988. Stratigraphy of Manus Island, western New Ireland basin,
Papua New Guinea. In: Marlow, N.S., Dadisman, S.V., Exon, N.F. (Eds.),
Geology and offshore resources of Paci®c Islands arcs Ð New Ireland
and Manus region, Papua New Guinea. Circum-Paci®c Council for
Energy and Mineral Resources Earth Science Series 9, 31±40.
Fujioka, K., Okino, K., Kanamatsu, T., Ohara, Y., Ishizuka, O., Haraguchi,
S., Ishii, T., 1999. Enigmatic extinct spreading center in the West
Philippine backarc basin unveiled. Geology 27, 1135±1138.
Fuller, M., Haston, R., Lin, J.-L., 1991. Tertiary paleomagnetism of regions
around the South China Sea. Journal of Southeast Asian Earth Sciences
6, 161±184.
Fuller, M., Ali, J.R., Moss, S.J., Frost, G.M., Richter, B., Mah®, A., 1999.
Paleomagnetism of Borneo. Journal of Asian Earth Sciences 17, 3±24.
Furukawa, Y., Tatsumi, Y., 1999. Melting of a subducting slab and production of high-Mg andesite magmas: unusual magmatism in SW Japan at
13±15 Ma. Geophysical Research Letters 26, 2271±2274.
Gaina, C., MuÈller, R.D., Royer, J.Y., Stock, J., Hardebeck, J., Symonds, P.,
1998. The tectonic history of the Tasman Sea: a puzzle with 13 pieces.
Journal of Geophysical Research 103, 12413±12433.
Gaina, C., MuÈller, R.D., Royer, J.Y., Symonds, P., 1999. Evolution of the
Louisiade triple junction. Journal of Geophysical Research 104, 12927±
12939.
Garrard, R.A., Supandjono, J.B., Surono, 1988. The geology of the Banggai±Sula microcontinent, eastern Indonesia. Proceedings Indonesian
Petroleum Association, 17th Annual Convention, 23±52.
Gentry, A.H., 1988. Changes in plant community diversity and ¯oristic
composition on environmental and geographical gradients. Annals of
the Missouri Botanic Gardens 75, 1±34.
Gill, J.B., 1987. Early geochemical evolution of an oceanic island arc and
back-arc: Fiji and the South Fiji Basin. Journal of Geology 95,
589±615.
Ginger, D.C., Ardjakusumah, Hedley, R.J., Pothecary, J., 1993. Inversion
history of the West Natuna basin: examples from the Cumi±Cumi PSC.
Proceedings Indonesian Petroleum Association, 22nd Annual Convention, 635±658.
Gnibidenko, H.S., Hilde, T.W.C., Gretskaya, E.V., Andreyev, A.A., 1995.
Kuril (South Okhotsk) backarc basin. In: Taylor, B. (Ed.), Backarc
Basins: Tectonics and Magmatism, vol. 88. Plenum Press, New York,
pp. 421±449.
Gobbett, D.J., Hutchison, C.S., 1973. Geology of the Malay Peninsula
(West Malaysia and Singapore). Wiley-Interscience, New York 438 pp.
Godfrey, J.S., 1996. The effect of the Indonesian through¯ow on ocean
circulation and heat exchange with the atmosphere: a review. Journal
of Geophysical Research 101, 12217±12238.
Gordon, A.L., 1986. Interocean exchange of thermocline water. Journal of
Geophysical Research 91C, 5037±5046.
Gordon, R.G., 1998. The plate tectonic approximation: plate nonrigidity,
diffuse plate boundaries, and global plate reconstructions. Annual
Review of Earth and Planetary Sciences 26, 615±642.

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431
Gordon, R.G., 2000. Plate tectonics Ð The Antarctic connection. Nature
404, 139±140.
Grand, S.P., van der Hilst, R., Widiyantoro, S., 1997. Global seismic
tomography: a snapshot of convection in the Earth. GSA Today 7, 1±7.
Greene, H.G., Macfarlane, A., Wong, F.L., 1989. Geology and offshore
resources of Vanuatu Ð introduction and summary. In: Greene, H.G.,
Macfarlane, A., Wong, F.L. (Eds.), Geology and Offshore Resources of
Paci®c Islands Arcs Ð Vanuatu Region. Circum-Paci®c Council for
Energy and Mineral Resources Earth Science Series 8, 1±25.
Guillon, J.H., 1974. New Caledonia. In: Spencer, A.M. (Ed.), Mesozoic±
Cenozoic Orogenic Belts. Geological Society of London Special Publication 4, 445±452.
Gurnis, M., Ritsema, J., van Heijst, H.-J., Zhong, S., 2000. Tonga slab
deformation: the in¯uence of a lower mantle upwelling on a slab in a
young subduction zone. Geophysical Research Letters 27, 2373±2376.
Guzman-Speziale, M., Ni, J.F., 2000. Comment on subduction in the IndoBurma region: is it still active? by S.P. Satyabala. Geophysical
Research Letters 27, 1065±1066.
Hafkenscheid, E., Buiter, S.J., Wortel, M.J., Spakman, W., Bijwaard, H.,
2001. Modelling the seismic velocity structure beneath Indonesia: a
comparison with tomography. Tectonophysics 333, 35±46.
Haile, N.S., 1978a. Palaeomagnetic evidence for the rotation of Seram,
Indonesia. Journal of Physics of the Earth 26, S191±S198.
Haile, N.S., 1978b. Reconnaissance palaeomagnetic results from Sulawesi
Indonesia, and their bearing on palaeogeographic reconstruction.
Tectonophysics 46, 77±85.
Haile, N.S., Wong, N.P.Y., Nuttall, C.P., 1965. The geology and mineral
resources of the Dent Peninsula, Sabah. Malaysia Geological Survey
Borneo Region, Memoir 16, 199.
Hall, R., 1987. Plate boundary evolution in the Halmahera region,
Indonesia. Tectonophysics 144, 337±352.
Hall, R., 1996. Reconstructing Cenozoic SE Asia. In: Hall, R., Blundell,
D.J. (Eds.), Tectonic Evolution of SE Asia. Geological Society of
London Special Publication 106, 153±184.
Hall, R., 1997a. Cenozoic plate tectonic reconstructions of SE Asia. In:
Fraser, A.J., Matthews, S.J., Murphy, R.W. (Eds.), Petroleum Geology
of Southeast Asia. Geological Society of London Special Publication
126, 11±23.
Hall, R., 1997b. Cenozoic tectonics of SE Asia and Australasia. In: Howes,
J.V.C., Noble, R.A. (Eds.), Proceedings of the International Conference
on Petroleum Systems of SE Asia and Australia, Indonesian Petroleum
Association, pp. 47±62.
Hall, R., 1998. The plate tectonics of Cenozoic SE Asia and the distribution
of land and sea. In: Hall, R., Holloway, J.D. (Eds.), Biogeography and
Geological Evolution of SE Asia. Backhuys Publishers, Leiden, The
Netherlands, pp. 99±131.
Hall, R., 2000. Neogene history of collision in the Halmahera region,
Indonesia. Proceedings Indonesian Petroleum Association, 27th Annual
Convention, 487±493.
Hall, R., Blundell, D. (Eds.), 1996. Tectonic Evolution of Southeast Asia,
Geological Society of London Special Publication 106, 566.
Hall, R., Spakman, W., 2002. Mantle structure and tectonic evolution of the
region north and east of Australia. In: Hillis, R., MuÈller, R.D. (Eds.),
De®ning Australia: The Australian Plate as part of Planet Earth. Geological Society of America Special Paper/Geological Society of Australia
Special Publication in press.
Hall, R., Wilson, M.E.J., 2000. Neogene sutures in eastern Indonesia.
Journal of Asian Earth Sciences 18, 787±814.
Hall, R., Audley-Charles, M.G., Banner, F.T., Hidayat, S., Tobing, S.L.,
1988a. Basement rocks of the Halmahera region, eastern Indonesia: a
Late Cretaceous±Early Tertiary arc and fore-arc. Journal of the
Geological Society of London 145, 65±84.
Hall, R., Audley-Charles, M.G., Banner, F.T., Hidayat, S., Tobing, S.L.,
1988b. Late Paleogene±Quaternary geology of Halmahera, eastern
Indonesia: initiation of a volcanic island arc. Journal of the Geological
Society of London 145, 577±590.
Hall, R., Ali, J.R., Anderson, C.D., 1995a. Cenozoic motion of the

423

Philippine Sea Plate Ð paleomagnetic evidence from eastern
Indonesia. Tectonics 14, 1117±1132.
Hall, R., Ali, J.R., Anderson, C.D., Baker, S.J., 1995b. Origin and motion
history of the Philippine Sea Plate. Tectonophysics 251, 229±250.
Hall, R., Fuller, M., Ali, J.R., Anderson, C.D., 1995c. The Philippine Sea
Plate: magnetism and reconstructions. In: Taylor, B., Natland, J. (Eds.),
Active Margins and Marginal Basins of the Western Paci®c. American
Geophysical Union, Geophysical Monograph Series 88, 371±404.
Hamilton, W., 1979. Tectonics of the Indonesian region. USGS
Professional Paper 1078. 345 pp.
Hamilton, W.B., 1988. Plate tectonics and island arcs. Geological Society
of America Bulletin 100, 1503±1527.
Hamilton, W.B., 1995. Subduction and magmatism. In: Smellie, J.L. (Ed.),
Volcanism associated with subduction at consuming plate margins.
Geological Society of London Special Publication 81, 3±28.
Haq, B.U., Hardenbol, J., Vail, P.R., 1987. Chronology of ¯uctuating sea
levels since the Triassic. Science 235, 1156±1167.
Harland, W.B., Armstrong, R.L., Cox, A.V., Craig, L.E., Smith, A.G.,
Smith, D.G., 1989. A Geologic Time Scale. Cambridge University
Press, Cambridge 263 pp.
Harris, R.A., 1991. Temporal distribution of strain in the active Banda
orogen: a reconciliation of rival hypotheses. Journal of Southeast
Asian Earth Sciences 6, 373±386.
Harrison, T.M., Copeland, P., Kidd, W.S.F., Yin, A., 1992. Raising Tibet.
Science 255, 1663±1670.
Hartono, H.M.S., 1990. Late Cenozoic tectonic development of the Southeast Asian continental margin in the Banda Sea area. Tectonophysics
181, 267±276.
Hathway, B., 1994. Sedimentation and volcanism in an Oligocene±
Miocene intraoceanic arc and forearc, southwestern Viti Levu, Fiji.
Journal of the Geological Society of London 151, 499±514.
Hayes, D.E. (Ed.), 1980. The Tectonic and Geologic Evolution of Southeast
Asian Seas and Islands, American Geophysical Union, Geophysical
Monograph Series 23, 326.
Hayes, D.E. (Ed.), 1983. The Tectonic and Geologic Evolution of Southeast
Asian Seas and Islands, American Geophysical Union, Geophysical
Monograph Series 27, 396.
Hazebroek, H.P., Tan, D.N.K., 1993. Tertiary tectonic evolution of the NW
Sabah continental margin. Bulletin of the Geological Society of
Malaysia 33, 195±210.
Hegarty, K.A., Weissel, J.K., 1988. Complexities in the development of the
Caroline Plate region, western equatorial Paci®c. In: Nairn, A.E.M.,
Stehli, F.G., Uyeda, S. (Eds.), The Paci®c Ocean. The Ocean Basins
and Margins, vol. 7B. Plenum Press, New York, pp. 277±301.
Hegarty, K.A., Weissel, J.K., Hayes, D.E., 1983. Convergence at the
Caroline-Paci®c plate boundary: collision and subduction. In: Hayes,
D.E. (Ed.), The Tectonic and Geologic Evolution of Southeast Asian
Seas and Islands, Part 2. American Geophysical Union, Geophysical
Monograph Series 27, 349±359.
Higgs, R., 1999. Gravity anomalies, subsidence history and the tectonic
evolution of the Malay and Penyu Basins (offshore Peninsular
Malaysia) Ð discussion. Basin Research 11, 285±290.
Hilde, T.W.C., Lee, C.S., 1984. Origin and evolution of the West Philippine
Basin: a new interpretation. Tectonophysics 102, 85±104.
Hill, K.C., Hegarty, K.A., 1987. New tectonic framework for PNG and the
Caroline plate: implications for the cessation of spreading in back-arc
basins. PACRIM'87 Congress, Australian Institute of Mining and
Metallurgy, 179±182.
Hill, K.C., Raza, A., 1999. Arc±continent collision in Papua Guinea:
constraints from ®ssion track thermochronology. Tectonics 18,
950±966.
Hill, K.C., Grey, A., Foster, D., Barrett, R., 1993. An alternative model for
the Oligo-Miocene evolution of northern PNG and the Sepik±Ramu
Basin. In: Carman, G.J., Carman, Z. (Eds.), Petroleum Exploration in
Papua New Guinea. Proceedings of the Second PNG Petroleum
Convention, Port Moresby, pp. 241±259.
Hilyard, D., Rogerson, R., 1989. Revised stratigraphy of Bougainville and

424

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

Buka Islands, Papua New Guinea. In: Vedder, J.G., Bruns, T.R. (Eds.),
Geology and Offshore Resources of Paci®c Islands Arcs Ð Solomon
Islands and Bougainville, Papua New Guinea regions. Circum-Paci®c
Council for Energy and Mineral Resources Earth Science Series 12,
87±92.
Hinschberger, F., Malod, J.A., Dyment, J., Honthaas, C., Rehault, J.P.,
Burhanuddin, S., 2001. Magnetic lineations constraints for the back-arc
opening of the Late Neogene South Banda Basin (eastern Indonesia).
Tectonophysics 333, 47±59.
Hinz, K., Block, M., Kudrass, H.R., Meyer, H., 1991. Structural elements of
the Sulu Sea, Phillipines. Geologisches Jahrbuch, Reihe A 127,
483±506.
Maung, Hla, 1987. Transcurrent movements in the Burma±Andaman
region. Geology 15, 911±912.
Holloway, N.H., 1982. The stratigraphic and tectonic evolution of Reed
Bank, North Palawan and Mindoro to the Asian mainland and its significance in the evolution of the South China Sea. American Association
of Petroleum Geologists Bulletin 66, 1357±1383.
Holmes, A., 1965. Physical Geology. Thomas Nelson, London 1288 pp.
Honthaas, C., ReÂhault, J.P., Maury, R.C., Bellon, H., Hemond, C., Malod,
J.A., CorneÂe, J.J., Villeneuve, M., Cotten, J., Burhanuddin, S., Guillou,
H., Arnaud, N., 1998. A Neogene back-arc origin for the Banda Sea
basins: geochemical and geochronological constraints from the Banda
ridges (east Indonesia). Tectonophysics 298, 297±317.
Honthaas, C., Maury, R.C., Priadi, B., Bellon, H., Cotten, J., 1999. The
Plio-Quaternary Ambon arc, eastern Indonesia. Tectonophysics 301,
261±281.
Houseman, G., England, P., 1993. Crustal thickening versus lateral expulsion in the Indian±Asian continental collision. Journal of Geophysical
Research 98, 12233±12249.
Housh, T., McMahon, T.P., 2000. Ancient isotopic characteristics of
Neogene potassic magmatism in western New Guinea (Irian Jaya,
Indonesia). Lithos 50, 217±239.
Huchon, P., Le Pichon, X., Rangin, C., 1994. Indochina peninsula and the
collision of India and Eurasia. Geology 22, 27±30.
Hutchison, D.S., 1975. Basement geology of the North Sepik region, Papua
New Guinea. BMR Australia. Geology and Geophysics Report 162, 55.
Hutchison, C.S., 1989. Geological Evolution of South-East Asia, Oxford
Monographs on Geology and Geophysics, vol. 13. Clarendon Press,
Oxford 376 pp.
Hutchison, C.S., 1994. Gondwanaland and Cathaysian blocks, Palaeotethys
sutures and Cenozoic tectonics in south-east Asia. Geologische
Rundschau 82, 388±405.
Hutchison, C.S., 1996a. The Rajang accretionary prism and lupar line
problem of Borneo. In: Hall, R., Blundell, D.J. (Eds.), Tectonic Evolution of SE Asia. Geological Society of London Special Publication 106,
247±261.
Hutchison, C.S., 1996b. South-East Asian Oil, Gas, Coal and Mineral
Deposits. Oxford Monographs on Geology and Geophysics, vol. 36.
Clarendon Press, Oxford 265 pp.
Hutchison, C.S., Bergman, S.C., Swauger, D.A., Graves, J.E., 2000. A
Miocene collisional belt in north Borneo: uplift mechanism and
isostatic adjustment quanti®ed by thermochronology. Journal of the
Geological Society of London 157, 783±793.
Inokuchi, H., Yaskawa, K., Rodda, P., 1992. Clockwise and anticlockwise
rotation of Viti Levu, Fiji Ð in relation to the tectonic development of
the North and the South Fiji Basin. Geophysical Journal International
110, 225±237.
IOC, IHO, BODC, 1997. GEBCO-97: The 1997 Edition of the Gebco
Digital Atlas. British Oceanographic Data Centre.
Jaques, A.L., Robinson, G.P., 1977. The continent/island-arc collision in
northern Papua New Guinea. BMR Journal of Australian Geology and
Geophysics 2, 289±303.
Jardine, E., 1997. Dual petroleum systems governing the proli®c Pattani
Basin, offshore Thailand. In: Howes, J.V.C., Noble, R.A. (Eds.),
Proceedings of the International Conference on Petroleum Systems

of SE Asia and Australia, Indonesian Petroleum Association.
pp. 351±363.
Jolivet, L., Huchon, P., Brun, J.P., Le Pichon, X., Chamot-Rooke, N.,
Thomas, C., 1991. Arc deformation and marginal basin opening:
Japan Sea as a case study. Journal of Geophysical Research 96,
4367±4384.
Jolivet, L., Huchon, P., Rangin, C., 1989. Tectonic setting of Western
Paci®c marginal basins. Tectonophysics 160, 23±47.
de Jonge, M.R., Wortel, M.J.R., Spakman, W., 1994. Regional scale
tectonic evolution and the seismic velocity structure of the lithosphere
and upper mantle: the Mediterranean region. Journal of Geophysical
Research 99B, 12091±12108.
Jolivet, L., Tamaki, K., 1992. Neogene kinematics in the Japan Sea region
and the volcanic activity of the northeast Japan arc. In: Tamaki, K.,
Suyehiro, K., Allan, J., McWilliams, M. (Eds.), Proceedings of the
Ocean Drilling Program, Scienti®c Results, 127/128, 1311±1331.
Jolivet, L., Tamaki, K., Fournier, M., 1994. Japan Sea, opening history and
mechanism: a synthesis. Journal of Geophysical Research 99, 22,237±
22,259.
Joshima, M., Okuda, Y., Murakami, F., Kishimoto, K., Honza, E., 1987.
Age of the Solomon Sea Basin from magnetic lineations. Geo-Marine
Letters 6, 229±234.
Karig, D.E., 1974. Evolution of arc systems in the Western Paci®c. Earth
and Planetary Science Letters 21, 51±75.
Karig, D.E., Lawrence, M.B., Moore, G.F., Curray, J.R., 1980. Structural
framework of the forearc basin, NW Sumatra. Journal of the Geological
Society of London 137, 77±91.
Karig, D.E., Sarewitz, D.R., Haeck, G.D., 1986. Role of strike-slip faulting
in the evolution of allochthonous terranes in the Philippines. Geology
14, 852±855.
Karig, D.E., Suparka, S., Moore, G.F., Hehanusa, P.E., 1979. Structure and
Cenozoic evolution of the Sunda arc in the central Sumatra region. In:
Watkins, J., Montadert, L., Dickenson, P.W. (Eds.), Geological and
Geophysical Investigations of Continental Margins. American Association of Petroleum Geologists Memoir 29, 223±237.
Katili, J.A., 1973. Geochronology of west Indonesia and its implications on
plate tectonics. Tectonophysics 19, 195±212.
Katili, J.A., 1978. Past and present geotectonic position of Sulawesi,
Indonesia. Tectonophysics 45, 289±322.
Katz, H.R., 1989. Offshore geology of Vanuatu Ð previous work. In:
Greene, H.G., Macfarlane, A., Wong, F.L. (Eds.), Geology and
Offshore Resources of Paci®c Islands Arcs Ð Vanuatu Region.
Circum-Paci®c Council for Energy and Mineral Resources Earth
Science Series 8, 93±122.
Kearey, P., Vine, F.J., 1990. Global Tectonics. Blackwell Scienti®c
Publications, New York 302 pp.
Khin Zaw, 1990. Geological, petrological and geochemical characteristics
of granitoid rocks in Burma: with special reference to the associated
W±Sn mineralization and their tectonic setting. Journal of Southeast
Asian Earth Sciences 4, 293±336.
Kirk, H.J.C., 1968. The igneous rocks of Sarawak and Sabah. Geological
Survey of Malaysia, Borneo Region, Bulletin 5, 210.
Klitgord, K.D., Schouten, H., 1986. Plate kinematics of the central Atlantic.
In: Vogt, P.R., Tucholke, B.E. (Eds.), The Geology of North America,
vol. M. , pp. 351±378 Geological Society of America.
KlompeÂ, T.H.F., 1954. The structural importance of the Sula Spur
(Indonesia). Indonesian Journal of Natural Sciences 110, 21±44.
Koesoemadinata, S., Noya, Y., Kadarisman, D., 1981. Preliminary
geological map of the Ruteng Quadrangle, Nusatenggara, 1:250,000.
Geological Research and Development Centre, Bandung.
Kong, F., Lawver, L.A., Lee, T.-Y., 2000. Evolution of the southern
Taiwan±Sinzi Folded Zone and opening of the southern Okinawa
trough. Journal of Asian Earth Sciences 18, 325±341.
Koppers, A.A., Morgan, J.P., Morgan, J.W., Staudigel, H., 2001. Testing
the ®xed hotspot hypothesis using 40Ar/39Ar age progressions along
seamount trails. Earth and Planetary Science Letters 185, 237±252.
KraÈhenbuhl, R., 1991. Magmatism, tin mineralization and tectonics of the

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431
Main Range, Malaysian Peninsula: Consequences for the plate tectonic
model of Southeast Asia based on Rb±Sr, K±Ar and ®ssion track data.
Bulletin of the Geological Society of Malaysia 29, 1±100.
Kreemer, C., Holt, W.E., Goes, S., Govers, R., 2000. Active deformation in
eastern Indonesia and the Philippines from GPS and seismicity data.
Journal of Geophysical Research 105, 663±680.
Krishna, M.R., Sanu, T.D., 2000. Seismotectonics and rates of active
crustal deformation in the Burmese arc and adjacent regions. Journal
of Geodynamics 30, 401±421.
Kroenke, L.W., 1984. Cenozoic tectonic development of the Southwest
Paci®c. CCOP/SOPAC Technical Bulletin 6, 122.
KuÈndig, E., 1956. Geology and ophiolite problems of East Celebes.
Verhandelingen Koninklijk Nederlands Geologisch en Mijnbouwkundig Genootschap, Geologische Serie 16, 210±235.
Lacassin, R., Maluski, H., Leloup, P.H., Tapponnier, P., Hinthong, C.,
Siribhakdi, K., Chuaviroj, S., Charoenravat, A., 1997. Tertiary diachronic extrusion and deformation of western Indochina: Structural
and Ar-40/Ar-39 evidence from NW Thailand. Journal of Geophysical
Research 102, 10013±10037.
Lacassin, R., Replumaz, A., Leloup, P.H., 1998. Hairpin river loops and
slip-sense inversion on southeast Asian strike-slip faults. Geology 26,
703±706.
Lallemand, S.E., Popoff, M., Cadet, J.-P., Bader, A.-G., Pubellier, M.,
Rangin, C., Deffontaines, B., 1998. Genetic relations between the
central and southern Philippine trench and the Sangihe trench. Journal
of Geophysical Research 103, 933±950.
Lapouille, A., Haryono, H., Larue, M., Pramumijoyo, S., Lardy, M., 1986.
Age and origin of the sea¯oor of the Banda Sea (Eastern Indonesia).
Oceanologica Acta 8, 379±389.
Larson, K.M., Burgmann, R., Bilham, R., Freymueller, J.T., 1999.
Kinematics of the India±Eurasia collision zone from GPS measurements. Journal of Geophysical Research 104, 1077±1093.
Le Pichon, X., Fournier, M., Jolivet, L., 1992. Kinematics, topography,
shortening and extrusion in the India-Eurasia collision. Tectonics 11,
1085±1098.
Le Pichon, X., Francheteau, J., 1978. A plate tectonic analysis of the Red
Sea±Gulf of Aden area. Tectonophysics 46, 369±406.
Lee, C.S., McCabe, R., 1986. The Banda±Celebes±Sulu basin: a trapped
piece of Cretaceous±Eocene oceanic crust? Nature 322, 51±54.
Lee, T.Y., Lawver, L.A., 1994. Cenozoic plate reconstruction of the South
China Sea region. Tectonophysics 235, 149±180.
Lee, T.Y., Lawver, L.A., 1995. Cenozoic plate reconstruction of southeast
Asia. Tectonophysics 251, 85±139.
Leloup, P.H., Harrison, T.M., Ryerson, F.J., Wenji, C.H., Qi, L., Tapponnier, P., Lacassin, R., 1993. Structural, petrological and thermal evolution of a Tertiary ductile strike-slip shear zone, Diancang Shan,
Yunnan, China. Journal of Geophysical Research 98, 6715±6743.
Leloup, P.H., Lacassin, R., Tapponnier, P., Scharer, U., Zhong, D.L., Liu,
X.H., Zhang, L.S., Ji, S.C., Trinh, P.T., 1995. The Ailao Shan±Red
River shear zone (Yunnan, China), Tertiary transform boundary of
Indochina. Tectonophysics 251, 3±84.
Leong, K.M., 1974. The geology and mineral resources of Upper Segama
valley and Darvel Bay, Sabah. Malaysia Geological Survey Borneo
Region, Memoir 354, pp.
Letouzey, J., de Clarens, P., Guignard, J., Berthron, J.L., 1983. Structure of
the North Banda-Molucca area from multichannel seismic re¯ection
data. Proceedings Indonesian Petroleum Association, 12th Annual
Convention, 143±156.
Letouzey, J., Kimura, M., 1985. Okinawa trough genesis: structure and
evolution of a back-arc basin developed in a continent. Marine and
Petroleum Geology 2, 111±130.
Lindley, I.D., 1988. Early Cainozoic stratigraphy and structure of the
Gazelle Peninsula, east New Britain: An example of extensional
tectonics in the New Britain arc±trench complex. Australian Journal
of Earth Sciences 35, 231±244.
Linthout, K., Helmers, H., Andriessen, P.A.M., 1991. Dextral strike-slip in
Central Seram and 3±4.5 Ma Rb/Sr ages in pre-Triassic metamorphics

425

related to Early Pliocene counterclockwise rotation of the Buru±Seram
microplate (E. Indonesia). Journal of Southeast Asian Earth Sciences 6,
335±342.
Linthout, K., Helmers, H., Sopaheluwakan, J., 1997. Late Miocene obduction and microplate migration around the southern Banda Sea and the
closure of the Indonesian Seaway. Tectonophysics 281, 17±30.
Linthout, K., Helmers, H., Wijbrans, J.R., van Wees, J.D.A.M., 1996.
40
Ar/ 39Ar constraints on obduction of the Seram Ultrama®c Complex:
consequences for the evolution of the southern Banda Sea. In: Hall, R.,
Blundell, D.J. (Eds.). Tectonic Evolution of SE Asia. Geological
Society of London Special Publication, 106. pp. 455±464.
Lockhart, B.E., Chinoroje, O., Enomoto, C.B., Hollomon, G.A., 1997.
Early Tertiary deposition in the southern Pattani Trough, Gulf of
Thailand. Proceedings of the International Conference on Stratigraphy
and Tectonic Evolution in Southeast Asia and the South Paci®c,
Bangkok, Thailand, 476±489.
Lonergan, L., White, N., 1997. Origin of the Betic±Rif mountain belt.
Tectonics 16, 504±522.
Lonsdale, P., 1988. Paleogene history of the Kula plate: offshore evidence
and onshore implications. Bulletin of the Geological Society of
America 99, 733±754.
Lytwyn, J., Rutherford, E., Burke, K., Xia, C., 2001. The geochemistry of
volcanic, plutonic and turbiditic rocks from Sumba, Indonesia. Journal
of Asian Earth Sciences 19, 481±500.
Macfarlane, A., Carney, J.N., Crawford, A.J., Greene, H.G., 1989. Vanuatu
Ð a review of the onshore geology. In: Greene, H.G., Macfarlane, A.,
Wong, F.L. (Eds.), Geology and Offshore Resources of Paci®c Islands
Arcs Ð Vanuatu region. Circum-Paci®c Council for Energy and
Mineral Resources Earth Science Series 8, 45±91.
Macpherson, C.G., Hall, R., 1999. Tectonic controls of geochemical evolution in arc magmatism of SE Asia. PACRIM '99 Congress, Australian
Institute of Mining and Metallurgy 4/99, 359±368.
Macpherson, C.G., Hall, R., 2001. Tectonic setting of Eocene boninite
magmatism in the Izu±Bonin±Mariana forearc. Earth and Planetary
Science Letters 186, 215±230.
Macpherson, C.G., Hall, R., 2002. Timing and tectonic controls on magmatism and ore generation in an evolving orogen: evidence from Southeast
Asia and the western Paci®c. In: Blundell, D.J., Neubauer, F., von
Quadt, A. (Eds.), The Timing and Location of Major Ore Deposits in
an Evolving Orogen. Geological Society of London Special Publication
in press.
Macpherson, C.G., Hilton, D., Sinton, J.M., Poreda, R.J., Craig, H., 1998.
High 3He/ 4He ratios in the Manus Back-Arc Basin: implications for
mantle mixing and the origin of plumes in the western Paci®c Ocean.
Geology 26, 1007±1010.
Macpherson, C.G., Hilton, D.R., Mattey, D.P., Sinton, J.M., 2000. Evidence
for an O18-depleted mantle plume from contrasting O18/O16 ratios of
back-arc lavas from the Manus Basin and Mariana Trough. Earth and
Planetary Science Letters 176, 171±183.
Madon, M.B., Watts, A.B., 1998. Gravity anomalies, subsidence history
and the tectonic evolution of the Malay and Penyu Basins (offshore
Peninsular Malaysia). Basin Research 10, 375±392.
Madon, M.B.H., 1997. Analysis of tectonic subsidence and heat ¯ow in the
Malay Basin (offshore Peninsular Malaysia). Bulletin of the Geological
Society of Malaysia 41, 95±108.
Madsen, J.A., Lindley, I.D., 1994. Large-scale structures on Gazelle
Peninsula, New-Britain: implications for the evolution of the New
Britain Arc. Australian Journal of Earth Sciences 41, 561±569.
Malahoff, A., Hammond, S., Naughton, J.J., Keeliong, D.L., Richmond,
R.N., 1982. Geophysical evidence for post-Miocene rotation of the
island of Vita Livu, Fiji, and its relationship to the tectonic development
of the North Fiji basin. Earth and Planetary Science Letters 57,
398±414.
Marchadier, Y., Rangin, C., 1990. Polyphase tectonics at the southern tip of
the Manila Trench Mindoro±Tablas Islands, Philippines. Tectonophysics 183, 273±287.
Matthews, S.J., Bransden, P.J.E., 1995. Late Cretaceous and Cenozoic

426

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

tectono-stratigraphic development of the East Java Sea Basin, Indonesia. Marine and Petroleum Geology 12, 499±510.
Mat-Zin, I.C., Swarbrick, R.E., 1997. The tectonic evolution and associated
sedimentation history of Sarawak Basin, eastern Malaysia: a guide for
future hydrocarbon exploration. In: Fraser, A.J., Matthews, S.J.,
Murphy, R.W. (Eds.), Petroleum Geology of Southeast Asia. Geological Society of London Special Publication 125, 237±245.
McCabe, R., Cole, J., 1989. Speculations on the Late Mesozoic and Cenozoic evolution of the Southeast Asian margin. In: Ben-Avraham, Z.
(Ed.), The Evolution of the Paci®c Ocean Margins. Oxford University
Press/Clarendon Press, New York/Oxford, pp. 143±160.
McCaffrey, R., 1982. Lithospheric deformation within the Molucca sea arcarc collision: evidence from shallow and intermediate earthquake
activity. Journal of Geophysical Research 87, 3663±3678.
McCaffrey, R., 1988. Active tectonics of the eastern Sunda and Banda Arcs.
Journal of Geophysical Research 93, 15163±15182.
McCaffrey, R., 1989. Seismological constraints and speculations on Banda
Arc tectonics. Netherlands Journal of Sea Research 24, 141±152.
McCaffrey, R., 1991. Slip vectors and stretching of the Sumatran forearc.
Geology 19, 881±884.
McCaffrey, R., 1992. Oblique plate convergence, slip vectors and forearc
deformation. Journal of Geophysical Research 97, 8905±8915.
McCaffrey, R., 1996. Slip partitioning at convergent plate boundaries of SE
Asia. In: Hall, R., Blundell, D.J. (Eds.), Tectonic Evolution of SE Asia.
Geological Society of London Special Publication 106, 3±18.
McCaffrey, R., Silver, E.A., Raitt, R.W., 1980. Crustal structure of the
Molucca Sea collision zone, Indonesia. In: Hayes, D.E. (Ed.), The
Tectonic and Geologic Evolution of Southeast Asian Seas and Islands.
American Geophysical Union, Geophysical Monograph Series 23,
161±178.
McCarthy, A.J., Elders, C.F., 1997. Cenozoic deformation in Sumatra:
Oblique subduction and the development of the Sumatran Fault System.
In: Fraser, A.J., Matthews, S.J., Murphy, R.W. (Eds.), Petroleum Geology of Southeast Asia. Geological Society of London Special
Publication 126, 355±363.
McCourt, W.J., Crow, M.J., Cobbing, E.J., Amin, T.C., 1996. Mesozoic and
Cenozoic plutonic evolution of SE Asia: evidence from Sumatra,
Indonesia. In: Hall, R., Blundell, D.J. (Eds.), Tectonic Evolution of
SE Asia. Geological Society of London Special Publication 106,
321±335.
McKenzie, D.P., Davies, D., Molnar, P., 1970. Plate tectonics of the Red
Sea and East Africa. Nature 226, 243±245.
Megnin, C., Romanowicz, B., 2000. The three-dimensional shear velocity
structure of the mantle from inversion of body, surface and higher-mode
waveforms. Geophysical Journal International 143, 709±728.
Meijer, A., Reagan, M., Ellis, H., Sha®qullah, M., Sutter, J., Damon, P.,
Kling, S., 1983. Chronology of volcanic events in the eastern Philippine
Sea. In: Hayes, D.E. (Ed.), The Tectonic and Geologic Evolution of
Southeast Asian Seas and Islands, Part 2. American Geophysical Union,
Geophysical Monograph Series 23, 360±372.
Metcalfe, I., 1994. Gondwanaland origin, dispersion and accretion of East
and Southeast Asian continental terranes. Journal of South American
Earth Sciences 7, 333±347.
Metcalfe, I., 1996. Pre-Cretaceous evolution of SE Asian Terranes. In: Hall,
R., Blundell, D.J. (Eds.), Tectonic Evolution of SE Asia. Geological
Society of London Special Publication 106, 97±122.
Metcalfe, I., 1998. Palaeozoic and Mesozoic geological evolution of the SE
Asian region: multidisciplinary constraints and implications for
biogeography. In: Hall, R., Holloway, J.D. (Eds.), Biogeography and
Geological Evolution of SE Asia. Backhuys Publishers, Leiden, The
Netherlands, pp. 25±41.
Milsom, J., 2000. Stratigraphic constraints on suture models for eastern
Indonesia. Journal of Asian Earth Sciences 18, 761±779.
Mitchell, A.H.G., 1977. Tectonic settings for emplacement of the Southeast
Asian tin granites. Geological Society of Malaysia Bulletin 9, 123±140.
Mitchell, A.H.G., 1993. Cretaceous-Cenozoic tectonic events in the

western Myanmar (Burma) Assam region. Journal of the Geological
Society 150, 1089±1102.
Mitchell, A.H.G., Hernandez, F., de la Cruz, A.P., 1986. Cenozoic evolution of the Philippine archipelago. Journal of Southeast Asian Earth
Sciences 1, 3±22.
Mitchell, A.H.G., Leach, T.M., 1991. Epithermal Gold in the Philippines.
Island Arc Metallogenesis, Geothermal Systems and Geology.
Academic Press London, San Diego, New York, Geology Series 453 pp.
Monnier, C., Girardeau, J., Maury, R., Cotten, J., 1995. Back-arc basin
origin for the East Sulawesi ophiolite (eastern Indonesia). Geology
23, 851±854.
Monnier, C., Girardeau, J., Pubellier, M., Polve, M., Permana, H., Bellon,
H., 1999. Petrology and geochemistry of the Cyclops ophiolites (Irian
Jaya, East Indonesia): consequences for the Cenozoic evolution of the
north Australian margin. Mineralogy and Petrology 65, 1±28.
Monnier, C., Girardeau, J., Pubellier, M., Permana, H., 2000. L'ophiolite de
la chaõÃne centrale d'Irian Jaya (IndoneÂsie): eÂvidence peÂtrologiques et
geÂochemiques pour une origine dans un bassin arrieÂre-arc. Comptes
Rendus de l'Academie des Sciences, Paris 331, 691±699.
Moore, G.F., Kadarisman, D.K., Evans, C.A., Hawkins, J.W., 1981.
Geology of the Talaud Islands, Molucca Sea Collision Zone, northeast
Indonesia. Journal of Structural Geology 3, 467±475.
Morley, R.J., 1999. Origin and Evolution of Tropical Rain Forests. Wiley,
New York 362 pp.
Morley, C.K., 2001. Combined escape tectonics and subduction rollbackbackarc extension: a model for the Tertiary rift basins in Thailand,
Malaysia and Laos. Journal of the Geological Society of London 158,
461±474.
Mortimer, N., Herzer, R.H., Gans, P.B., Parkinson, D.L., Seward, D., 1998.
Basement geology from Three Kings Ridge to West Norfolk Ridge,
southwest Paci®c Ocean: evidence from petrology, geochemistry and
isotopic dating of dredge samples. Marine Geology 148, 135±162.
Moss, S.J., 1998. Embaluh group turbidites in Kalimantan: evolution of a
remnant oceanic basin in Borneo during the Late Cretaceous to
Palaeogene. Journal of the Geological Society 155, 509±524.
Moss, S.J., Chambers, J.L.C., 1999. Tertiary facies architecture in the Kutai
Basin, Kalimantan, Indonesia. Journal of Asian Earth Sciences 157,
181.
Moss, S.J., Chambers, J., Cloke, I., Carter, A., Satria, D., Ali, J.R., Baker,
S., 1997. New observations on the sedimentary and tectonic evolution
of the Tertiary Kutai Basin, East Kalimantan. In: Fraser, A.J.,
Matthews, S.J., Murphy, R.W. (Eds.), Petroleum Geology of Southeast
Asia. Geological Society of London Special Publication 126, 395±416.
Moss, S.J., Carter, A., Baker, S., Hurford, A.J., 1998. A Late Oligocene
tectono-volcanic event in East Kalimantan and the implications for
tectonics and sedimentation in Borneo. Journal of the Geological
Society 155, 177±192.
Mubroto, B., 1988. A palaeomagnetic study of the east and southwest arms
of Sulawesi, Indonesia, DPhil Thesis, University of Oxford, 253 pp.
Mubroto, B., Briden, J.C., McClelland, E., Hall, R., 1994. Palaeomagnetism of the Balantak ophiolite Sulawesi. Earth and Planetary Science
Letters 125, 193±209.
Muller, R.D., Royer, J.-Y., Lawver, L.A., 1993. Revised plate motions
relative to hotspots from combined Atlantic and Indian Ocean hotspot
tracks. Geology 21, 275-278.
Musgrave, R.J., 1990. Paleomagnetism and tectonics of Malaita, Solomon
Islands. Tectonics 9, 735±760.
Musgrave, R.J., Firth, J.V., 1999. Magnitude and timing of New Hebrides
Arc rotation: paleomagnetic evidence from Nendo, Solomon Islands.
Journal of Geophysical Research 104, 2841±2853.
Ni, J.F., Guzman-Speziale, M., Bevis, M., Holt, W.E., Wallace, T.C.,
Seager, W.R., 1989. Accretionary tectonics of Burma and the 3-dimensional geometry of the Burma subduction zone. Geology 17, 68±71.
Nichols, G.J., Hall, R., 1991. Basin formation and Neogene sedimentation
in a backarc setting, Halmahera, eastern Indonesia. Marine and
Petroleum Geology 8, 50±61.
Nichols, G.J., Hall, R., 1999. History of the Celebes Sea Basin based on its

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431
stratigraphic and sedimentological record. Journal of Asian Earth
Sciences 17, 47±59.
Nichols, G.J., Hall, R., Milsom, J., Masson, D., Parson, L., Sikumbang, N.,
Dwiyanto, B., Kallagher, H., 1990. The southern termination of the
Philippine trench. Tectonophysics 183, 289±303.
Norton, I.O., 1995. Tertiary relative plate motions in the North Paci®c: the
43 Ma non-event. Tectonics 14, 1080±1094.
Norton, I.O., 2000. Global hotspot reference frames and plate motion. In:
Richards, M.A., Gordon, R.G., van der Hilst, R.D. (Eds.), The History
and Dynamics of Global Plate Motions. Geophysical Monograph,
American Geophysical Union 121, 339±357.
Okino, K., Kasuga, S., Ohara, Y., 1998. A new scenario of the Parece Vela
Basin genesis. Marine Geophysical Researches 20, 21±40.
Okino, K., Ohara, Y., Kasuga, S., Kato, Y., 1999. The Philippine Sea: new
survey results reveal the structure and the history of the marginal basins.
Geophysical Research Letters 26, 2287±2290.
Packham, G., 1996. Cenozoic SE Asia: reconstructing its aggregation and
reorganisation. In: Hall, R., Blundell, D.J. (Eds.), Tectonic Evolution of
SE Asia. Geological Society of London Special Publication 106,
123±152.
Page, R.W., 1976. Geochronology of igneous and metamorphic rocks in the
New Guinea Highlands. Australian Bureau of Mineral Resources, Geology and Geophysics Bulletin 162, 117 pp.
Parkinson, C.D., 1998a. Emplacement of the East Sulawesi ophiolite:
evidence from subophiolite metamorphic rocks. Journal of Asian
Earth Sciences 16, 13±28.
Parkinson, C.D., 1998b. An outline of the petrology, structure and age of
the Pompangeo Schist Complex of central Sulawesi, Indonesia. Island
Arc 7, 231±245.
Parkinson, C.D., Miyazaki, K., Wakita, K., Barber, A.J., Carswell, D.A.,
1998. An overview and tectonic synthesis of the pre-Tertiary very-highpressure metamorphic and associated rocks of Java, Sulawesi and
Kalimantan, Indonesia. Island Arc 7, 184±200.
Parson, L., Hawkins, J.W., 1994. Two-stage rift propagation and the
geological history of the Lau backarc basin. In: Hawkins, J.W., Parson,
L., Allan, J., et al. (Eds.), Proceedings of the Ocean Drilling Program,
Scienti®c Results 135, 819±828.
Paulay, G., 1997. Diversity and distribution of reef organisms. In:
Birkeland, C.E. (Ed.). Life and Death of Coral Reefs. Chapman &
Hall, London, pp. 298±352.
Pearson, D.F., Caira, N.M., 1999. Geology and metallogeny of central north
Sulawesi. PACRIM'99 Congress, Australian Institute of Mining and
Metallurgy 4/99, 311±326.
Pegler, G., Das, S., Woodhouse, J.H., 1995. A seismological study of the
eastern New Guinea and the western Solomon Sea regions and its
tectonic implications. Geophysical Journal International 122, 961±981.
Pelletier, B., Calmant, S., Pillet, R., 1998. Current tectonics of the Tonga±
New Hebrides region. Earth and Planetary Science Letters 164,
263±276.
Peltzer, G., Tapponnier, P., 1988. Formation and evolution of strike-slip
faults, rifts, and basins during the India±Asia collision: an experimental
approach. Journal of Geophysical Research 93, 15085±15117.
Petronas, 2000. The Petroleum Geology and Resources of Malaysia, 665
pp.
Petterson, M.G., Neal, C.R., Mahoney, J.J., Kroenke, L.W., Saunders, A.D.,
Babbs, T.L., Duncan, R.A., Tolia, D., McGrail, B., 1997. Structure and
deformation of north and central Malaita, Solomon Islands: tectonic
implications for the Ontong Java Plateau Solomon arc collision, and
for the fate of oceanic plateaus. Tectonophysics 283, 1±33.
Petterson, M.G., Babbs, T., Neal, C.R., Mahoney, J.J., Saunders, A.D.,
Duncan, R.A., Tolia, D., Magu, R., Qopoto, C., Mahoa, H., Natogga,
D., 1999. Geological-tectonic framework of Solomon Islands, SW
Paci®c: crustal accretion and growth within an intra-oceanic setting.
Tectonophysics 301, 35±60.
Pieters, P.E., Pigram, C.J., Trail, D.S., Dow, D.B., Ratman, N., Sukamto,
R., 1983. The stratigraphy of western Irian Jaya. Bulletin Geological
Research and Development Centre, Bandung 8, 14±48.

427

Pigram, C., 1986. Western Irian Jaya: the end-product of oblique plate
convergence in the late Tertiary Ð discussion. Tectonophysics 121,
345±350.
Pigram, C.J., Davies, H.L., 1987. Terranes and the accretion history of the
New Guinea orogen. BMR Journal of Australian Geology and
Geophysics 10, 193±212.
Pigram, C.J., Panggabean, H., 1983. Age of the Banda Sea, Eastern
Indonesia. Nature 301, 231±234.
Pigram, C.J., Panggabean, H., 1984. Rifting of the northern margin of the
Australian continent and the origin of some microcontinents in eastern
Indonesia. Tectonophysics 107, 331±353.
PolveÂ, M., Maury, R.C., Bellon, H., Rangin, C., Priadi, B., Yuwono, S.,
Joron, J.L., Soeria-Atmadja, R., 1997. Magmatic evolution of Sulawesi
(Indonesia): constraints on the Cenozoic geodynamic history of the
Sundaland active margin. Tectonophysics 272, 69±92.
Powell, C.M., Roots, S.R., Veevers, J.J., 1988. Pre-breakup continental
extension in East Gondwanaland and the early opening of the eastern
Indian Ocean. Tectonophysics 155, 261±283.
Priadi, B., PolveÂ, M., Maury, R.C., Bellon, H., Soeria-Atmadja, R., Joron,
J.L., Cotten, J., 1994. Tertiary and Quaternary magmatism in Central
Sulawesi: chronological and petrological constraints. Journal of Southeast Asian Earth Sciences 9, 81±93.
Price, N.J., Audley-Charles, M.G., 1983. Plate rupture by hydraulic fracture
resulting in overthrusting. Nature 306, 572±575.
Prouteau, G., Maury, R.C., Sajona, F.G., Pubellier, M., Cotten, J., Bellon,
H., 2001. Le magmatisme post-collisionnel du Nord-Ouest de BorneÂo,
produit de la fusion d'un fragment de crouÃte oceÂanique ancreÂ dans le
manteau supeÂrieur. Bulletin de la SocieÂteÂ GeÂologique de France 172,
319±332.
Pubellier, M., Quebral, R., Rangin, C., Deffontaines, B., MuÈller, C., Butterlin, J., Manzano, J., 1991. The Mindanao Collision Zone: a soft collision
event with a continuous Neogene strike-slip setting. Journal of Southeast Asian Earth Sciences 6, 239±248.
Pubellier, M., Quebral, R., Aurelio, M., Rangin, C., 1996. Docking and
post-docking escape tectonics in the Southern Philippines. In: Hall,
R.B., Blundell, D.J. (Eds.), Tectonic Evolution of SE Asia. Geological
Society of London Special Publication 106, 511±523.
Pulunggono, A., Cameron, N.R., 1984. Sumatran microplates, their characteristics and their role in the evolution of the Central and South
Sumatra Basins. Proceedings of Indonesian Petroleum Association,
13th Annual Convention, 121±144.
Puntodewo, S.S.O., McCaffrey, R., Calais, E., Bock, Y., Rais, J., Subarya,
C., Poewariardi, R., Stevens, C., Genrich, J., Fauzi, C., Zwick, P.,
Wdowinski, S., 1994. GPS measurements of crustal deformation within
the Paci®c-Australia plate boundary zone in Irian Jaya, Indonesia.
Tectonophysics 237, 141±153.
Purbo-Hadiwidjojo, M.M., Samodra, H., Amin, T.C., 1998. Geological
Map of the Bali Sheet, Nusatenggara 1:250,000. Geological Research
and Development Centre, Bandung.
Quebral, R., Rangin, C., Pubellier, M., 1996. The onset of movement on the
Philippine Fault in eastern Mindanao: a transition from collision to
strike-slip environment. Tectonics 15, 713±726.
Rammlmair, D., 1993. The evolution of the Philippine archipelago in time
and space: a plate tectonic model. Geologisches Jahrbuch B81, 3±48.
Ramstein, G., Fluteau, F., Besse, J., Joussaume, S., 1997. Effect of orogeny,
plate motion and land sea distribution on Eurasian climate change over
the past 30 million years. Nature 386, 788±795.
Rangin, C., Silver, E.A., 1991. Neogene tectonic evolution of the Celebes
Sulu basins; new insights from Leg 124 drilling. In: Silver, E.A.,
Rangin, C., von Breymann, M.T., et al. (Eds.), Proceedings of the
Ocean Drilling Program, Scienti®c Results 124, 51±63.
Rangin, C., Stephan, J.F., MuÈller, C., 1985. Middle Oligocene oceanic crust
of South China Sea jammed into Mindoro collision zone (Philippines).
Geology 13, 425±428.
Rangin, C., MuÈller, C., Porth, H., 1989. Neogene geodynamic evolution of
the Visayan region. Geologisches Jahrbuch, Reihe B 70, 7±27.
Rangin, C., Bellon, H., Benard, F., Letouzey, J., MuÈller, C., Tahir, S., 1990.

428

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

Neogene arc-continent collision in Sabah, N. Borneo (Malaysia).
Tectonophysics 183, 305±319.
Rangin, C., Stephan, J.F., Butterlin, J., Bellon, H., MuÈller, C., Chorowicz,
J., Baladad, D., 1991. Collision neÂogeÂne d'arcs volcaniques dans le
centre des Philippines: stratigraphie et structure de la chaõÃne d'Antique:
Ãõle de Panay. Bulletin GeÂologique de la SocieÂteÂ de France 162,
465±477.
Rangin, C., Klein, M., Roques, D., Le Pichon, X., Trong, L.V., 1995. The
Red River fault system in the Tonkin Gulf, Vietnam. Tectonophysics
243, 209±222.
The Modec Scienti®c Party, Rangin, C., Dahrin, D., Quebral, R., 1996.
Collision and strike-slip faulting in the northern Molucca Sea
(Philippines and Indonesia): preliminary results of a morphotectonic
study. In: Hall, R., Blundell, D.J. (Eds.), Tectonic Evolution of SE
Asia. Geological Society of London Special Publication 106, 29±46.
Rangin, C., Le Pichon, X., Mazzotti, S., Pubellier, M., Chamot-Rooke, N.,
Aurelio, M., Walpersdorf, A., Quebral, R., 1999a. Plate convergence
measured by GPS across the Sundaland/Philippine Sea plate deformed
boundary: the Philippines and eastern Indonesia. Geophysical Journal
International 139, 296±316.
Rangin, C., Spakman, W., Pubellier, M., Bijwaard, H., 1999b.
Tomographic and geological constraints on subduction along the
eastern Sundaland continental margin (South-East Asia). Bulletin de
la SocieÂteÂ GeÂologique de France 170, 775±788.
Ranneft, T.S.M., Hopkins, R.M., Froelich, A.J., Gwinn, J.W., 1960.
Reconnaissance geology and oil possibilities of Mindanao. American
Association of Petroleum Geologists Bulletin 44, 529±568.
Rao, N.P., Kumar, M.R., 1999. Evidences for cessation of Indian plate
subduction in the Burmese arc region. Geophysical Research Letters
26, 3149±3152.
Raymond, C.A., Stock, J.M., Cande, S.C., 2000. Fast Paleogene motion of
the Paci®c hotspots from revised global plate circuit constraints. In:
Richards, M.A., Gordon, R.G., van der Hilst, R.D. (Eds.), The History
and Dynamics of Global Plate Motions. Geophysical Monograph,
American Geophysical Union 121, 359±375.
Reagan, M.K., Meijer, A., 1984. Geology and geochemistry of early arcvolcanic rocks from Guam. Geological Society of America Bulletin 95,
701±713.
ReÂhault, J.P., Malod, J.A., Larue, M., Burhanuddinn, S., Sarmili, L., 1991.
A new sketch of the central North Banda Sea, Eastern Indonesia.
Journal of Southeast Asian Earth Sciences 6, 329±334.
ReÂhault, J.P., Maury, R.C., Bellon, H., Sarmili, L., Burhanuddin, S., Joron,
J.L., Cotten, J., Malod, J.A., 1994. The North Banda Sea (East
Indonesia) Ð an Upper Miocene back-arc basin. Comptes Rendus de
l'AcadeÂmie des Sciences, Paris 318, 969±976.
Richards, M.A., Engebretsen, D.C., 1992. Large-scale mantle convection
and the history of subduction. Nature 355, 437±440.
Richter, B., Schmidtke, E., Fuller, M., Harbury, N., Samsudin, A.R., 1999.
Paleomagnetism of peninsular Malaysia. Journal of Asian Earth
Sciences 17, 477±519.
Ritsema, J., van Heijst, H.-J., 2000. Seismic imaging of structural heterogeneity in the Earth's mantle: evidence for large-scale mantle ¯ow.
Science Progress 83, 243±259.
Rogerson, R.J., Hilyard, D.B., 1990. Scrapland: a suspect composite terrane
in Papua New Guinea. In: Carman, G.J., Carman, Z. (Eds.), Petroleum
Exploration in Papua New Guinea. Proceedings of the First PNG
Petroleum Convention, Port Moresby, 271±282.
Rogerson, R.G., Hilyard, D., Finlayson, E.J., Holland, D.S., Nion, S.T.S.,
Sumaiang, R.S., Duguman, J., Loxton, C.D.C., 1987. The geology and
mineral reserves of the Sepik headwaters region, Papua New Guinea.
Papua New Guinea Geological Survey Memoir 12.
Roques, D., Matthews, S.J., Rangin, C., 1997a. Constraints on strike-slip
motion from seismic and gravity data along the Vietnam margin
offshore Da Nang: implications for hydrocarbon prospectivity and
opening of the East Vietnam Sea. In: Fraser, A.J., Matthews, S.J.,
Murphy, R.W. (Eds.), Petroleum Geology of Southeast Asia. Geological Society of London Special Publication 126, 341±353.

Roques, D., Rangin, C., Huchon, P., 1997b. Geometry and sense of motion
along the Vietnam margin: onshore/offshore Da Nang area. Bulletin de
la SocieÂteÂ GeÂologique de France 168, 413±422.
Rowley, D.B., 1996. Age of initiation of collision between India and Asia: a
review of stratigraphic data. Earth and Planetary Science Letters 145,
1±13.
Royer, J.-Y., Gordon, R.G., 1997. The motion and boundary between the
Capricorn and Australian plates. Science 277, 1268±1274.
Royer, J.-Y., Sandwell, D.T., 1989. Evolution of the eastern Indian Ocean
since the Late Cretaceous: constraints from Geosat altimetry. Journal of
Geophysical Research 94, 13755±13782.
Ru, K., Pigott, J.D., 1986. Episodic rifting and subsidence in the South
China Sea. American Association of Petroleum Geologists Bulletin
70, 1136±1155.
Rutherford, E., Burke, K., Lytwyn, J., 2001. Tectonic history of Sumba
Island, Indonesia, since the Late Cretaceous and its rapid escape into the
forearc in the Miocene. Journal of Asian Earth Sciences 19, 453±479.
Rutland, R.W.R., 1968. A tectonic study of part of the Philippine Fault
zone. Quarterly Journal of the Geological Society of London 123,
293±325.
Sajona, F.G., Bellon, H., Maury, R.C., Pubellier, M., Quebral, R.D., Cotten,
J., Bayon, F.E., Pagado, E., Pamatian, P., 1997. Tertiary and Quaternary
magmatism in Mindanao and Leyte (Philippines): geochronology,
geochemistry and tectonic setting. Journal of Asian Earth Sciences
15, 121±154.
Samuel, A., Harbury, N.A., 1996. The Mentawai Fault zone and deformation of the Sumatran Forearc in the Nias Area. In: Hall, R., Blundell,
D.J. (Eds.), Tectonic Evolution of SE Asia. Geological Society of
London Special Publication 106, 337±351.
Sarewitz, D.R., Karig, D.E., 1986. Geologic evolution of western Mindoro
Island and the Mindoro suture zone, Philippines. Journal of Southeast
Asian Earth Sciences 1, 117±141.
Sarnthein, M., Wang, P.X., 1999. Response of west Paci®c marginal seas to
global climatic change Ð preface. Marine Geology 156, 1±3.
Sasajima, S., Nishimura, S., Hirooka, K., Otofuji, Y.E.A., 1980. Palaeomagnetic studies combined with ®ssion-track datings on the western arc
of Sulawesi, East Indonesia. Tectonophysics 64, 163±172.
Satyabala, S.P., 1998. Subduction in the Indo-Burman region: is it still
active? Geophysical Research Letters 25, 3189±3192.
Schmidtke, E.A., Fuller, M.D., Haston, R., 1990. Paleomagnetic data from
Sarawak, Malaysian Borneo, and the late Mesozoic and Cenozoic
tectonics of Sundaland. Tectonics 9, 123±140.
Schneider, N., 1998. The Indonesian through¯ow and the global climate
system. Journal of Climate 11, 676±689.
Sclater, J.G., Fisher, R.L., Patriat, P., Tapscott, C., Parsons, B., 1981.
Eocene to recent development of the southwest Indian ridge, a consequence of the evolution of the Indian ocean triple junction. Geophysical
Journal of the Royal Astronomical Society 64, 587±604.
SeÂgou®n, J., Patriat, P., 1980. Existence d'anomalies meÂsozoiques dans le
bassin de Somali. Implications pour les relations Afrique±Antarctique±
Madagascar. Comptes Rendus de l'AcadeÂmie des Sciences, France
291B, 85±88.
SengoÈr, A.M.C., Natal'in, B.A., 1996. Paleotectonics of Asia: fragments of
a synthesis. In: Yin, A., Harrison, M. (Eds.), The Tectonic Evolution of
Asia. Cambridge University Press, Cambridge, pp. 486±640.
Seno, T., Maruyama, S., 1984. Palaeogeographic reconstruction and origin
of the Philippine Sea. Tectonophysics 102, 53±84.
Seno, T., Stein, S.A., Gripp, A.E., Demets, C.R., 1993. A model for the
motion of the Philippine Sea plate consistent with NUVEL-1. Journal of
Geophysical Research 98, 17941±17948.
Leg 124 Shipboard Scienti®c Party, Shibuya, H., Merril, D.L., Hsu, V.,
1991. Paleogene counterclockwise rotation of the Celebes Sea Ð orientation of ODP cores utilizing the secondary magnetisation. In: Silver,
E.A., Rangin, C., von Breymann, M.T., et al. (Eds.), Proceedings of the
Ocean Drilling Program, Scienti®c Results 124, 519±523.
Sibuet, J.C., Hsu, S.K., 1997. Geodynamics of the Taiwan arc±arc
collision. Tectonophysics 274, 221±251.

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431
Sibuet, J.C., Hsu, S.K., Shyu, C.T., Liu, C.S., 1995. Structural and
kinematic evolution of the Okinawa trough backarc basin. In: Taylor,
B. (Ed.), Backarc Basins: Tectonics and Magmatism. Plenum Press,
New York, pp. 343±378.
Sibuet, J.C., Deffontaines, B., Hsu, S.K., Thareau, N., Le Formal, J.P., Liu,
C.S., 1998. Okinawa trough backarc basin: early tectonic and magmatic
evolution. Journal of Geophysical Research 103, 30245±30267.
Silver, E.A., Moore, J.C., 1978. The Molucca Sea collision zone, Indonesia.
Journal of Geophysical Research 83, 1681±1691.
Silver, E.A., Rangin, C., 1991. Leg 124 tectonic synthesis. In: Silver, E.A.,
Rangin, C., von Breymann, M.T., et al. (Eds.), Proceedings of the
Ocean Drilling Program, Scienti®c Results 124, 3±9.
Silver, E.A., Smith, R.B., 1983. Comparison of terrane accretion in modern
Southeast Asia and the Mesozoic North American Cordillera. Geology
11, 198±202.
Silver, E.A., McCaffrey, R., Smith, R.B., 1983. Collision, rotation, and the
initiation of subduction in the evolution of Sulawesi, Indonesia. Journal
of Geophysical Research 88, 9407±9418.
Silver, E.A., Gill, J.B., Schwartz, D., Prasetyo, H., Duncan, R.A., 1985.
Evidence for a submerged and displaced continental borderland, North
Banda sea, Indonesia. Geology 13, 687±691.
Simandjuntak, T.O., 1986. Sedimentology and tectonics of the collision
complex in the East Arm of Sulawesi, Indonesia. PhD Thesis,
University of London, 374 pp.
Simandjuntak, T.O., Barber, A.J., 1996. Contrasting tectonic styles in the
Neogene orogenic belts of Indonesia. In: Hall, R., Blundell, D.J. (Eds.),
Tectonic Evolution of SE Asia. Geological Society of London Special
Publication 106, 185±201.
Situmorang, B., 1982. Formation, evolution, and hydrocarbon prospect of
the Makassar basin, Indonesia. Transactions of the Third CircumPaci®c Energy and Mineral Resources Conference, 227±231.
Smith, R.I., 1990. Tertiary plate tectonic setting and evolution of Papua
New Guinea. In: Carman, G.J., Carman, Z. (Eds.), Petroleum Exploration in Papua New Guinea. Proceedings of the First PNG Petroleum
Convention, Port Moresby, 229±244.
Snyder, D.B., Barber, A.J., 1997. Australia±Banda arc collision as an
analogue for early stages in Iapetus closure. Journal of the Geological
Society of London 154, 589±592.
Soeria-Atmadja, R., Maury, R.C., Bellon, H., Pringgoprawiro, H., Polve,
M., Priadi, B., 1994. Tertiary magmatic belts in Java. Journal of Southeast Asian Earth Sciences 9, 13±17.
Spakman, W., Bijwaard, H., 1998. Mantle structure and large-scale
dynamics of South-East Asia. In: Wilson, P., Michel, G.W. (Eds.),
The Geodynamics of S and SE Asia (GEODYSSEA) Project.
GeoForschingsZentrum, Potsdam, Germany, pp. 313±339.
Srivastava, S.P., Tapscott, C.R., 1986. Plate kinematics of the north
Atlantic. In: Vogt, P.R., Tucholke, B.E. (Eds.), The Geology of North
America, vol. M. Geological Society of America, Boulder, Colorado,
USA, pp. 379±404.
Stehli, F.G., 1968. Taxonomic diversity gradients in pole location: the
recent model. In: Drake, E.T. (Ed.), Evolution and Environment. Yale
University Press, New Haven, pp. 163±227.
Stephan, J.K., Blanchet, R., Rangin, C., Pelletier, B., Letouzey, J., MuÈller,
C., 1986. Geodynamic evolution of the Taiwan±Luzon±Mindoro Belt
since the Late Eocene. Tectonophysics 125, 245±268.
Stephenson, D., Marshall, T.R., 1984. The petrology and mineralogy of Mt
Popa volcano and the nature of the Late Cenozoic Burma volcanic arc.
Journal of the Geological Society of London 141, 747±762.
Stern, R.J., Bloomer, S.H., 1992. Subduction zone infancy: examples from
the Eocene Izu±Bonin±Mariana and Jurassic California arcs.
Geological Society of America Bulletin 104, 1621±1636.
Stevens, C., McCaffrey, R., Bock, Y., Genrich, J., Endang, Subarya, C.,
Puntodewo, S.S.O., Fauzi, Vigny, C., 1999. Rapid rotations about a
vertical axis in a collisional setting revealed by the Palu fault, Sulawesi,
Indonesia. Geophysical Research Letters 26, 2677±2680.
Stewart, W.D., Sandy, M.J., 1988. Geology of New Ireland and Djaul
Islands, northeastern Papua New Guinea. In: Marlow, N.S., Dadisman,

429

S.V., Exon, N.F. (Eds.), Geology and Offshore Resources of Paci®c
Islands Arcs Ð New Ireland and Manus Region, Papua New Guinea.
Circum-Paci®c Council for Energy and Mineral Resources Earth
Science Series, vol. 9, pp. 13±30.
Struckmeyer, H.I.M., Yeung, M., Pigram, C.J., 1993. Mesozoic to Cainozoic plate tectonic and palaeogeographic evolution of the New Guinea
region. In: Carman, G.J., Carman, Z. (Eds.), Petroleum Exploration in
Papua New Guinea. Proceedings of the Second PNG Petroleum
Convention, Port Moresby, pp. 261±290.
Sudarmono, 2000. Tectonic and stratigraphic evolution of the Bone basin,
Indonesia: insights to the Sulawesi collision complex. Proceedings
Indonesian Petroleum Association, 27th Annual Convention, 531±543.
Sukamto, R., 1975. The structure of Sulawesi in the light of plate tectonics.
Proceedings, Regional Conference on the Geology and Mineral
Resources of Southeast Asia, Jakarta, 4±7 August 1975, 121±141.
Sundaralingam, K., Denham, D., 1987. Structure of the upper mantle
beneath the Coral and Tasman Seas, as obtained from group and
phase velocities of Rayleigh waves. New Zealand Journal of Geology
and Geophysics 30, 329±341.
Surmont, J., Laj, C., Kissal, C., Rangin, C., Bellon, H., Priadi, B., 1994.
New paleomagnetic constraints on the Cenozoic tectonic evolution of
the North Arm of Sulawesi, Indonesia. Earth and Planetary Science
Letters 121, 629±638.
Surono, Sukarna, D., 1996. Sedimentology of the Sulawesi Molasse in
Relation to Neogene Tectonics, Kendari area, Eastern Indonesia.
Proceedings of the Sixth International Congress of Paci®c Neogene
Stratigraphy and IGCP355. Kyoto Institute of Natural History
pp. 57±72.
Sutherland, R., 1995. The Australia±Paci®c boundary and Cenozoic plate
motions in the SW Paci®c Ð some constraints from Geosat data.
Tectonics 14, 819±831.
Suwarna, N., Santosa, S., Koesoemadinata, S., 1990. Geology of the Ende
Quadrangle, East Nusatenggara 1:250,000. Geological Research and
Development Centre, Bandung.
Tan, D.N.K., Lamy, J.M., 1990. Tectonic evolution of the NW Sabah
continental margin since the late Eocene. Bulletin of the Geological
Society of Malaysia 27, 241±260.
Tapponnier, P., Peltzer, G., Le Dain, A.Y., Armijo, R., Cobbold, P., 1982.
Propagating extrusion tectonics in Asia: new insights from simple
experiments with plasticine. Geology 10, 611±616.
Taylor, B., 1979. Bismarck Sea: evolution of a back-arc basin. Geology 7,
171±174.
Taylor, B., 1992. Rifting and the volcano-tectonic evolution of the Izu±
Bonin±Mariana arc. In: Taylor, B., Fuijioka, K., et al. (Eds.), Proceedings of the Ocean Drilling Program, Scienti®c Results, vol. 126,
pp. 627±651.
Taylor, B., Goodliffe, A., Martinez, F., Hey, R., 1995. Continental rifting
and initial sea¯oor spreading in the Woodlark Basin. Nature 374,
534±537.
Taylor, B., Goodliffe, A.M., Martinez, F., 1999. How continents break up:
insights from Papua New Guinea. Journal of Geophysical Research 104,
7497±7512.
Taylor, B., Hayes, D.E., 1980. The tectonic evolution of the South China
Sea Basin. In: Hayes, D.E. (Ed.), The Tectonic and Geologic Evolution
of Southeast Asian Seas and Islands. Geophysical Monograph Series,
vol. 23. American Geophysical Union, pp. 89±104.
Taylor, B., Hayes, D.E., 1983. Origin and history of the South China Sea
Basin. In: Hayes, D.E. (Ed.), The Tectonic and Geologic Evolution of
Southeast Asian Seas and Islands Part 2. Geophysical Monograph
Series, vol. 27. American Geophysical Union, pp. 23±56.
Taylor, G.K., Gascoyne, J., Colley, H., 2000. Rapid rotation of Fiji: paleomagnetic evidence and tectonic implications. Journal of Geophysical
Research 105, 5771±5781.
Tjia, H.D., 1996. Sea-level changes in the tectonically stable Malay±Thai
peninsula. Quaternary International 31, 95±101.
Tjia, H.D., Liew, K.K., 1996. Changes in tectonic stress ®eld in northern
Sunda Shelf Basins. In: Hall, R., Blundell, D.J. (Eds.), Tectonic

430

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431

Evolution of SE Asia. Geological Society of London Special Publication, 291±306.
Tongkul, F., 1991. Tectonic evolution of Sabah, Malaysia. Journal of
Southeast Asian Earth Sciences 6, 395±406.
Tracey, J.L., Schlanger, S.O., Stark, J.T., Doan, B., May, H.G., 1964.
General geology of Guam. USGS Professional Paper 403A, 104.
Tregoning, P., Lambeck, K., Stolz, A., Morgan, P., McClusky, S.C., van der
Beek, P., McQueen, H., Jackson, R.J., Little, R.P., Laing, A., Murphy,
B., 1998. Estimation of current plate motions in Papua New Guinea
from Global Positioning System observations. Journal of Geophysical
Research 103, 12181±12203.
Tregoning, P., Jackson, R.J., McQueen, H., Lambeck, K., Stevens, C.,
Little, R.P., Curley, R., Rosa, R., 1999. Motion of the South Bismarck
Plate, Papua New Guinea. Geophysical Research Letters 26, 3517±
3520.
Treloar, P.J., Coward, M.P., 1991. Indian plate motion and shape:
constraints on the geometry of the Himalayan orogen. Tectonophysics
191, 198±198.
Upton, D.R., Bristow, C.S., Hurford, C.S., Carter, A., 1997. Tertiary
tectonic denudation in Northwestern Thailand: Provisional results
from apatite ®ssion-track analysis. Proceedings of the International
Conference on Stratigraphy and Tectonic Evolution in Southeast Asia
and the South Paci®c, Bangkok, Thailand, 421±431.
Uyeda, S., Ben-Avraham, Z., 1972. Origin and development of the Philippine Sea. Nature 240, 176±178.
van Bemmelen, R.W., 1970. The Geology of Indonesia. 2nd ed. Government Printing Of®ce, Nijhoff, The Hague 732pp.
van der Voo, R., 1993. Paleomagnetism of the Atlantic, Tethys and Iapetus
Oceans. Cambridge University Press, Cambridge 411pp.
van Gool, M., Owen, T.R., Huson, W.J., Prawirasasra, R., 1987. Heat ¯ow
and seismic observations in the northwestern Banda arc. Journal of
Geophysical Research 92, 2581±2586.
van Staal, C.R., Dewey, J.F., Mac Niocaill, M., McKerrow, W.S., 1998.
The Cambrian±Silurian tectonic evolution of the northern Appalachians and British Caledonides: history of a complex, west and southwest Paci®c-type segment of Iapetus. In: Blundell, D.J., Scott, A.C.
(Eds.), Lyell: The Past is the Key to the Present. Geological Society
of London Special Publication 143, 199±242.
van der Hilst, R., 1995. Complex morphology of subducted lithosphere in
the mantle beneath the Tonga Trench. Nature 374, 154±157.
van der Hilst, R.D., Widiyantoro, S., Engdahl, E.R., 1997. Evidence for
deep mantle circulation from global tomography. Nature 386, 578±584.
van der Voo, R., Spakman, W., Bijwaard, H., 1999a. Mesozoic subducted
slabs under Siberia. Nature 397, 246±249.
van der Voo, R., Spakman, W., Bijwaard, H., 1999b. Tethyan subducted
slabs under India. Earth and Planetary Science Letters 171, 7±20.
Vedder, J.G., 1986. Summary of the geology and offshore resources of the
Solomon Islands. In: Vedder, J.G., Boundy, S.Q. (Eds.), Geology and
Offshore Resources of Paci®c island Arcs Ð Central and Western
Solomon Islands. Circum-Paci®c Council for Energy and Mineral
Resources Earth Science Series 4, 295±306.
Vedder, J.G., Bruns, T.R., 1989. Geologic setting and petroleum prospects
of basin sequences, offshore Solomon Islands and eastern Papua New
Guinea. In: Vedder, J.G., Bruns, T.R. (Eds.), Geology and Offshore
Resources of Paci®c Islands Arcs Ð Solomon Islands and Bougainville, Papua New Guinea regions. Circum-Paci®c Council for Energy
and Mineral Resources Earth Science Series 12, 287±322.
Vedder, J.G., Colwell, J.B., 1989. Introduction to the geology and offshore
resources of the central and western Solomon Islands and eastern Papua
New Guinea. In: Vedder, J.G., Bruns, T.R. (Eds.), Geology and
Offshore Resources of Paci®c Islands Arcs Ð Solomon Islands and
Bougainville. Circum-Paci®c Council for Energy and Mineral
Resources Earth Science Series, 1±6.
Veevers, J.J. (Ed.), 2000. Billion-year Earth History of Australia and
Neighbours in Gondwanaland Gemoc Press, Sydney 388 pp.
Veevers, J.J., Powell, C.M., Roots, S.R., 1991. Review of sea¯oor spread-

ing around Australia. I. Synthesis of the patterns of spreading.
Australian Journal of Earth Sciences 38, 373±389.
Vening Meinesz, F.A., 1934. Gravity Expedition at Sea. Vol II. The Interpretation of the Results (with the collaboration of Umbgrove, J.H.F. and
Kuenen, P.H.). N.V. Drukkerij Waltman, Delft, The Netherlands.
Villeneuve, M., CorneÂe, J.-J., Martini, R., Zaninetti, L., ReÂhault, J.-P.,
Burhanudin, S., Malod, J., 1994. Upper Triassic shallow water limestones in the Sinta Ridge (Banda Sea Indonesia). Geo-Marine Letters
14, 29±35.
Visser, W.A., Hermes, J.J., 1962. Geological results of the exploration for
oil in Netherlands New Guinea. Verhandelingen Koninklijk Nederlands
Geologisch en Mijnbouwkundig Genootschap, Geologische Serie 20,
265.
Vogt, E.T., Flower, M.F.J., 1989. Genesis of the Kinabalu (Sabah) granitoid
at a subduction±collision junction. Contributions to Mineralogy and
Petrology 103, 493±509.
Vroon, P.Z., van Bergen, M.J., Forde, E.J., 1996. Pb and Nd isotopic
constraints on the provenance of tectonically dispersed fragments in
east Indonesia. In: Hall, R., Blundell, D.J. (Eds.), Tectonic Evolution
of SE Asia. Geological Society of London Special Publication 106,
445±453.
Vroon, P.Z., van Bergen, M.J., van Klaver, G.J., White, W.M., 1995.
Strontium, neodymium, and lead isotopic and trace-element signatures
of the east Indonesian sediments: provenance and implications for
Banda Arc magma genesis. Geochimica et Cosmochimica Acta 59,
2573±2598.
Wallace, A.R., 1869. The Malay Archipelago. Paperback edition Periplus
(HK) Ltd, 515 pp.
Walpersdorf, A., Rangin, C., Vigny, C., 1998a. GPS compared to long-term
geologic motion of the north arm of Sulawesi. Earth and Planetary
Science Letters 159, 47±55.
Walpersdorf, A., Vigny, C., Manurung, P., Subarya, C., Sutisna, S., 1998b.
Determining the Sula block kinematics in the triple junction area in
Indonesia by GPS. Geophysical Journal International 135, 351±361.
Wang, E., Burch®el, B.C., 1997. Interpretation of Cenozoic tectonics in the
right-lateral accommodation zone between the Ailao Shan shear zone
and the eastern Himalayan syntaxis. International Geology Review 39,
191±219.
Wang, P.X., 1999. Response of western Paci®c marginal seas to glacial
cycles: paleoceanographic and sedimentological features. Marine
Geology 156, 5±39.
Watcharanantakul, R., Morley, C.K., 2000. Syn-rift and post-rift modelling
of the Pattani Basin. Thailand: evidence for a ramp-¯at detachment.
Marine and Petroleum Geology 17, 937±958.
Watts, A.B., Weissel, J.K., Davey, F.J., 1977. Tectonic evolution of the
south Fiji marginal basins. In: Talwani, M., Pitman, W.C. (Eds.), Island
Arcs, Deep Sea Trenches and Back Arc Basins. American Geophysical
Union, Maurice Ewing Series, 1. , pp. 15±31.
Weiler, P.D., Coe, R.S., 2000. Rotations in the actively colliding Finisterre
Arc Terrane: paleomagnetic constraints on Plio-Pleistocene evolution
of the South Bismarck microplate, northeastern Papua New Guinea.
Tectonophysics 316, 297±325.
Weissel, J.K., 1980. Evidence for Eocene oceanic crust in the Celebes
Basin. In: Hayes, D.E. (Ed.), The Tectonic and Geologic Evolution of
Southeast Asian Seas and Islands, Part 2. American Geophysical Union,
Geophysical Monograph Series 23, 37±47.
Weissel, J.K., Anderson, R.N., 1978. Is there a Caroline plate? Earth and
Planetary Science Letters 41, 143±159.
Weissel, J.K., Hayes, D.E., 1977. Evolution of the Tasman Sea reappraised.
Earth and Planetary Science Letters 36, 77±84.
Weissel, J.K., Taylor, B., Karner, G.D., 1982. The opening of the Woodlark
Basin, subduction of the Woodlark spreading system, and the evolution
of northern Melanesia since mid-Pliocene time. Tectonophysics 87,
253±277.
Weissel, J.K., Watts, A.B., 1979. Tectonic evolution of the Coral Sea Basin.
Journal of Geophysical Research 84, 4572±4582.
Wells, R.E., 1989. The oceanic basalt basement of the Solomon Islands arc

R. Hall / Journal of Asian Earth Sciences 20 (2002) 353±431
and its relationship to the Ontong Java Plateau; insights from Cenozoic
plate motion models. In: Vedder, J.G., Bruns, T.R. (Eds.), Geology and
Offshore Resources of Paci®c Islands Arcs Ð Solomon Islands and
Bougainville, Papua New Guinea Regions. Circum-Paci®c Council
for Energy and Mineral Resources Earth Science Series 12, 7±22.
Wensink, H., 1994. Paleomagnetism of rocks from Sumba: tectonic implications since the Late Cretaceous. Journal of Southeast Asian Earth
Sciences 9, 51±65.
Wensink, H., 1997. Palaeomagnetic data of late Cretaceous rocks from
Sumba. Indonesia; the rotation of the Sumba continental fragment
and its relation with eastern Sundaland. Geologie en Mijnbouw 76,
57±71.
Wharton, M.R., Hathway, B., Colley, H., 1995. Volcanism associated with
extension in an Oligocene±Miocene arc, southwestern Viti Levu, Fiji.
In: Smellie, J.L. (Ed.), Volcanism Associated with Extension at
Consuming Plate Margins. Geological Society of London Special
Publication 81, 95±114.
Widyantoro, S., van der Hilst, R.V., 1997. Mantle structure beneath Indonesia inferred from high-resolution tomographic imaging. Geophysical
Journal International 130, 167±182.
Wight, A., Freistad, H., Anderson, I., Wicaksono, P., Reminiton, C.H.,
1997. Exploration history of the offshore Southeast Sumatra PSC,
Java Sea, Indonesia. In: Fraser, A.J., Matthews, S.J., Murphy, R.W.
(Eds.), Petroleum Geology of Southeast Asia. Geological Society of
London Special Publication 126, 121±142.
Wijbrans, J.R., Helmers, H., Sopaheluwakan, J., 1994. The age and thermal
evolution of blueschists from South-East Sulawesi Indonesia: the case
of slowly cooled phengites. Mineralogical Magazine 58A, 975±976.
Williams, H.H., Eubank, R.T., 1995. Hydrocarbon habitat in the rift graben

431

of the Central Sumatra Basin, Indonesia. In: Lambiase, J.J. (Ed.),
Hydrocarbon Habitat in Rift Basins. Geological Society of London
Special Publication 80, 331±371.
Wilson, M.E.J., 1999. Prerift and synrift sedimentation during early fault
segmentation of a Tertiary carbonate platform Indonesia. Marine and
Petroleum Geology 16, 825±848.
Wilson, M.E.J., Moss, S.J., 1999. Cenozoic palaeogeographic evolution of
Sulawesi and Borneo. Palaeogeography, Palaeoclimatology, Palaeoecology 145, 303±337.
Wolfenden, E.B., 1960. The geology and mineral resources of the lower
Rajang Valley and adjoining areas Sarawak. British Territories Borneo
Region Geological Survey Department, Memoir 11, 167.
Wood, R., Lamarche, G., Herzer, R., Delteil, J., Davy, B., 1996. Paleogene
sea¯oor spreading in the southeast Tasman Sea. Tectonics 15, 966±975.
Wortel, M.J.R., Spakman, W., 2000. Subduction and slab detachment in the
Mediterranean±Carpathian region. Science 290, 1910±1917.
Yan, C.Y., Kroenke, L.W., 1993. A plate tectonic reconstruction of the SW
Paci®c 0±100 Ma. In: Berger, T., Kroenke, L.W., Mayer, L. (Eds.),
Proceedings of the Ocean Drilling Program, Scienti®c Results 130,
697±709.
Yu, S.B., Kuo, L.C., Punongbayan, R.S., Ramos, E.G., 1999. GPS observation of crustal deformation in the Taiwan±Luzon region. Geophysical
Research Letters 26, 923±926.
Yuwono, Y.S., Bellon, H., Maury, R.C., Soeria-Atmadja, R., 1988. Tertiary
and Quaternary geodynamic evolution of S Sulawesi: constraints from
the study of volcanic units. Geologi Indonesia 13, 32±48.
Zhou, D., Ru, K., Chen, H.Z., 1995. Kinematics of Cenozoic extension on
the South China Sea continental margin and its implications for the
tectonic evolution of the region. Tectonophysics 251, 161±177.

