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TECTONICS OF THE INDONESIAN REGION

By WARREN HAMILTON

INTRODUCTION
GENERAL

The tangled patterns of land and sea, and of deep-sea
trenches, volcanic chains, and zones of mantle earthquakes,
in the Indonesian region have long fascinated structural
geologists and geophysicists. It was early recognized that
processes that have gone to completion in mountain systems
such as the Alps are displayed in earlier stages of evolution in
Indonesia. With the new concepts of plate tectonics to add to
an increasing wealth of geologic and geophysical data, we
can advance much farther toward an understanding of this
complicated region.

We now see that the trenches, seismic Benioff zones,
volcanic arcs, and other active tectonic features of the
Indonesian region are responses to complex motions by
large and small lithospheric plates. The convergence of three
great plates dominates the system: Eurasia is one plate, much
disrupted internally; the western Pacific floor, moving
west-northwestward relative to Eurasia, is another; and the
Indian Ocean floor and Australia, moving relatively
northward, form the third. A number of small plates display
complex behavior within the broad zone of interaction
between the megaplates, the small plates grow behind
migrating arcs, pivot, deform, subduct. The Mesozoic and
Cenozoic history of plate motions can be read from the
geologic complexes exposed on land or probed by offshore
drilling and marine geophysics, and this history indicates
complexly changing patterns of plate motions.

Indonesia represents an ideal level of complexity for
analysis within the framework of available concepts of plate
tectonics. Most of the active subduction, strike-slip, and
spreading features that define the modern plate boundaries
can be identified with reasonable confidence from their
geologic and geophysical expressions. The patterns of these
boundaries range from the simple to the exceedingly
complex, and many new concepts are suggested by their
analysis. Fossil plate-boundary systems can be identified,
with widely varying levels of confidence, from the geologic
record. Many of the tectonic elements are still separated by
small ocean basins, and so can be kept distinct from one
another. In much of interior Eurasia, by contrast, similar
rock complexes have been crumpled together by nearly
complete subduction of intervening ocean floors, and these

squashed terrains represent a level of complexity that is far
more difficult to analyze.

If the relative motions of the three megaplates now active
in the region continue for another 30 or 50 million years into
the future the landmasses of Indonesia and the Philippines
will likely be squeezed between a colliding Eurasia and
Australia, and the newly enlarged Eurasia will contain
another broad and intricate terrain of mashed-together
island arcs and continental fragments between internally
stable subcontinental masses. Conversely, the sort of history
deduced in this report for the Indonesian region is of a type
that should be recorded in many of the ancient tectonic belts
around the world.

PRESENT WORK

This report is the result of an eight -year study, supported
in part by the Agency for International Development of the
U.S. Department of State. This report describes the onshore
and offshore geologic and geophysical data from Indonesia
and surrounding regions, and interprets the data in terms of
plate tectonics. The organization of the report is primarily
geographic, but the order in which the provinces and sectors
are discussed is chosen in part to permit the progressive
development of concepts upon which subsequent sections
can be based. Interpretations, broad and narrow, are
presented in the text at whatever points the evidence
displayed seems adequate to support them.

This report is a companion to the geologic and
geophysical maps of the Folio of the Indonesian Region: a
bathymetric map (U.S. Geological Survey, 1974; base also
used for the other maps), a map of sedimentary basins
(Hamilton, 1974a), an earthquake map (Hamilton, 1974b),
and a tectonic map (Hamilton, 1978a; included here as pl. 1).
The maps cover the region from long 90° to 148° E. and from
lat 12° N. to 16° S., and are ona Mercator projection having
an equatorial scale of 1:5,000,000 (50 km = | cm). The map
area extends far beyond the political boundaries of In-
donesia and includes northern Australia; most of Papua
New Guinea; all of Malaysia; southern parts of Thailand,
Burma, Kampuchea (Cambodia), and Vietnam; the
southern half of the Philippines; and various small islands
and groups of islands, as well as large offshore regions of
shelves and ocean basins. The whole represents about 4
percent of the earth’s surface. Many of the place names
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referred to in this text are shown on figure 1; names of smaller
islands and places are shown on the numerous index maps
scattered through the text.

Much of the region of concern, including most of the
active plate boundaries, is covered by water. An enormous
quantity of geophysical data has been obtained in recent
years from the offshore areas by both oceanographic
institutions and oil-exploration companies. 1 have been able
to incorporate much unpublished offshore data, as noted in
the acknowledgments section, as well as the information in
published reports. Particularly important unpublished
material has been the extensive acoustic-reflection profiling
made by many cruises by ships of the Lamont-Doherty
Geological Observatory of Columbia University.

This report is intended to be comprehensive. Geologic and
geophysical data and interpretations are presented for all
lands and seas within the area of the maps of the Folio of the
Indonesian Region (Hamilton, 1974a, 1974b; 1978a; U.S.
Geological Survey, 1974), without regard to the political
boundaries of Indonesia; and excursions are made far
outside the map area where they appear revevant to an
understanding of tectonic evolution within the area. The
coverage is not, however, balanced. Regions such as the
Banda Arc whose analysis leads to the development of
tectonic principles are treated in far more detail than are
others such as Indochina whose analysis does not.

The tectonic map (pl. 1; Hamilton, 1978a) was revised to
accord with information obtained through mid-1976.
References and other data received through middle 1977
were incorporated in this text, and limited additions were
made as late as middle 1978.

Photographs not otherwise credited are by me.

SUMMARIES

The opening paragraphs after many first- and
second-order headings in this report, and the opening
sentences after many third-order headings, summarize the
material which follows. These introductory statements can
be scanned by the reader wanting an overview of the various
topics.

GEOGRAPHIC NAMES

Place names in Indonesia represent variants of the same
and different names in any of a babel of tongues, rendered
phonetically into several conflicting European
orthographies. Island and regional names may be complete-
ly different in European languages, the official Indonesian
language, and the various languages actually used in the
region in question. The official language, Bahasa Indonesia,
is a Malay dialect, adopted after Indonesia became indepen-
dent because that dialect was widely known in seaports, but
it is not the primary language in any large part of the nation.

There are three distinct indigenous languages in use in Java,
15 in Sumatra, and hundreds more in the rest of Indonesia.

Dutch orthography was generally used for Indonesian
names until about 1970. Changes have been made since in
governmental usage, but not necessarily individual usage,
in the direction of English orthography. Among the letters
likely to cause confusion are these:

English Indonesian, Dutch
1976
ch c tj
i ] dj
s s cors
u u oe
v w w
y (initial in word y j

or syllable)
y (internal or
terminal)

-
[N

In this report, 1 use names likely to be most familiar to
American and European readers and cast them in English
orthography. Important variants are noted parenthetically
with the major reference to the place in question. Thus, [ use:
Java, not Jawa or Djawa (all are phonetically the same);
Vogelkop (Bird’s Head), not Jazirah Doberai; Borneo, not
Kalimantan; Sumatra, not Sumatera; and Geelvink Bay, not
Teluk Sarera. Some Malay geographic terms (pulau, island;
kepulauan, islands; sungai, river; danau, lake; and teluk,
bay) are used on the tectonic map for features entirely within
Indonesian jurisdiction but generally are not used in the text.
On the other hand, I use Sulawesi, not Celebes, as the new
Indonesian name is widely recognized; and I use new
Indonesian names for cities wherever applicable.

Geographic names printed in blue or gray on plate 1 have
been approved by the U.S. Board of Geographic Names,
whereas the names in black for tectonic features include
informal terms. Geographic names in the text include many
that lack formal approval.

A number of international boundaries in this region are
disputed. The boundaries shown on the tectonic map (pl. 1)
and the text figures in this report are not authoritative.

ACKNOWLEDGMENTS
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indispensable part of the data reported here, or considered as
background for the interpretations presented, has not been
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Indonesian region describes primarily the onshore geology,
although data are being released from both scientific and
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zie and Morgan (1969), McKenzie and Parker (1967), and
W. J. Morgan (1968). Scores of subsequent papers have
added data and refined concepts. The applications of plate
tectonics to continental geology have been developed by
Bird and Dewey (1970), Bott and Dean (1972), Burke,
Dewey, and Kidd (1977), Coney (1970), Dewey and Bird
(1970, 1971), Dickinson (1969, 1970, 1973, 1975), Ernst
(1970), Hamilton (1969a, b; 1970b, 1978b), and many others.
Applications of plate tectonics to Indonesia in particular
have been made by Fitch (1970a, b), Fitch and Molnar
(1970), and Hamilton (1974b) for seismology, by Hatherton
and Dickinson (1969), and C. S. Hutchison (1975, 1976) for
petrology of active volcanoes, and by Davies (1971a), Davies
and Smith (1971), Hamilton (1970a, 1972, 1973, 1974a,
1977a, b, 1978a), Karig (1971a, b), Katili (1973a, b, 1974,
1975), and Sclater and Fisher (1974) for regional geology.
Particularly important papers for an understanding of the
tectonics of the zones at which oceanic lithospheric plates
turn down beneath continental or island-arc plates include
Grow (1973a), Montecchi (1976), and Seely, Vail, and
Walton (1974).

The systematic relationship of the volcanoes, earth-
quakes, and active tectonic features of Indonesia to the deep
submarine trenches was early recognized by Dutch
geologists and geophysicists. We now see that these trenches
mark the downturns of oceanic plates beneath other plates
that can be either oceanic or continental and that the Benioff
zones, dipping as deeply as 700 km into the mantle from
these trenches, record the downward progress of the plates.
Volcanic belts occur primarily above those parts of the
Benioff zones that are between 100 and 200 km deep. The
ratio of potassium to silicon in the magmas erupted above
the Benioff zones varies systematically with depth to that
zone (Hatherton and Dickinson, 1969; Dickinson, 1973),
although the ratio is somewhat higher for continen-
tal-margin magmatic arcs than for intraoceanic ones
(Dickinson, 1975).

Other features of the belt between trench and magmatic
arc are less obvious. Where voluminous sediments are
available, either on the subducting plate or along the margin
of the overriding plate, an outer-arc ridge and outer-arc
basin are generally developed. No standardized
nomenclature exists for these two features. Dickinson (1973,
and other papers) has referred to them collectively as the
“arc-trench gap.” Von Huene, Nasu, and others (1978) refer
to the basin as the “deep sea terrace.” Seely, Vail, and
Walton (1974), termed the ridge the “outer high.” Karig
(1973b and other papers), has termed the ridge the
“mid-slope basement high”, and Karig and Sharman (1975)
called it the “trench-slope break”; these terms are ap-
propriate for open-ocean island arcs, but not for arcs in the
Indonesian region, where the feature in question is formed of
low-density sediments, not basement, and where it canstand
much higher topographically than does the volcanic arc
behind it. The ridge is the top of a wedge, which can be 10 km

thick, of contorted and imbricated sediments, melange, and
crystalline rocks, whose thin front edge defines the
topographic trench. Behind the ridge is a structural basin,
which typically has a relief of many kilometers and may
either be a bathymetric basin or else be filled with sediments
and then be bathymetrically a platform or terrace.

EARTHQUAKES

Plate boundaries are broadly defined by zones of active
seismicity (1sacks and others, 1968; and many other papers).
Narrow zones follow oceanic spreading centers, strike-slip
faults, and Benioff zones; broad zones occur in
melange-wedge terrains above subducting plates, and in
those parts of continents undergoing distributed exten-
sional, strike-slip, and compressional deformation. Great
earthquakes, magnitude greater than 8.0, occur primarily
along subducting plate boundaries, and otherwise mostly in
continental strike-slip and compressional terrains (fig. 3).
The Indonesian region accounts for a substantial proportion
of these great earthquakes, as also of the world’s severe, but
less catastrophic, earthquakes (fig. 4) and of its lesser
recorded events (Hamilton, 1974b). Within the Indonesian
region, both major and minor events occur mostly in the
Java-Banda subduction system, and in the complexes of
strike-slip faults, compression, and subduction in the
northern New Guinea, Molucca Sea, and Philippine regions.

IDENTIFICATION OF ANCIENT PLATE-TECTONICFEATURES

The presently active structures and volcanoes of the
Indonesian region are systematically related in space to the
subduction trenches (identified by reflection profiling) and
Benioff seismic zones (identified by seismicity). A large
proportion of the now inactive structures and magmatic
rocks of the region resemble those now forming, and it is the
fundamental assumption of my work that these older
features formed with similar systematic relationships to
subduction and Benioff zones.

Half of the problem is to identify the relevant features in
terrains of various geologic ages from descriptions in the
literature. Only meager geologic information has been
published for most of the onshore Indonesian region. Most
geologic maps are based on widely spaced observations in
poorly exposed and poorly understood terrains. Most of the
field information within Indonesia predates 1939. (Publica-
tion was primarily in Dutch, which few Indonesian
geologists can read; they are cut off from their own
literature.) Logistics rather than data were the usual prime
concerp of the geologist involved, and petrography too often
consisted only of casual descriptions of stream cobbles.
Fieldwork since 1945 also has consisted primarily of hurried
reconnaissance. ldentification of geologic terrains from the
literature must thus be made from inadequate data, and
major errors are undoubtedly present in interpretations
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plutonic phase of arc volcanism (Dickinson, 1969, 1970;
Hamilton, 1969a). Batholiths are generally causes, not
products, of crustal metamorphism (Hamilton and Myers,
1967).

Tectonic maps published within the last 15 years have
mostly been organized around the concept of the
“geosynclinal cycle.” This concept is the explicit foundation
of Soviet tectonic maps. (Plate-tectonic concepts have still
made little headway in the U.S.S.R., where most geologists
continue to base their tectonic explanations upon fixist
hypotheses.) Sphizharskiy (1966) wused “region of
geosynclinal regime” as a synonym for orogenic belt and
assigned the lithotectonic units within each belt to such
categories as “Third structural stage of the Second complex
of geosynclinal structures.” The primary classification of
orogenic terrains around the Pacific Ocean made by
Pushcharovskiy and Udintsev (1970) is into “Eugeosyncline”
and “Miogeosyncline.” The “geosynclinal cycle” is implicit
in most other tectonic maps, which either provide separate
explanations for each foldbelt (King, 1969a) or give the color
of the “climactic” orogeny or magmatism to whatever occurs
within a foldbelt (Australia: Plumb and others, 1972;
Canada: Stockwell, 1969).

TECTONIC MAPS
PREVIOUS MAPS

How, then, should the concept that magmatism and
orogeny are controlled mostly by motions between
lithospheric plates be incorporated in a regional tectonic
map? Clearly, the map must emphasize those features that
can most obviously be related to plate motions—but beyond
that lie many choices of cartographic schemes. King (1969b)
gave detailed descriptions of many of the systems devised for
tectonic maps before plate tectonics was understood.

The 1:5,000,000-scale tectonic maps of North America
(King, 1969a) and of Canada (Stockwell, 1969) were
prepared with much collaboration by their authors and show
basically the same units, contacts, and structures within
Canada. The two maps, however, differ strikingly in their
organization and in their use of patterns, colors, and
symbols. On the Canadian map, all units belonging to a
foldbelt share a basic color and capital letter. Eu-
geosynclinal, miogesynclinal, and foredeep assemblages
are indicated by postscripts of e, m, and f, respectively. Ages
of materials are indicated by number postscripts or
superscripts. Igneous rock types are distinguished by
patterns. Little-deformed cover is given the basic color of the
underlying orogenic belt, white dots, and a postscript plus a
number for age. Where several major episodes of deforma-
tion have affected a terrain, the basic color is that of the
younger, but the color of the older is overprinted as dots, and
the capital letters for both orogenies are printed together.
These and other features of the map convey a great deal of
information regarding environments of formation of
materials and of subsequent history. Most details of the

system can be quickly learned by the reader, so that he need
not continually refer back to the map explanation. This map
of Canada is by my prejudices the most successful tectonic
map yet published.

The North American map (King, 1969a) also presents
much information on environments of formation of rock
assemblages and on complexities in their deformational
evolution but is more difficult to read. Each foldbelt has its
own explanation, and so much of the symbology is unique to
each unit that the reader must continually refer to the
explanation. Colors relate broadly to ages of rock
assemblages, and some types of patterns and symbology
carry through the map; but the key symbols for most units
are numbers that relate only to the numerical order of boxes
in the explanation for that particular foldbelt. The numbers
variously represent basement rocks, sites of deposition of
sedimentary rocks, and ages of stratigraphic assemblages.

Both the Canadian and North American maps emphasize
the tectonic setting of formation of rock assemblages. Given
in particular an expansion of designations for the widely
differing terrains thrown into the “eugeosynclinal”
wastebaskets of each map, either map system could be
adapted easily to emphasize features of plate-tectonic
significance. For reasons noted elsewhere, however,  do not
regard the “foldbelt” as the proper fundamental framework
around which tectonic maps should be built.

The tectonic map of Great Britain by Dunning (1966, scale
1:1,584,000) conveys much information by using a separate
symbol and color for each tectonic assemblage in the islands.
Among such units are “Phyllitic nappes and allied rocks of
Shetland” and “Silurian strata of shelf facies with confor-
mably overlying Lower Old Red Sandstone folded by
mid-Devonian movements.” Such a system is practical only
for a small area shown on a large scale.

Most other tectonic map systems emphasize the position
of units within final orogenic settings, rather than within the
settings in which they formed originally. Any such system is
poorly suited to the depiction of the plate-tectonic history of
a region. One such map—artistically very attractive—is that
of Africa by Choubert and Faure-Muret (1968, scale
1:5,000,000). Colors in terrains of crystalline or deformed
rocks indicate age of the last major episode of orogeny or
granitic intrusion, and many patterns and symbols give
much easily understood structural and lithologic informa-
tion but give little information regarding history or en-
vironments before such final orogeny. Posttectonic history is
well depicted; age and thickness of undeformed sediments
are shown by colors in reverse-layer tints and by additional
symbols.

The 1:5,000,000-scale tectonic map of Australia and New
Guinea by Plumb, Doutch, and Rickard (1972) assigns
colors to orogenic terrains primarily to indicate age of
deformation or metamorphism. Symbols give much infor-
mation regarding age and composition of igneous rocks.
Other symbols give a little information regarding the age,
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but not the lithology or the environment of formation, of
sedimentary rocks in the orogenic belts. Relatively little
deformed strata are broadly separated by two colors
(essentially dividing Precambrian and Paleozoic materials
from Mesozoic and Cenozoic ones) and are further depicted
by selected internal contacts, contours on depth to base-
ment, and structure symbols.

Soviet tectonic maps place a still greater emphasis on the
final orogenic setting of units shown and suffer from the
severe limitations imposed by the assumptions that sedimen-
tation, magmatism, and orogeny proceed inevitably together
through standard cycles and that crustal masses are fixed
permanently in position. Beyond this, the many recent
Soviet tectonic maps vary widely in approach and in
rendition of geologic information. They range from detailed
interpretations of the geology (for example, the tectonic map
of the Soviet Union by Spizharskiy (1966)) to the highly
schematic (as, the Eurasia map by Yanshin (1966), the
Pacific map by Pushcharovskiy and Udintsev (1970), and the
map of India by Eremenko and others (1968). All these maps
use colors primarily as indicators of age of orogeny and use
patterns, and tints of the basic colors, to show structural
units.

The schemes used on these and other published tectonic
maps do not appear to me to be well suited to depiction of
plate-tectonic evolution of a region. Where an old orogenic
belt is overprinted by a younger one, the older terrain is
obscured by any scheme that colors both in accord with the
age of the younger event. A rifted continental margin can be
the site of quiet sedimentation for hundreds of millions of
years; this history is submerged if the resulting shelf
assemblage is given the color of deformation or magmatism
that records totally unrelated events.

TECTONIC MAP OF THE INDONESIAN REGION
INTRODUCTION

The tectonic map of the Indonesian region (pl. 1;
Hamilton, 1978a) is intended to depict the geology of the
region as objectively as possible while emphasizing the
features of greatest plate tectonic significance. Colors are
used primarily to indicate age of rocks and not the age of
their deformation, which can be inferred from the map from
the age of intrusive rocks, or of overlying strata, or of
adjacent sedimentary rocks of differently indicated tectonic
environment. Some major structural boundaries are drawn
across continental-shelf areas, but the submarine regions are
given bathymetric coloring only, and their structure is
indicated primarily by plate-boundary structures and by
isopachs of sediments in their basins.

UNITS

The units separated on the tectonic map are lithotectonic
assemblages. Rocks of similar environment and history in
each region are mostly grouped into single units, and the
intent of the age designations is generally to indicate the age

span of rocks in each assemblage. For example, the Jurassic
through lower Tertiary strata of southern New Guinea all
formed on a continental shelf, to the north of which lay open
ocean, so they are put in a single unit. The histories of the
various parts of the region have been very different, and a
complexly overlapping series of age units is used to cover the
various rock assemblages. Thus, rocks of Eocene age are
included in units designated variously Eocene, Tertiary,
Paleogene, early Miocene through Jurassic, and Eocene
through Late Cretaceous.

Where data from geologic mapping permit and where
evolution through time is better indicated by so doing, I have
separated out parts of single broad lithotectonic
assemblages. I have done this particularly with Quaternary
sedimentary and volcanic materials, for although these in
most places represent a continuation of late Tertiary
conditions, their separate depiction locates the present
activity.

In some regions, broad age designations have been
required to indicate brackets of uncertainty in the age of the
materials, which perhaps actually span much shorter times.
And in some other areas (as, in the Triassic to Cambrian unit
of the Malay Peninsula), the broad brackets refer to known
ages of rocks that may belong to quite different assemblages
but for which field data are inadequate to allow consistent
map separation.

CONTACTS

The contacts shown between lithotectonic units on the
tectonic map are, insofar as data permit, mapped geologic
contacts. I have not left any blank spaces on the map and
have guessed at contacts in poorly known areas, but the lines
drawn are as objective as the data permit. The map should
accordingly serve the purpose of a regional geologic map. It
represents a compilation from much more material than was
used by Klompé (1954) for his geologic map of Indonesia.
(That map was reissued with little change under the nominal
authorship of the Indonesia Geological Survey (1965) and
was incorporated without further change as the Indonesian
portion of the 1971 U.N. ECAFE geologic map.) My map
also represents a viewpoint very different from that of
Klomp¢, and I have interpreted many ambiguities differently
than did he.

COLORS

The Indonesian tectonic map depicts the ages of rocks by
colors: browns for the Precambrian, blues for the Paleozoic,
greens for the Mesozoic, yellows for the Cenozoic (but gray
for the Quaternary). Rocks of all types — sedimentary,
metamorphic, volcanic, granitic — of the same age are given
the same basic color and are distinguished by different
overprints.

PLATE-TECTONIC EMPHASIS

The most important and easily recognized geologic
elements for plate-tectonic interpretation are the subduc-
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tion-zone complexes and the magmatic-arc rocks. These
have accordingly been selected for emphasis.

The subduction melanges and the ophiolites within them
are colored purple. As many areas of exposed melange are
quite small, it is not cartographically feasible to give them
both an age color and an obvious color indicator of their
melange character. The ages of the melanges are indicated by
the same letter symbols as are the ages of other rock units.

The arc granitic and volcanic rocks, and the associated
metamorphic rocks, are given red-pattern overprints. The
reddish hue added by these overprints on the basic geologic
colors indicates the position of the magmatic arc in terranes
of each geologic age, and the specific patterns indicate the
rock types present.

ENVIRONMENT OF FORMATION OF SEDIMENTARY ROCKS

The present tectonic setting of sedimentary rocks may be
grossly different from the setting within which they formed.
The depositional environments are indicated by gray over-
prints on the tectonic map.

ISOPACHS OF SEDIMENTARY ROCKS

The map illustrates by one-kilometer isopachs the
thickness of little-deformed sedimentary rocks in the various
land, shelf, and deep-sea basins of the region. These isopachs
are based on profiles and data supplied by the
Lamont-Doherty Geological Observatory of Columbia
University, by other institutions, and by many oil com-
panies. Where these isopachs differ from those on the map of
sedimentary basins in the Indonesian region (Hamilton,
1974a), the tectonic-map isopachs incorporate more and
better data.

BOUNDARIES BETWEEN LITHOSPHERE PLATES

Active, inactive, and buried plate-bounding trenches are
discriminated on the tectonic map. All the trenches shown
(except for two short ones inferred near northwestern New
Guinea, one trending southeast from the south end of the
Philippine Trench, the other south of Biak) were identified
on reflection profiles. The Sumatra-Java-Banda Arc trench,
the Philippine (Mindanao) Trench, and the
Mariana-Palau-Yap trench complex are among those that
have been long known, but a number of the others have not
been reported previously in the literature. These structures
are described in this report and are illustrated by appropriate
profiles. Where the tectonic map shows an active subduc-
tion-zone trace but the bathymetric base map shows no
trench, the bathymetry generally is in error. The tectonic
map incorporates newer information than did the previous
maps of the folio (Hamilton, 1974a, 1974b) and differs from
them in some areas.

The region of major uncertainty regarding the character
even of active plate boundaries is that between Halmahera,
Palau, and northern New Guinea. Bathymetric data from
this region is poor, and I have seen relatively few reflection

profiles within it. The patterns must be complex, and the
structures must record both subduction and strike-slip
components of large magnitude, but more detailed future
data may lead to interpretations quite different from those
shown.

BENIOFF ZONES

The zones of earthquakes dipping deep into the mantle
from the trenches mark the descent of plates of oceanic
lithosphere subducted beneath island arcs and active con-
tinental margins. Such descending plates are relatively cold
and have been identified by their high seismic velocities
(Barazangi and Isacks, 1971; Utsu, 1971). The precise
geometry of the Benioff zones is in question (for example,
Stoiber and Carr, 1971), as is the significance of the
mechanisms of the deep earthquakes, but the existence of the
zones themselves is unquestioned. Presumably shallow
earthquakes occur near the top of the subducting plate and
in the wedge above it, whereas deep earthquakes are within
the relatively cool interior of the plate.

The Benioff zones define the positions of sinking
lithosphere plates, and so are a critical part of the modern
tectonic pattern. Most active Indonesian volcanism occurs in
narrow belts above these zones, typically where a zone is
about 125 km deep. Depth contours, with an interval of 100
km, for the active Benioff zones are shown on the tectonic
map. These contours are slightly modified from those on the
earthquake map of the Indonesian region (Hamilton,
1974b). The contours represent much smoothing of data of
variable quality and incorporate the assumption that Benioff
zones are basically simple surfaces—although earthquakes
likely vary much, in ways not yet proved, in both position
and mechanism within and above the sinking slabs. (Com-
pare Engdahl and others (1977); McGarr (1977); and Spence
(1977).)

SLIP DIRECTIONS AT PLATE BOUNDARIES

First-motion studies of earthquakes at plate boundaries in
the region have defined the general directions of relative
motions between some of the lithospheric plates. Published
first-motion solutions were compiled on the earthquake map
of the Indonesian region (Hamilton, 1974b).

CENOZOIC BIOSTRATIGRAPHY

Correlations of Cenozoic strata in the Indonesian region
with each other and with the series recognized elsewhere can
be made only roughly.

The system of dating used most widely in the pre-1960
literature is the letter scale based upon large calcareous
benthonic foraminifers. The approximate correlations of the
letter scale with the European series are given by Adams
(1970) as:

Th = middle and upper Pliocene and Quaternary
Tg = high upper Miocene and lower Pliocene

Tf = middle Miocene and lower upper Miocene
Tes = lower Miocene and lowest middle Miocene
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Te,, = upper Oligocene

Td = middle Oligocene

Tc = lower Oligocene

Tb = upper Eocene

Ta = Paleocene through middle Eocene

This system has gross defects in both theory and practice,
as Adams (1970) documented. The letter stages indicate
fossil assemblages, not stratigraphy; the assemblages are
seldom tied to stratigraphy, have no type sections, have not
generally been related to other fossils, and have undefined
ranges. Different assemblages represent different en-
vironments and cannot be related chronologically to one
another. The diagnostic foraminifers neither appear nor
disappear at series boundaries. Many fossil designations are
erroneous.

An analogous and equally ambiguous letter-classification
system is used in the older literature on the Philippines. Its
approximate standard equivalents, given in part by Irving
(1952), are:

Tertiary Z = upper Pliocene and Quaternary
Tertiary Y = high upper Miocene and most Pliocene
Tertiary X = middle Miocene and lower upper Miocene
Tertiary W = upper Oligocene and lower Miocene
Tertiary V = lower and middle Oligocene

Tertiary U = Paleocene and Eocene

Other correlations in many of the older published reports
are based upon mollusks, plants, or other fossils and are in
general of poor accuracy and precision. Van Bemmelen
(1949, p. 79-95) discussed the varying methods and criteria in
use in the 1930’s.

Modern work on correlation of marine Tertiary sections
relies primarily upon pelagic foraminifers where they are
available. A major problem in the Indonesian region is that
these foraminifers are rare or absent in water shallower than
40 m (Brunei Shell Petroleum Co., Ltd., 1963) and hence are
not present in thick sections of deltaic sediments that fill
many of the shelf basins in the region. Foraminifera insome
widespread, thick deltaic sections are only long-ranging
benthonic arenaceous forms of little dating value. Pollen
and spores are now used for dating such sections.

A number classification of the Cenozoic based upon
pelagic foraminifers was developed by paleontologists of the
Royal Dutch/Shell Group and recently has been used by
other oil companies also. The first number in each symbol
indicates broad divisions, from 1 to 4, and the second
number indicates subdivisions, totalling variously between 3
and 7, of those divisions; both numbers get larger upward in
the section. The approximate correlations of the units so
designated are given by Visser and Hermes (1962, Enclosure
7

T41-T43 = Pliocene and Pleistocene

T31-T35 = middle Miocene to lower Pliocene
T21-T27 = Oligocene and lower Miocene
T11-T15 = Paleocene and Eocene

Shell Group paleontologists have since adopted another
system, based on specific index pelagic foraminifers of very
wide geographic range, wherein Neogene zones are
numbered upward to N. 23 and Paleogene ones to P.22
(Haak and Postuma, 1975). Confusion reigns in the middle
and upper Oligocene, most of which was previously mis-
assigned to the Miocene and designated as N.1 to N.3, but
now identified as P.19/20 to P.22.

Any discussion of the ages of Indonesian Cenozoic
materials is thus beset with many ambiguities. In thisreport,
I have generally used, without qualification, the standard
series terms as given in the preceding lists, for only these
terms will have obvious meaning for most readers. These
assignments, however, certainly contain numerous errors,
many of them important.

The term Neogene is used here as synonymous with late
(or upper) Cenozoic and as including Miocene, Pliocene,
and Quaternary time (or materials). The Paleogene is
equivalent to the early (or lower) Cenozoic and includes
Paleocene, Eocene, and Oligocene time (or materials). It
should be noted that the use of Neogene is not standardized
in the global literature; the term is used here as defined
originally and as employed by many authorities (as,
Berggren and van Couvering, 1974), although many other
specialists exclude the Quaternary from the Neogene.

MODERN SUBDUCTION SYSTEM OF
JAVA AND SUMATRA

The Indian Ocean floor is now sliding approximately
northward beneath Java and Sumatra ata velocity probably
near 6 cm/ yr(Le Pichon, 1968). The features of a subduction
system—trench, outer-arc ridge, outer-arc basin, volcanic
arc, and foreland basin—are developed here with particular
clarity, and geophysical information regarding this subduc-
tion system is of high quality. The discussion of the tectonics
of the Indonesian region is accordingly begun with an
analysis of the offshore part of the subduction system of Java
and Sumatra, for analogies with this system are important in
interpretations of other parts of the region.

BENIOFF SEISMIC ZONE

From the Java-Sumatra Trench, the subducting Indian
Ocean lithosphere can be tracked by the inclined Benioff
seismic zone as sliding gently beneath a melange wedge fora
distance of about 200 km, beyond which the dip increases.
The seismic zone below a depth of 100 km dips about 65°
northward beneath Java and the Java Sea, and extends
down to a depth of about 650 km (pl. 1; Fitch, 1970a, 1972,
Hamilton, 1974b; Santo, 1969). The zone reaches a depth of
only about 200 km beneath Sumatra, where the dip below
100 km is about 30°-40°; inclination is only about 25° as
measured in the northward subduction direction, Focal
mechanisms were determined by Fitch (1970a, 1972; also
Hamilton, 1974b) and Soedarmo (1973).
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The thin wedge of deformed sediments beneath the
landward slope of the Java Trench (fig. 94, B) is imbricated
at a dip thatis markedly steeper than the gentle inclination of
the subducting oceanic plate beneath. The oceanic plate is
sliding rapidly beneath the overriding plate, and the gently
dippingdiscontinuity at the top of the plate must be a narrow
zone of intense shearing. The overlying wedge of deformed
sediments is not, however, being deformed by laminar shear
parallel to that zone of decoupling. Rather, it appears that
the sediments are shearing, obliquely to this zone, in
response to the couple represented by the landward subduc-
tion of the plate beneath and the trenchward gravitational
movement of the deforming wedge above. Shear distribution
within such a wedge was analyzed mathematically by Elliott
(19764, b).

A. W. Bally commented at the Geological Society of
America Penrose Conference on Continental Margins, at
Airlie, Va., in December 1972, on the geometric similarity of
decoupled basement and imbricate sediments in the Java
Trench system to those of the Cretaceous and very early
Tertiary thrust belt of the Canadian Rocky Mountains
(Bally and others, 1966), and the comparison is enlightening.
Price and Mountjoy (1970) showed that the imbrication in
the Canadian Rockies represents the spreading, relatively
eastward, of a tectonic wedge of sediments whose top sloped
gently eastward and whose base was a decollement zone
above basement, dipping gently westward, which was not
involved in the imbrication. Slopes of upper and lower
surfaces of the wedge and the details of the imbrication were

controlled gravitationally, regardless of whether the driving
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mechanism was subduction of the basement beneath the
wedge, some sort of piston operating above the basement
behind the wedge, or tectonic or magmatic thickening of the
crust above the level of the basement behind the wedge. A
similar gravitational control of imbrication in the melange
wedge is inferred (fig. 11.8).

A melange wedge obviously grows by the scraping off of
packets of deformed sediments at its front. This can be seen
on reflection profiles (and with particular clarity on fig. 105)
and accounts for much of the deformation seen inexposures
of the wedges. Early packets are rotated back to moderate
dips as later ones are stuffed in beneath and in front of them.
Rotation by this process is limited largely to the frontal few
kilometers of the toe of the wedge, however, and stops when
a dynamic-equilibrium dip of 30° or so is attained. Simple
rotation operating far back into the wedge to steadily
increasing steep dips, and shearing high within the toe of the
wedge parallel to its base, as postulated by Karig and
Sharman (1975) and Moore and Karig(1976) among others,
are inconsistent with the data. The complex deformation of
strata deposited atop the wedge and the convexity of its
upper slope show that much internal shearing takes place
within the main body of the wedge mostly with moderate
dips, and extends to its crest.

The great Alaska earthquake of 1964 was a
melange-wedge event whose characteristics are known in
some detail (Plafker, 1969). The wedge slipped southward,
up its gently inclined base upon the undersliding Pacific
lithosphere, along a length of about 800 km and a width of
250 km. The slip plane did not reach the trench, however, but
broke upward through the wedge to reach its continen-
tal-shelf top as a thrust fault with uplifts that reached at least
9 m. The uplifted terrain was simultaneously narrowed by as
much as 18 m. Here was dramatic confirmation for the
concept of continuing imbrication within a wedge.

I picture a wedge as a standing wave of constant internal
motion but near-stable outer shape. The bottom of the
wedge is dragged arcward by the undersliding oceanic plate,
while the entire wedge spreads seaward gravitationally. The
wedge 1s enlarged by offscraping of sediments at its toe and
by imbrication into the wedge of sediments deposited on top
of it. but the shape of its upper profile, like that of a
continental ice sheet, is determined dynamically and changes
little in the process of growth of the wedge. The continuing
imbrication within the wedge as it spreads forward in
equilibrium with backward pulling produces an intensity of
deformation that trends to increase with age, for
progressively younger materials have correspondingly less
time in which to be folded and churned into the imbrication
system. The most severe and pervasive deformation at any
one time tends to occur near the toe of the wedge. The mixing
process does not homogenize the materials of the entire
wedge laterally but rather keeps the first-accreted materials
largely segregated in the rear of the wedge.

The material within a melange wedge represents various
depositional settings. Tectonic scrapings from the subduc-
ting oceanic slab provide abyssal pelagic sediments, slices of
oceanic crust and mantle, and trench sediments. The Bengal
abyssal fan must be an important ingredient in the outer part
of the melange wedge off Sumatra. Strata deposited in local
basins on top of the wedge are imbricated into it. A major
part of the wedge off Sumatra and Java may be formed from
stable-margin sediments of continental shelf, slope, and rise,
deposited during periods when subduction was not
operating and then crumpled by being carried back against
the continent when subduction recurred.

The combination of imbrication and trenchward
spreading of the wedge with underflow by the subducting
slab provides a mechanism to carry offscraped masses of
crustal and mantle rocks from the subducting slab, and
possibly also metamorphic rocks formed at considerable
depth in either wedge or slab, to the surface and to mix such
materials by imbrication with other rocks that have never
been buried deeply. The observed juxtapositions in many
melanges of dense rocks such as glaucophane schist, formed
at depths on the order of 25 km, with sheared but
unmetamorphosed sediments, may represent an extreme
product of uplift and mixing by imbrication. Glaucophane
may form only beneath the overriding crystalline plate, not
out in the surficial melange wedge.

Surficial silumping presumably can occur where active
shear zones in the imbricate system crop out, and slumped
materials can be reincorporated into the melange as they are
overridden by the thrusts. The total amount of shearing
distributed within the melange can record thousands of
kilometers of subduction, so extreme grinding, mixing, and
recycling can be postulated.

The increasing severity of folding of outer-arc-basin
sediments toward the crest of the outer-arc ridge, and the
suggestion on reflection profiles (fig. 6) that this deformation
is directed toward the basin, may indicate that gravitational
spreading operates landward from the ridge also, producing
disharmonic deformation of the outer part of the basin fill
concurrently with sedimentation. The wedge spreads out-
ward in both directions from its crest (fig..11B).

A buttress at the back of the wedge seems required to
control the position of the crest of the outer-arc ridge. The
outer edge of the overriding lithosphere plate is inferred to
provide this buttress (fig. 114). The deeper strata in the
synclinal outer-arc basin off Sumatra are known to thicken
occanward past the axis of the basin and are thought to
represent deposits of presubduction continental shelf and
slope; figure 114 suggests an explanation for them. Melange
is piled up against the buttress and spreads over the top of it
to deform the adjacent basin sediments.

Many recent papers interpret ancient melanges in subduc-
tion settings to record dominantly brecciation by submarine
slumping in olistostromes, rather than disruption by tectonic
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shearing within melange wedges. Such speculation is dis-
proved as a general explanation by reflection profiles across
modern trench systems, for olistostromes are rare whereas
melange-wedge shearing is ubiquitous. The speculation is
based typically upon evidence for soft-sediment deforma-
tion, which indeed is common but which is to be expected
within melange wedges because of the rapid incorporation
into them of unconsolidated trench sediments.

TRENCHES AND SUBDUCTION

The Java-Sumatra Trench system is characterized by a
thick wedge of melange and imbricated sediment that forms
a broad continental slope and outer-arc ridge and by a broad
outer-arc basin between ridge and main islands. Both inner
and outer slopes of the trench are gentle slopes.

Some of the other trenches in the Indonesian region—par-
ticularly those that bound open-ocean island arcs—are
strikingly different. (They are described in succeeding
sections.) Those trenches have steep inner and outer slopes
and lie much closer to the magmatic arcs paired to them. The
outer-arc ridge is either missing or is represented by a minor
step on the continental slope; the outer-arc basin if present is
represented by a small platform. Still other trench systems
are intermediate in character between the extreme
Java-Sumatra and open-ocean types. Karig and Sharman
(1975) gave other examples of the several types.

The differences between the contrasted types are thought
to be due primarily to the availability of sediments. The
open-ocean type represents the tectonic end-member of the
system. The Java-Sumatra type represents a complication of
a similar tectonic pattern by isostatic depression of the
landward edge of the oceanic plate under the load of the
melange wedge.

The weight of the melange depresses the leading edge of
the oceanic plate and results in the gentle landward slope of
that plate from the outer edge of the trench to a zone beneath
the outer-arc basin, where the plate inflects downward at a
moderate angle. The axis of a topographic trench of
Java-Sumatra type is thus displaced far seaward, about 200
km, from the position of the fundamental downflex in the
subducting oceanic plate. The Java-Sumatra type of trench
is the depression between the spreading melange wedge and
the minor downflex produced by the weighting by that
wedge. The open-ocean type of trench by contrast records
directly the fundamental downflex of the subducting plate.
The slight outer rise that flanks the seaward side of the trench
represents an elastic response to the downbowing (Caldwell
and others, 1976, Parsons and Molnar, 1976).

GRAVITY SURVEYS

F. A. Vening Meinesz made spot gravity observations,
using a multiple-pendulum instrument aboard a submerged
submarine, throughout the Indonesian region. He reduced

his observations using several “regional isostatic” schemes,
of which the one he preferred assumed a radius of isostatic
compensation of 174 km and an elastic oceanic crust, of
uniform thickness of 30 km and density of 2.67 g/cm3,
floating in a mantle of density 3.27 g/cm3. The resulting
gravity map (Vening Meinesz, 1940, folding plate) has been
widely reproduced (by, among others, van Bemmelen, 1949,
fig. 90; Heiskanen and Vening Meinesz, 1958, map 10C-2;
Kuenen, 1950, pl. B; Vening Meinesz, 1954, pl. 1). The map
shows a gravity anomaly of extreme negative amplitude,
with axial values to almost -250 milligals, to be centered on
the outer-arc ridge of the Java Trench system and on the
topographic crest of the Molucca Sea melange wedge. The
authors just cited regarded this anomaly belt as indicative of
extreme mass deficiencies that require that the Earth’s crust
here be pulled down into a deep root, far out of isostatic
equilibrium. Vening Meinesz himself wrote many papers
(for example, 1954) explaining the hypothetical root as
pulled down by converging convection currents in a complex
global shear pattern. The notion that the anomaly belts
require extreme dynamic disequilibrium persists to the
present time among many geologists and geophysicists
unfamiliar with modern work in island-arc systems.

The Vening Meinesz belts of extremely negative “regional
isostatic” gravity anomalies measure primarily the great
difference between actual crustal configurations and the very
unrealistic ones assumed in the reduction. Ewing and Worzel
(1954, p. 170) recognized this long ago: “Since all of these
assumptions of density distribution do-not fit the data, we
can discard the isostatic anomalies.” The crest of the
outer-arc ridge—the axis of the anomaly belt—marks the
top of a wedge, 10 km or so thick, of low-density imbricated
sediments and melange. The magnitude of the anomaly
correlates with the thickness of the melange wedge, not with
conjectural dynamic disequilibrium.

Continuous gravity profiles have been obtained by
research-vessel gravimeters along many traverses across the
Indonesian trench systems. Work is in progress with these
profiles by several investigators. The profiles of free-air
anomalies show the strong positive correlation with local
bathymetry, and those of Bouguer anomalies the strong
negative correlation with regional bathymetry, that are
forced by the methods of reduction, but both display
negative anomalies superimposed on the melange wedges
and indicative of their thickness and low density.
Melange-wedge models comparable to those deduced here
have been presented for Central America by Seely, Vail, and
Walton (1974); for the Lesser Antilles by Westbrook, Bott,
and Peacock (1973), and Westbrook (1975); and for the
Aleutian Islands by Grow (1973a). (See Watts and Talwani,
1975, for a discussion of some details of Grow’s analysis.)
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SUMATRA

The active structural elements of mainland Sumatra
(Sumatera) trend northwestward (pl. 1) parallel to the
offshore trench, outer-arc ridge, and outer-arc basin discuss-
ed previously. The Barisan Mountains, near the southwest
coast, are a geanticline of old rocks surmounted by the
volcanic rocks of the active magmatic arc. The range is about
100 km wide and has summit altitudes near 3,000 m. Next
northeast is the low-lying foreland basin. Farthest
northeast, the Tin Islands (Bangka, Belitung, and
others)-Strait of Malacca-Malay Peninsula region is the
craton, partly submerged, of the present time.

This northwest structural and topographic grain is a
Cenozoic phenomenon, not recorded in the broad dis-
tributions of pre-Tertiary rocks. The Paleozoic and Triassic
strata of western Sumatra are of continental-shelf or
platform facies and show no indication that a continental
margin then existed near the present one. Continental rifting
may have occurred between Triassic time and the inception
of the Cenozoic pattern. The northwest-trending system may
have been inaugurated as recently as the late Oligocene, the
age of the oldest dated calc-alkalic volcanic rocks (as
recorded by debris in sedimentary rocks) that clearly belong
to the system. Cretaceous and Paleogene ages for granitic
rocks have been determined radiometrically but in so few
places that it is not yet known how the belts are oriented. The
only subduction melange identifiable as belonging to the
northwest-trending system is that of the offshore outer-arc
ridge and is of middle Tertiary to Holocene age.

PALEOZOIC AND MESOZOIC GEOLOGY

The pre-Tertiary terrain of Sumatra crops out beneath the
young volcanic and sedimentary rocks along much of the
Barisan Mountains (pl. 1). These old rocks largely resemble
those of the Malay Peninsula.

A western facies of upper Paleozoic and Triassic strata
extends westward from about the meridian of long 100°30’
E. The rocks are evenly bedded limestone, shale, and
sandstone, likely of platform type, and are metamorphosed
only near intrusive masses (Brouwer, 1931, Zwierzijcki,
1922). Shallow-water Permian or Carboniferous fossils have
been found at many localities and Triassic ones at a few.
Fusulinids have been found as far northwest as lat 4°45” N.,
long 96°25’ E., and corals probably of late Paleozoic age still
closer to the northwest tip of the island (Tobler, 1923;
Zwierzijcki, 1922). The contrasted eastern Sumatra facies
consist of Upper Carboniferous, Permian, and Triassic
shallow-marine limestones and shallow-marine and con-
tinental clastic strata, with which are intercalated abundant
intermediate and silicic volcanic rocks and tuffs (Brouwer,
1931; Gobbett, 1973; Kastowo and Leo, Klompé and others,
1961; Krumbeck, 1914; Musper, 1928, 1930; Rosidi and
others, 1976; Silitonga and Kastowo, 1975; Westerveld,
1941; Zwierzijcki, 1930, 1935). No ages older than Late
Carboniferous have yet been proved in Sumatra.

The eastern facies has yielded a large and well-preserved
latest Carboniferous or Permian flora, studied in detail by
Jongmans and Gothan (1935). The plants represent a
tropical Cathaysian assemblage that contains such
characteristic Chinese genera as Gigantopteris and is unlike
correlative assemblages in Australia, India, or Europe
(Jongmans,1937). Associated fusulinids include such Asiatic
forms as Verbeekina and Sumatrina (Zwierzijcki, 1930).
Although the subcontinent of China is bounded on the south
by sutures marking post-Paleozoic continental collisions, it
appears likely that land connected Sumatra and China in
late Paleozoic time. The fully tropical land floras, marine
faunas, and lithologic indicators of the Upper Carboniferous
and Lower Permian of Sumatra and Malaya contrast
strikingly with the glacial to temperate indicators in cor-
relative rocks in India and Australia, and (as Jongmans,
1937, and Stauffer, 1974, emphasized) this negates specula-
tion such as that by Ridd (1971b) that western Indonesia lay
between India and Australia in late Paleozoic time.
Paleoclimatic, paleobiogeographic, and facies and tectonic
similarities are, however, consistent with the interpretation,
made here in a subsequent section, that Sumatra and Malaya
lay north of New Guinea, their eastern late Paleozoic and
Triassic igneous terrain having been continuous with that
along the east margin of Australia until separation by
continental rifting occurred during the Triassic or Early
Jurassic.

This interpretation of rifting predicts that a stable-edge
continental shelf should have developed along what is now
southwestern Sumatra from Jurassic time until the inception
of subduction, perhaps in the Cretaceous, along this margin.
Stratigraphic data are too meager to provide evidence either
for or against this conjecture.

Subduction melange may be present in central Sumatra
between the two major facies of upper Paleozoic and Triassic
rocks. Kastowo and Leo (1973) reported “sheared serpen-
tinite, * * * slightly sheared greenstone, * * * breccia of
similar greenstone blocks in a serpentinite matrix,” beneath
young volcanic rocks at about lat 0° 10’ S., long 100° 10" E.
Brouwer (1915a) and von Steiger (1922, p. 112-113) men-
tioned “conglomerate,” near lat 0° 20" N., long 100° 25" E.,
that contains clasts of quartzite, graywacke, limestone, slate,
schist, radiolarian chert, and some “hard-to-identify rocks;”
such clasts could occur in polymict melange, but the
published descriptions are inadequate to indicate whether
the clasts are sedimentary rollstones or are fragments in a
sheared matrix. These materials are in the same regional
tectonic position as is the possible Paleozoic melange of
Medial Malaya and are suggested on the tectonic map to be
subduction melange (pl. 1)

The pre-Tertiary granitic rocks of Sumatra are dominant-
ly silicic and potassic, and many contain tourmaline. (See
for example: Brouwer, 1915c; de Haan, 1935; Kimpe, 1944;
Tongeren, 1936.) Tin granites occur in the area between the
equator and lat 0°30’ N., and two-mica leucogranites have
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Ocean were described in prior sections of this report.) The
Paleogene configuration of at least northwestern Sumatra
may have been that of a stable continental shelf before late
Oligocene time.
SEDIMENTATION

Sedimentation began in Eocene or Oligocene time in
medial and northeéastern Sumatra in the low areas of the
basin-and-ridge terrain of considerable topographic relief.
The small basins were gradually filled, and then the highs
were covered, as the broad foreland basin developed. The
Cenozoic strata lap northeastward onto the craton in the
Strait of Malacca but are increasingly deformed
southwestward, and the older strata are strongly deformed
at the structural margin of the present foreland basin along
the Barisan Mountains. Summary accounts of the Cenozoic
sedimentary geology of large areas are given by A. R. U.
Adinegoro (1973), Adinegoro and Hartoyo (1975), van
Bemmelen (1949, p. 112-126), Bouquigny and others (1971),
de Coster (1975), Kamili and Naim (1973), Kamili and others
(1977), Koesoemadinata (1969), Mertosono and Nayoan
(1975), Pulunggono (1974), Wennekers (1958), Wongsosan-
tiko (1977), and Zwierzijcki (1922).

The broad foreland basin of Sumatra northeast of the
Barisan Mountains has a topographic surface of low to
moderate relief, but its strata cover a basement surface of
subbasins and ridges with as much as 5,000 m of local relief
(pl. 1; Hamilton, 1974a). The complex basement
irregularities represent in part the rough basin-and-ridge
topography that was buried by sediments of the middle
Cenozoic and in part the deformation superimposed upon
both basement and fill during the late Cenozoic. The old
topographic grain was dominantly north-northwestward,
parallel to the structural grain of Malaya, and was not
parallel to the Neogene northwest-trending system. The
pre-Tertiary basement reaches the sea floor in the shallow
Strait of Malacca. The continental clastic strata that
inaugurated the depositional cycle are Oligocene in several
fossiliferous localities but mostly are undated except as older
than overlying marine sedimentary rocks, which are early
Miocene in some sectors and late Oligocene in others. The
continental sediments were deposited in the topographic
subbasins, east of the Barisan Mountains, and over the site
of the present mountains in northwestern Sumatra, where a
stable continental shelf might thus have existed. Lower
Miocene materials were deposited in increasingly more
marine environments, with maximum transgression in the
late early Miocene and early middle Miocene. The higher
Neogene reverses the trend and becomes decreasingly
marine upward.

Oligocene and low lower Miocene clastic strata, known
primarily in the subsurface, fill troughs and small basins,
bounded by faults and flexures, in southern and central
Sumatra northeast of the mountains. These clastic materials
were derived in part from the intervening basement highs
and are typically sandstones at the edges of the troughs and

shales at the centers. The higher lower Miocene and younger
strata progressively covered the older troughs and ridges and
record widespread marine transgression followed by regres-
sion and a progressive northeastward shift of the major sites
of deposition. Basal continental sandstone gives way upward
to finer grained deltaic and neritic sandstone that contains
sparse brackish-water faunas. The sandstone is richly
quartzose, and the deltas are prograded southward, so the
material was derived mostly from the Malay Peninsula and
Sunda Shelf. Above the sandstone is marine shale (Telisa
shale). The age of the transition from sand to shale becomes
younger northeastward across the strike, from late early
Miocene to well within the middle Miocene. Abundant
planktonic foraminifers in the shales record water depths
that were generally shallow in the northeast and bathyal in
the southwest. The regional basin thus both deepened and
expanded northeastward with time. Reefs and carbonate
banks that grew on the subsiding basement highs, first as
fringing reefs and then as platforms, were gradually buried
by shale. The early and middle Miocene marine transgres-
sion was followed by late middle Miocene and younger
regression, during which the sediments deposited (Palem-
bang facies) became increasing sandy and changed irregular-
ly from shallow marine to continental. The clastic materials
came from sources both to northeast and southwest. Tuffs
and volcanic rocks are abundant in the far southwest
throughout the regressive section, and the Quaternary across
the basin is dominated by volcanic ash. The Barisan
Mountains geanticline rose concurrently with the deposition
of the regressive facies, and the depositional axis of the upper
Neogene shifted correspondingly northeastward, away from
the mountains, with time. In the subbasins, the transgressive
and regressive materials are each typically about 1,000 m
thick, and the intervening marine shale about 2,000 m.

Middle Tertiary sedimentary rocks are exposed widely in
the mountains of northwest Sumatra. It is not clear from
published data whether the strata were deposited on a
continental shelf, open to the Indian Ocean to the southwest,
orin a basin whose axis lay near the present northeast side of
the mountains; but certainly the modern mountain system
had not begun to form. Above a locally derived con-
glomeratic basal unit generally lies a thick section of
quartzose and micaceous sandstone, the lower part of which
is continental and unfossiliferous and the upper part of
which includes fossiliferous Oligocene shallow-marine
strata. Next higher is a thick, dark marine shale, not dated by
fossils except in its upper part, which contains high lower
Miocene pelagic foraminifers. The mountains began to rise
later in the Miocene, and the main locus of sedimentation
migrated eastward.

In north Sumatra east of the mountains, Cenozoic
deposition began similarly with continental conglomerate
and quartzose sandstone (the upper part of which is
Oligocene), above which are upper Oligocene or lower
Miocene paludal, deltaic, and shelf strata, mostly clastic.
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The middle and upper Miocene strata record the maximum
marine transgression; they are clays, marls, and tuffs bearing
arich marine fauna, intercalated with sands near the Barisan
Mountains but not on the cratonic side.

The clastic sediments of the transgressive sequence were
derived primarily from the Malay Peninsula, whereas the
regressive sediments of the upper Neogene came mostly from
the rising Barisan Mountains. The regression probably was
caused largely or entirely by increased sediment supply
rather than by uplift of the region of deposition.

Superimposed on the broad pattern of middle and late
Cenozoic transgression and regression has been a continuing
control by basement structures. Throughout the period of
deposition, the large, irregular foreland basin of central and
south Sumatra was separated from both the smaller and
more regular foreland basin of north Sumatra and the small
basins of the western Java Sea, just east of the present
Sumatra coast, by north-trending basement arches which
were covered by marine strata only during the time of
maximum Miocene transgression. The same interval saw the
maximum deposition of strata across what is now the
Barisan Mountains region of central and southern Sumatra.
Within central and southern Sumatra, the subbasins present
at the onset of sedimentation had typically northerly trends,
whereas the younger Neogene structures have northwesterly
strikes. Sedimentation smoothed out the old structural
topography, and then the younger family of structures began
to develop concurrently with further sedimentation, and so
the young strata thin and arch, and their facies change, over
the structural highs. Reverse faults are present in some areas,
but no major overthrusts are known. The Tertiary strata dip
northeastward into the foreland basin from the basement
terrain of the Barisan Mountains, which is not thrust over
them.

Some published papers have inferred short, major
episodes of deformation within Miocene and Quaternary
times, but such inferences depend at least in part upon
circular arguments that assign ages on the bases of degree of
deformation and of sedimentary facies within strata that
otherwise are only poorly dated.

Strata of the landward edge of the otherwise offshore
outer-arc basin are present discontinuously along the
southwest coast of Sumatra. Some of the onlapping basin
areas are exposed only as areas of alluvium, and others as
seaward-dipping wedges of upper Neogene marl and con-
tinental and marine tuffaceous shale and sandstone whose
deposition preceded much of the uplift of the Barisan
geanticline. The lower Neogene of northern Sumatra is
dominated by shallow-water limestone (A. R. U. Adinegoro,
1973). The lower Neogene of the west coast of central and
southern Sumatra is more varied and is in part highly
deformed, and formed synchronously with volcanic rocks in
what are now the nearby mountains but were then volcanic
islands (Westerveld, 1941, 1949).

OIL AND GAS

Many large and small oil and gas fields lie in the foreland
basin of south and central Sumatra. Most of the fields are
present either in the west side of the broad, deep basin
west-southwest of Palembang in south Sumatra or above a
northwest-trending basement high, between lat 0°40” and
1°40’ N., in the shallow, eastern part of the foreland basin of
central Sumatra. The giant Minas field is in the latter setting.
Oil is produced from sandstones in both the transgressive
lower Neogene (with source beds in paralic and continental
shale) and the regressive upper Neogene (with marine shale
source beds), mostly in anticlines that deform the basement
as well as the strata above (Soeparjadi and others, 1975).
Although reflection seismic exploration is now widely used,
many of the fields were found before World War II by
drilling surface anticlines, oil seeps, and the gravity highs
that mark the basement highs. Many structures of favorable
appearance are barren because they formed after the
migration of oil updip through their sectors.

High geothermal gradients in clastic sections enhance the
formation and migration of oil and gas. Central Sumatra has
very high gradients, which reach 7°C/100 m in the Minas
field, where production comes from depths of less than a
kilometer (Kenyon and Beddoes, 1977; Klemme, 1975).
South Sumatra has more normal gradients, and less oil.

The giant Arun gas field of north Sumatra, 225 km
northwest of Medan, contains condensate-rich natural gas in
thick lower and middle Miocene reef limestones that formed
on top of a north-trending basement ridge (Graves and
Weegar, 1973). The reservoir rocks are capped by high
middle Miocene and younger shale and sandstone. A
number of small oil fields have been discovered near the
coast of northeastern Sumatra, between lat 4° and 5° N.,ina
northwest-trending belt near the axis of maximum Neogene
sedimentation. Geothermal gradients in the north Sumatra
basins are mostly about 4° or 5°C/100 m (Kenyon and
Beddoes, 1977).

MAGMATISM

The present pattern of subduction, magmatic arc, and
foreland basin has existed at least since Oligocene time in
Sumatra, for the Oligocene (and lower Miocene?) sandstones
in and near the Barisan Mountains contain minor inter-
calations of volcanic rocks, tuff, and volcanic debris (van
Bemmelen, 1932, and 1949, p. 112; Bouquigny and others,
1971; Musper, 1937; Zwierzijcki, 1922). The older Paleogene
character of the system cannot yet be defined. Undated
altered volcanic rocks in southern Sumatra include many
assumed to be Paleogene (by Westerveld, 1941, for ex-
ample), although these are not proved to be older than
Neogene. Two granitic plutons in the mountains of central
Sumatra, between the equator and lat 1° N., were dated as
presumably Eocene by one K-Ar determination of each (43
and 48 m.y.) made for the Japanese Overseas Mineral
Resources Development Co. (Katili, 1973b).
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Neogene silicic and intermediate volcanic rocks form
much of the mountain belt of southwestern Sumatra. The
volcanic rocks become progressively less voluminous
northwestward along the strike, and only Quaternary ones
are present in the far northwest. The Neogene foreland-basin
sediments of northeastern Sumatra contain correspondingly
abundant volcaniclastic material in the southeast and central
sectors but not in the northwest sector. Information on the
many active volcanoes was assembled by Neumann van
Padang (1951, p. 2-51), and that on other late Quaternary
volcanoes by Westerveld (1952). Meager information on
older volcanoes and volcanic rocks is scattered widely
through the literature.

Andesite, dacite, and rhyodacite dominate the young
volcanic rocks, but much rock as silicic as rhyolite is also
present. On the tectonic map (pl. 1), areas of Quaternary
volcanism, as recognized primarily by their display of
obvious constructional volcanic topography, are separated
in a general way from areas of older volcanic rocks. The
fragmentary descriptions of the pre-Holocene rocks in the
literature indicate that variably altered andesite and dacite
are the characteristic rock types. Two very large fields of
rhyodacitic welded tuff occur in Sumatra, one in the far
southeast (Westerveld, 1942), the other in the northwest (van
Bemmelen, 1939a). Eruption of the latter field, about 75,000
years ago (Ninkovich, Hays, and Abdel-Monen, 1971),
formed the enormous Toba caldera, in which the moatlike
lake is 500 m deep. Van Bemmelen (1933), Verstappen
(1973), and Westerveld (1942) described other, smaller
welded tuff plateaus, several of them marked by calderas.
Presumably each ignimbrite field records the venting of a
granodiorite batholith.

An analyzed specimen of silicic welded tuff from the Toba
caldera complex has a %Sr/86Sr ratio of about 0.714,
indicative of a large crustal contribution to its composition
(Whitford, 1975). Andesite from Merapi volcano, at about
lat 0°25S., long 100° 30" E., in the central Sumatran part of
the main volcanic belt, has an average ratio of about 0.7046,
suggestive of a minor crustal component. Neogene volcanic
rocks in the Padang area, near the southwest coast of central
Sumatra, form a bimodal assemblage of silicic andesite on
the one hand and rhyolite on the other, but both types show
similar ranges of strontium-isotope ratios, from 0.7044 to
0.7066, indicating variable contamination (G. W. Leo,
written commun., 1976).

ROTATION OF SUMATRA

India has rammed northward into Asia during Cenozoic
time, producing enormous drag along the sides of the
moving subcontinent. The effects of this movement include
the great syntaxes of Pakistan in the west and Assam in the
east, complicated by the clockwise swinging of Southeast
Asia and western Indonesia westward toward the Indian
Ocean. (See subsequent discussion and figure 37.) Sumatra

may have rotated clockwise during Cenozoic time, from an
initially more east-west orientation to its present southeast
trend. Ninkovich (1976) reached the same conclusion from
an interpretation of the Neogene volcanic history of
Sumatra. The amount of subduction of Indian Ocean crust
beneath Sumatra would have decreased northward during
such rotation. The northwestward decrease in the volume
and the age of inception of Neogene magmatism in Sumatra
may be a manifestation of this phenomenon.

STRIKE-SLIP FAULTING

A narrow strike-slip fault trough, displayed as a linked
series of deep longitudinal valleys, runs the length of
Sumatra along the northwest-trending axis of the mountains
and the coextensive belt of active volcanism (Katili, 1970a, b;
Katili and Hehuwat, 1967; Tjia and Posavec, 1972). The
fault system has been the site of most major Sumatran
earthquakes, which have been distributed throughout its
length (van Bemmelen, 1949, p. 258). An 1892 earthquake in
north Sumatra was accompanied by 2 m of right-lateral
strike slip (Reid, 1913). Earthquakes in 1926 in central
Sumatra and in 1932 or 1933 and 1952 in south Sumatra
produced observed offsets of about 0.5 m each (Katili and
Hehuwat, 1967). Modern stream courses, alluvium, and
lahars are offset by the fault (Durham, 1940; Katili and
Hehuwat, 1967; Posavec and others, 1973; Verstappen,
1973). The fault trough is a conspicuous structure through
the young welded tuff sheet surrounding the Toba caldera,
so the fault offset is rapid. J.A. Katili loaned me for study
aerial photographs along a sector of the fault in central
Sumatra, which show the active strand of the fault to be in
part in the narrow valley floor, where its offsets are not
apparent; where the active strand trends a short distance up
the talus slopes of the valley sides, however, it produces
consistent right-lateral offsets of gullies of about 50 m. Two
shutter ridges indicate recent offsets of about 500 m.
Verstappen (1973, photo 53) illustrated other strike-slip
offsets.

Total offsets have yet to be shown unambiguously along
the fault system. Ineach of several areas, Katiliand Hehuwat
(1967) suggested offsets of several tens of kilometers, on the
basis of local rock assemblages. Offsets of Neogene volcanic
and granitic rocks by as much as 130 km were inferred by
Posavec, Taylor, van Leeuwen, and Spector (1973) on the
basis of speculative interpretations of past spacings between
eruptive centers. The Paleozoic sections northeast of the
fault contain abundant volcanic rocks as far northwest as
about long 100°30’ E., and a search for the northwest limit of
similar volcanic sections on the other side of the fault might
serve to define total offset.

The Sumatran rift bounds on the northeast a prism of
crust and mantle whose other boundaries are the trench on
the southwest and the subducting oceanic lithosphere plate
at the bottom. The prism is moving northwestward relative
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to the craton of northeast Sumatra and Malaya. The rift is
coextensive with the belt of active volcanism in Sumatra. Itis
an obvious inference from these relationships that the rift
owes its position to lubrication by a discontinuous curtain of
magma rising from the Benioff zone to the surface and that
the motion of the prism resolves some of the obliquity of
convergence of the major crustal plates.

The Sumatran rift goes to sea at the southeast end of
Sumatra, and its offshore course is not obvious in the
available bathymetry. The fault likely intersects the trench
south of Java, but the mechanics and geometry of this
intersection are not apparent. The rift trends to sea at the
opposite end of Sumatra also. Peter, Weeks, and Burns
(1966) inferred from their widely spaced bathymetric
traverses that the fault swings to a northward strike and
continues along the submarine volcanic arc east of the
Andaman-Nicobar outer ridge.

D. E. Karig and Wallace Jensky (written commun., 1972)
suggested that the Barisan Mountains are undergoing
extension normal to the rift system and that this extension
represents the usual oceanward migration of the frontal
parts of arc systems.

The folds in the Neogene foreland basin of Sumatra tend
to trend farther west of north than does the rift system, and,
as Wilcox, Harding, and Seeley (1973) concluded, this
pattern suggests that distributed shearing parallel to the rift
affects the crust for a considerable distance to the northeast
of the major faults.

UPLIFI OF THE BARISAN MOUNTAINS

The mountainous region of western Sumatra is a gean-
ticline that widely exposes pre-Tertiary rocks and is topped
by Cenozoic volcanic rocks. The geanticline and the volcanic
belt are almost coextensive and have a width generally near
100 km. A possible explanation for the uplift is that the crust
is inflated by Cenozoic intrusions along the magmatic belt.
The proportion of Cenozoic volcanic rocks decreases greatly
northwest along the mountain system, yet the height and
width of the geanticline display no obvious change cor-
relative with this decrease. Perhaps the crust must be heated
greatly by many intrusions before silicic magma can reach
the surface in large volume. Or perhaps the geanticline is a
product of crustal compression, localized by the magmatic
heating.

RELATION BETWEEN MAGMATISM AND TECTONISM

Downbowing of the sedimentary basins, sedimentation in
them, and deformation of those sediments and of the
basement beneath them have proceeded concurrently with
the uplift and magmatism in the volcanic belt of Sumatra.
The magmatism, which as just noted may be the primary
cause of the uplift of the Barisan Mountains, may also be the
primary cause of subsidence and deformation of the basins.
The magmatism represents the transfer of an enormous
amount of mass to high crustal sites. Downbowing due to the

loading of the lithosphere by this mass may have produced
the basins, and outward spreading of the thickened crust
may have caused the deformation of those basins and their
contents concurrently with sedimentation.

OFFSET BETWEEN SUMATRA AND MALAYA

Various upper Paleozoic and Mesozoic rock assemblages
shared by Sumatra and Peninsular Malaysia (Malaya)
appear to be offset from their respective projected trends. A
Cretaceous or Paleogene right-lateral fault, striking
northwestward, might lie beneath the Sumatra foreland
basin or the Strait of Malacca and have an offset of at least
300 km; or a tight orocline may be present inthe Sunda Shelf
region. These matters are discussed at the end of the
subsequent section on Southeast Asia.

THE TIN ISLANDS

The Tin Islands—Bangka (Banka), Belitung (Billiton),
and smaller islands—east of southern Sumatra (fig. 12)
consist of upper Paleozoic and Triassic rocks that represent
the along-strike continuation of part of the terrain of eastern
Malaya (pl. 1), and they contain similar tin granites. The
bedded rocks are shale, sandstone, silicic volcanic rocks, a
little limestone, and their contact-metamorphosed
equivalents, and they have yielded Carboniferous(?), Per-
mian, and Triassic fossils (van den Bold and van der Sluis,
1942; Bothé, 1928; Katili, 1967; Priem and others, 1975;
Zwartkruis, 1962).

The granitic rocks intrusive into these varied materials are
dominantly granodiorite, quartz monzonite, and granite but
include locally more mafic types (Priem and others, 1975).
All of the granites may be of Late Triassic age: a number of
whole-rock and biotite samples from Belitung, Bangka, and
islets just north of Bangka have an Rb-Sr Late Triassic
isochron age of about 210 m.y. (using an 8’Rb decay rate of
1.42x10-11/yr; M.R. Jones and others, 1977; Priem and
others 1975; also Edwards and McLaughlin, 1965). Initial
ratios of ¥’Sr/%Sr were moderately high (=0.715), in-
dicating incorporation of silicic crust in the magmas. Biotite
and hornblende K-Ar age determinations from Bangka and
Belitung cluster around 214 m.y. (Priem and others, 1975).
Primary tin occurs in biotite quartz monzonite and in
metasediments, but not in hornblendic granitic rocks
(Adam, 1960; Aleva, 1960). The tin granites have high
rare-earth contents and contain accessory fluorite, tour-
maline, topaz, and scheelite (Kieft, 1952).

Galena in tin ores in two mines on Belitung has highly
radiogenic lead (M.R. Jones and others, 1977; Bruce R. Doe
and Maryse Delevaux, written commun., 1975). For a given
value of 206Pb/204Pb, the ratios of 206Pb/204Pb and 208/ 204Pb
are relatively high?, and like those typical of cratonic
continental regions. This indicates that old Precambrian

2 206Pb, 27Pb, and 28Pb are the daughter products of 22*U, 25U, and 232Th, respectively, and **Pb is
nonradiogenic.
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water until Late Jurassic time in the north, and the Early
Cretaceous in the south.

The continental-shelf record is now well known on the
Australian side of the rift (Brown and others, 1968; Halse
and Hayes, 1971; Jonesand Pearson, 1972; Kaye and others,
1972; Veevers, 1974; Veevers and Cotterill, 1976, 1978; J. J.
Veevers and M. H. Johnstone, in Veevers, Heirtzler, and
others, 1974, p. 571-585; Warris, 1973). Permian-to-Jurassic
sedimentation on the Australian shelf was dominantly
nonmarine, although shallow-marine deposits are impor-
tant; sedimentation was in part localized in grabens. Basins
subparallel to the present shelf edge began to form along
northwestern Australia in the Late Triassic; extensional
faulting and thinning climaxed in the Jurassic in the north,
but in the Early Cretaceous in the south. High Upper
Jurassic and Lower Cretaceous strata are transgressive
marine and deltaic deposits in the north; however, in the
south Upper Jurassic and low Lower Cretaceous beds are
nonmarine, and the main marine transgression does not
appear until the higher Lower Cretaceous. On the northwest
Australian shelf, clastic Triassic and Jurassic sediments,
even near the edge of the present shelf, were derived largely
from a continental source to the west, northwest, or north
(Kaye, 1972). Continental and near-shore Upper Triassic
and Jurassic strata were deposited near the present shelf edge
at the same time that marine sediments filled basins between
there and Australia. Not until the Upper Cretaceous does the
modern shelf appear in the record, with deeper water
sediments appearing generally northwestward of
shallow-water ones (Kaye, 1972). The obvious general
pattern is one of extensional faulting and tensional thinning
of the crust through Late Triassic, Jurassic, and Early
Cretaceous time, as India and Australia moved slowly apart,
followed by complete rifting in the middle Cretaceous and
rapid separation since (Kaye, 1972).

The east side of India has a narrow continental shelf. The
geology of the narrow basins that extend onshore is
described by Sastri, Sinha, Singh, and Murti (1973), Sastri,
Raju, Sinha, and Venkatachala (1974), and Sastri, Raju,
Sinha, Venkatachala and Banerji (1977), The known
sedimentary record begins later than does that of western
Australia: the initial rift may have developed within what is
now the Australian side, the final rift developing subsequent-
ly farther west, leaving the partially filled older basins mostly
with Australia. The Cauvery Basin, between lat 9° and 12°
N., at about long 80° E., was initiated with Upper Jurassic
deposition of clastic sediments derived from the east. This
basin underlies the strait between Indian and Ceylon, the
separation of which presumably represents incomplete
rifting begun in the Late Jurassic. The Palar Basin, 13°-14°
N. and 80°-81° E., has a thick paralic Cretaceous section,
and a thin continental Neogene one, above fluvioglacial(?)
Lower Permian strata. The Godavari-Krishna Basin,
15°-17° N. and 80°-83° E., contains shallow-marine and
paralic Lower Cretaceous strata, and continental Neogene

sediments. The basins are in part fault bounded. As in the
Australian basins, fault-basin deposition during the late
Mesozoic was followed by blanket marine deposition in the
Cenozoic.

The geometry and history of the rifting of the west
Australian margin are strikingly similar to those of the
modern East African rift system, and the submerged
continental remnants west of Australia may have analogs in
the inter-rift plateaus of East Africa (Veevers and Cotterill,
1976). The Godavari Basin of southeastern India, which
extends northwest across the craton from an intersection
with the coast at about lat 16° N., received continental
clastic sediments, probably concurrently with block faulting,
from Early Permian until Early Cretaceous time (Pascoe,
1959). (See Ghosh and Mitra, 1970, for references to
subsequent local studies.) This basin appears to be the
“failed” arm of a rift-rift-rift triple junction whose
“successful” arms produced the two straight margins each of
eastern India and Western Australia. Veevers and Cotterill
(1976) assumed a different prerifting position of India
relative to Australia and hence reached different con-

clusions.

The reconstruction of figure 27 does not provide continui-
ty between the Transantarctic Mountains of East Antarctica
and the Cape Mountains of southernmost Africa. Such
continuity has been widely assumed, from du Toit (1937, fig.
7) through Hamilton (1963) and Ford (1968) to Craddock
(1977). Part of the rationale in favor of this continuity is
based on the assumption that the latest Precambrian and
early Paleozoic crystalline terrains of the two regions fit
together, but terrains of this age are so widespread in Africa
and Madagascar (Clifford, 1970; McCurry and Wright,
1978; Saggerson, 1973), Seychelles (Baker, 1967), Arabia
(Greenwood and others, 1976), and the outer coast of East
Antarctica (Craddock, 1970) that the assumption has little
merit. The conventional Transantarctic Mountains-Cape
Mountains juxtaposition also assumes that the upper
Paleozoic and Mesozoic Gondwana clastic sedimentary
sequences of the two regions—Beacon in Antarctica, Karroo
in southern Africa—formed in continuity, whereas the
reconstruction of figure 27 relates the Karroo instead to
correlative sequences in the interior of Gondwanaland.

The reconstruction of figure 27 accounts for many
paleobiogeographic features, such as the striking similarity
in sedimentary facies and marine faunas of the platform
Cambrian strata of Arabia and northern India (Wolfart and
Kursten, 1974), not explained by the widely used
restorations. The reconstruction utilizes the northern
paleoposition of Madagascar against Africa (McElhinny
and Brock, 1975; McElhinny and others, 1976), and the
transform relationship between the south edge of Africa and
the Falkland Plateau (Scrutton and others, 1975).

The reconstruction of figure 27 accords well with
paleomagnetic data. The approximate positions of relative
south poles that appear to be reasonably well established by
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consistent results from rock assemblages of about the age
illustrated by the reconstruction are plotted on the figure. As
there is little ambiguity regarding the relative positions of
Africa and South America, the combined paleomagnetic
pole for these assembled continents is used.

HISTORY OF I'HE FASTERN INDIAN OCEAN

An oceanic gap began to appear between India and
Australia in the Late Jurassic in the north but not until the
Early Cretaceous in the south. Late Jurassic
counterclockwise rotation of India relative to Australia,
about a southern pivot, is inferred from magnetic lineation
patterns (Larson and others, 1978). After the beginning of
Cretaceous time, India moved away from Australia in the
direction that is now west-northwestward. The oceanic crust
of the southeastern part of the Wharton Basin, and
presumably also of the Bay of Bengal, formed in the
widening Early Cretaceous gap. Plate motions changed
again near the middle of Cretaceous time as north-south
spreading took over after a period of clockwise rotation of
India (Larson and others, 1978), and during Late Cretaceous
and very early Tertiary time the northern Wharton Basin
formed by spreading at a northward-migrating axis, whereas
the Mid-Indian Basin was then growing by spreading at a
southward-migrating one, the two axes being joined by the
Ninetyeast Ridge transform fault. Then, about 50 m.y. ago,
the Wharton axis was abandoned, Australia and East
Antarctica began to separate, and spreading became con-
tinuous from the Mid-Indian Ridge to the Pacific via the new
Indian-Antarctic Ridge. This evolution is illustrated by
figure 28, which was prepared before the additional data of
Larson, Carpenter, and Diebold (1978) were available.

The Ninetyeast Ridge apparently lies just west of a great
transform fault, active until about 50 m.y. ago, by which
spreading on the ancestral Mid-Indian Ridge, west of the
Ninetyeast, was stepped to spreading on the center that
formed at least the north half of the Wharton Basin, east of
the Ninetyeast (Sclater and Fisher, 1974). The eastern
spreading center migrated relatively northward from Broken
Ridge and Australia, and the northern Wharton Basin floor
is part of the lithosphere formed to the south of this center.
While the Ninetyeast Ridge was forming along an active
transform fault, the Mid-Indian center migrated southward,
and the since-vanished Wharton spreading center migrated
northward. About 75 m.y. ago, the Wharton center east of
the ridge was something like 1,500 km south of the
projection of the Mid-Indian center west of the ridge; at
some time near 60 m.y. ago, the then-active Wharton axis lay
perhaps 2,500 km to the north of the projection of the
Mid-Indian axis. Since about 50 m.y. ago, the Ninetyeast
Ridge has been a relatively inactive structure within the huge
lithospheric plate of the northeastern Indian Ocean, India,
and Australia.

Spreading of the ancient Wharton ridge before 50 m.y.
ago, and since then of the Indian-Antarctic Ridge, has

presumably been matched by subduction beneath Indonesia
and Southeast Asia. Spreading on the Wharton axis likely
stopped 50 m.y. ago when spreading began on the In-
dian-Antarctic system. The Wharton ridge and the oceanic
plate that must have formed to the north of it, symmetrical to
the present Wharton plate to the south, have vanished into
the subduction zones. A small part of the plate formed at the
north side of the Wharton spreading center might still be
present, unrecognized but not yet subducted, in the
northwest corner of the Wharton Basin. Figure 28 shows
such a fossil spreading center at a position which is merely
speculative.

India has been part of the subplate bounded on the east by
Ninetyeast Ridge and on the southwest by the spreading
Mid-Indian Ridge since middle Late Cretaceous time.
Compensating subduction has occured north of India,
apparently along the ophiolite-and-melange Indus Suture
Zone of the Himalayas, where the Tethyan ocean floor
vanished beneath Tibet untii India collided with it (Gansser,
1966). The beginning of collision may be recorded by the
facies change in northern India (for instance, Bhandari and
others, 1973) between the continental-shelf strata of the
Paleocene and Eocene and the deltaic and continental
deposits, derived from the north, of the Oligocene and
Neogene.

The Himalayas mark a plate boundary of continuing
convergence. Argand (1924) long ago speculated that the
uniquely high altitude (and, as we know now, the uniquely
thick crust) of the Tibetan Plateau might be due to the sliding
beneath it of the northern extension of India. The northern
boundary of the lithospheric plate of Australia, the
northeastern Indian Ocean, and India is defined by a
continuous belt of thrusting, subduction, and strike-slip
faulting. The mechanics of this system are discussed
subsequently. (Also see figure 37.) No major seismic zone
separates India and the spreading Mid-Indian Ridge,
although occasional small earthquakes and the presence of
deformed abyssal sediments near the southern limit of the
Bengal abyssal fan may indicate that a subduction zone will
eventually break through the Indian Ocean floor (Eittreim
and Ewing, 1972; Sykes, 1970), and the northern part of the
Ninetyeast Ridge is the site of moderate seismicity (Stein and
Okal, 1978).

ANDAMAN-NICOBAR ARC AND ANDAMAN SEA

The northern subduction system continues northward from
Sumatra as a trench and arcuate submarine ridges, which
separate the Indian Ocean from the Andaman Sea (fig. 29).
The Andaman and Nicobar Islands stand on the outer ridge.
Marine-geophysical studies of the system have been reported
by Lawver, Curray, and Moore (1975); Peter, Weeks, and
Burns (1966); and Weeks, Harrison, and Peter (1967).
Reflection profiles are given here in figures 21 and 30.
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1966; MacDonald, 1967; Rajah, 1970; Richardson, 1950;
Tamura and others, 1975). The sedimentary rocks in the east
half of the eastern region are mostly Carboniferous but
include many of Permian age. Those in the west half of the
eastern region are Permian and Triassic, the Permian rocks
being dominant in the north and the Triassic ones in the
south. Shale, argillite, and siltstone, slightly to moderately
metamorphosed, are the most abundant clastic sedimentary
rock types, but quartzose and feldspathic sandstones are
widespread and conglomerate is locally plentiful. Limestone
also is important in the upper Paleozoic sequences and is
present locally in the Triassic. Fossils in both belts include
both land plants and shallow-marine invertebrates. Defor-
mation has been moderate to severe. The strata formed in
diverse local environments-and do not represent platform
sheet deposits, but stratigraphy and structure are nowhere
known in detail.

Silicic volcanic rocks—welded tuffs, tuffs, flows, and
breccias, mostly of rhyolite, rhyodacite, and dacite—are
abundant in many sectors of the western Permian and
Triassic belt (C. S. Hutchison in Gobbett and Hutchison,
1973, p. 185-201). Similar volcanic rocks are present, but less
widespread, in the eastern Carboniferous and Permian belt,
where it is not known whether both of those ages or only one
of them is represented by the volcanic rocks. Batholiths
apparently formed concurrently with Carboniferous(?),
Permian, and Triassic sedimentation and volcanism. The
silicic character of the magmatic rocks indicates that the
crust of eastern Malaya was fully continental by late
Paleozoic time.

Jurassic(?) and Lower Cretaceous fluviatile, deltaic, and
lacustrine clastic sedimentary rocks, among which red
conglomerate and quartz sandstone are dominant, lie
unconformably upon the Triassic and Paleozoic complexes
of eastern Malaya (C. K. Burton, in Gobbett and Hutchison,
1973, p. 97-141; Chong, 1970; Koopmans, 1966, 1968;
Rajah, 1970; Rishworth, 1974; Smiley, 1970). The sediments
were derived from nearby mountains and deposited in
intermontane basin environments, probably under a savan-
nah climate. The strata are deformed by open folds. Silicic
volcanic rocks and tuffs are interbedded locally, showing
concurrent granitic magmatism in the region.

GRANITIC ROCKS
GENERAL

The late Paleozoic and Mesozoic batholiths in the Malay
Peninsula typically form north-trending mountain ranges
separated by regions of lower relief eroded from other rock
types. The great Main Range batholith runs the length of the
Malaysian sector of the peninsula just west of its midline,
and smaller batholiths are scattered throughout the rest of
the peninsula (pl. 1). The granitic rocks are on the average
markedly silicic and potassic, and biotite quartz monzonite
is the dominant rock type (C. S. Hutchison in Gobbett and
Hutchison, 1973, p. 215-252). Biotite and two-mica granite,

and hornblende-biotite granodiorite and quartz monzonite,
are also common. The relatively mafic rocks occur mostly in
a broad belt of small batholiths lying east of the Main Range
but west of the easternmost batholiths of the peninsula
(Burton, 1969; Hosking, 1969). Quartz diorite is present only
in minor occurrences; no belt is dominated by that rock type,
and trondhjemite (sodic leucogranite) has not been reported.
Thus no obvious gradient exists in
potassium-sodium-silicon ratios to indicate a simple genetic
relationship to a single paleo-Benioff zone. It is not yet
possible to search for less conspicuous compositional
gradients in the granitic masses across the regional strike,
because ages and compositions cannot be correlated ade-
quately.
AGE DETERMINATIONS

An extensive program of determinations of apparent ages
of Malayan granites from K-Ar and Rb-Sr data was carried
out by J. D. Bignell and N. J. Snelling (1977; I am much
indebted to them for providing a copy of the manuscript
several years before publication). They placed primary.
reliance upon whole-rock Rb-Sr data, plotted as 8’Rb/86Sr
against 87Sr/86Sr4, They assumed that any samples from a
region that plot approximately along a single line away from
an initial (magmatic) ratio of 87Sr/86Sr of about 0.708 are
defining isochrons, and that the slope of the line thus
indicates the age of all of the samples on the line. Ages so
derived are summarized in figure 12. As field and petrologic
relationships between samples plotted on such possible
isochrons, or between such samples and those on other
possible isochrons, have not been determined, the method is
open to much question. Separate-mineral Rb-Sr and K-Ar
data yield ages generally compatible with these whole-rock
determinations for eastern Malaya, but not for western
Malaya.

The granites of eastern Malaya, east.of the Main Range
batholith, yield generally concordant K-Ar mica ages, Rb-Sr
whole-rock ages, and in the several samples so analyzed,
separate-mineral Rb-Sr ages. The dates define three peaks,
presumably major intrusive episodes, at about 250 m.y.
(latest Permian?) and 220 and 200 m.y. (Late Triassic)s.
These concordant ages are compatible with the geologic
record: Permian and Triassic silicic volcanic rocks are
widespread in eastern Malaya, and concurrent batholithic

¢ ¥Rb is the radioactive isotope of rubidium, *Sr its strontium daughter product, and *Sr a
nonradiogenic isotope comparable in relative abundance to *’Sr but constituting only about 10
percent of total nonradiogenic strontium. On a plot of *Rb/*Sr inst *Sr/*Sr, isoch
depicting the increase of **Sr by decay of “Rb are straight lines originating at the initial ratio of
"Sr/*Sr, which is the intercept at which *Rb/*Sr=0 (fig. 324). The slope of the isochron
defines its age, so materials of different initial ratios but the same age define parallel
isochrons, whereas materials of the same initial ratio but different age define isochrons that
fan from that ratio. Ages cited in the present discussion are based on the “Rb beta decay rate
of 1.42X10—"/4r, adopted as standard by the Subcommission on Geochronology of the Inter-
national Commission on Stratigraphy in 1976, but the isochrons of fig. 324 are calculated with
a decay constant of 1.47.

“The widely used Geological Society of London (1962) time scale assumed, from very few
data, that the beginnings of the Early, Middle, and Late Triassic and the Early Jurassic were
at 224, 215, 205, and 190 m.y., repectively, but subsequent, fuller data show that the actual
ages are likely closer to 245, 235, 225, and 190 m.y.; see Armstrong and Besancon (1970),
Bignell and Snelling (1977), Lambert (1971), and Webb and McDougall (1967).
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magmatism is probable. (General relationships between
silicic volcanism and plutonism have been discussed by
Hamilton, 1969a, Hamilton and Myers, 1967, and others.)

The age determinations for granitic rocks of medial (Main
Range) and western Malaya are far more ambiguous. The
whole-rock-isochron Rb-Sr method, based on an assumed
initial ratio of 87Sr/8Sr of 0.708, favored by Bignell and
Snelling, yields a few Cretaceous ages, many Triassic ones
(mostly 200-245 m.y.), a substantial number of latest
Carboniferous and Early Permian ages (mostly 275-295
m.y.), and a few older ages back to 440 m.y. The K-Ar mica
ages, which mostly represent a smaller selection from the
same samples, by contrast define a broad peak from 130 to
210 m.y., earliest Cretaceous to Late Triassic, and a lesser
80-100 m.y. peak, Late Cretaceous. Similar conflicts
between K-Ar and whole-rock Rb-Sr ages were found in less
extensive dating studies in Malaya by Rodger E. Denison
(written commun., 1972) and in peninsular Thailand by
Burton and Bignell (1969). The whole-rock ages also conflict
with the limited separate-mineral Rb-Sr work done by
Bignell and Snelling. The two specimens, S24 and S30, so
studied, which were thought to fit late Paleozoic whole-rock
isochrons when an initial #7Sr/8Sr of 0.708 was assumed,
have biotite, potassium feldspar, plagioclase, and
whole-rock Rb-Sr isotopes that all plot together on an
apparent isochron with a slope corresponding to 160 m.y.
and an initial-ratio intercept of about 0.72. Biotite K-Ar ages
from the same two specimens are 125 and 135 m.y. Bignell
and Snelling assumed that all of the various minerals were
reset, in both Sr-Rb and K-Ar ratios, by a thermal event long
after initial crystallization; such complete resetting in
unmetamorphosed massive granites is difficult to visualize,
and obviously these two granites at least may be of Jurassic
age.

Discrepancies also mark some of the early Mesozoic age
assignments. Sample S16 from the Main Range yields nearly
concordant Late Triassic ages by all methods: 215 m.y. by
the whole-rock Rb-Sr method, 202 m.y. by a
biotite-potassium feldspar-whole rock Rb-Sr isochron, and
201 m.y. by biotite K-Ar. But samples S7,S11, S25,and S31,
all regarded as 200 m.y. or older from the whole-rock
method, each yield apparent isochrons from various
minerals and the whole rocks with slopes equivalent to about
180 m.y.; K-Ar mica ages are about 160 m.y. for two of these
samples, 67 m.y. for a third, undetermined for a fourth.
Three other “early Mesozoic” samples yield highly erratic
mineral Rb-Sr data that do not define isochrons.

The presence of upper Paleozoic granites in medial and
western Malaya, as advocated by Bignell and Snelling and
accepted by C. S. Hutchison (in Gobbett and Hutchison,
1973) and other geologists now concerned with Malayan
granites, is difficult to reconcile with the known occurrence
in the region of platform and shallow-marine sedimentary
rocks that span the entire Paleozoic from Cambrian to
middle Permian and that are nowhere proved to include

volcanic rocks. I suggest accordingly that in medial and
western Malaya the inference of Paleozoic granitic-rock ages
from whole-rock Rb-Sr methods is in error, that no granitic
rocks there are older than Triassic, and that most of the
granites are of Late Triassic and Jurassic age. More detailed
field and isotopic study of some of the possibly old granites is
obviously needed to resolve the matter.

PREFERRED AGE ASSIGNMENTS

Several small granites in southern Malaya yield ap-
proximately concordant Rb-Sr and K-Ar Cretaceous ages,
and so are designated Cretaceous on the tectonic map (pl. 1).

The granites east of the Main Range are otherwise shown
as of Permian through Jurassic age, a span that includes all
of the other K-Ar ages and most of the Rb-Sr ones, as well as
the stratigraphic age of the voluminous Permian and
Triassic volcanic rocks. Jurassic magmatism is suggested by
some of the isotopic dates but not by available geologic
information. Major magmatism was apparently over before
the beginning of the Cretaceous, for the Lower Cretaceous
(and Upper Jurassic?) strata of eastern Malaya are mostly
nonvolcanic and little deformed. Neither volcanism nor
plutonism is yet proved for the Carboniferous. Both the
K-Ar and Rb-Sr ages suggest that the hornblende-biotite
quartz monzonites and granodiorites of the west part of
eastern Malaya are largely of Triassic age, whereas the
biotite quartz monzonites of the east part are both Permian
and Triassic.

The granitic rocks of Malaya in and west of the Main
Range, and of southeastern peninsular Thailand, are shown
on the tectonic map and figure 31 to be of Mesozoic age. This
broad bracket accords with the geologic inference that the
granites are largely or wholly younger than middle Permian.
The bracket encloses nearly all of the K-Ar dates and Rb-Sr
mineral-isochron dates by Bignell and Snelling. Their
Paleozoic ages, calculated by the assumed-isochron
whole-rock Rb-Sr method, are rejected for the reasons
specified in the preceding section.

PETROGENESIS

The whole-rock Rb-Sr data of Bignell and Snelling (1977)
apparently yield spurious ages for the granites of medial and
western Malaya because the primary assumption of the
whole-rock method is invalid here: the magmas did not come
from a single source region of uniform abundance of Rband
Sr. The very factors that make the data unsuitable for dating,
however, make them invaluable as constraints on
petrogenetic theory.

Granites of Malayan type characteristically have high and
erratic initial ratios of 8’Sr/8Sr. The Paleozoic granites of
northeast Australia are of this type and had initial ratios
between 0.715 and 0.76 (Cooper and others, 1975). It is
suggested subsequently in this report that Australian and
Malayan terrains were continuous, via New Guinea and
Sumatra, before middle Mesozoic continental rifting. The
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granites of northwest Thailand, approximately on strike
from those of western Malaya, have ages that are mostly
Triassic but partly Cretaceous, according to both Rb-Srand
K-Ar methods (Besang and others, 1975). Initial ratios of
87Sr/86Sr in the Triassic granites were very high, about 0.725.
These results are compatible with my inferences about the
Malayan data of Bignell and Snelling.

Many igneous rock suites in other parts of the world
crystallized from magmas having variable initial 87Sr/86Sr
ratios, and so were not derived from single-source magmas.
The tholeiitic basalt flows of Jurassic age in one sector of the
Transantarctic Mountains had initial 87Sr/8¢Sr ratios that
scattered from 0.7094 to 0.7133, and relationships between
various Rb, Sr, and other isotopic and elemental abun-
dances indicate that basaltic magmas of mantle origin here
assimilated 20 to 40 percent by weight of Precambrian
crustal rocks (Faure and others, 1974). Pliocene and
Quaternary volcanic rocks in Idaho (Leeman and Manton,
1971), central Africa (Bell and Powell, 1969), and the Andes
(James and others, 1976) yield apparent Rb-Sr isochrons
that point to spurious ages of 400 to 1,000 m.y. Whole-rock
specimens from single late Quaternary volcanoes in Sumatra
and Java yield spurious isochrons with slopes equivalent to
ages of about 100 m.y. (Whitford, 1975). Brooks, James, and
Hart (1976) discussed the problem at length. Either
two-stage origins or the mixing of materials from two
contrasted sources can produce such results, and Leeman
and Manton and also Bell and Powell interpreted the
pseudo-isochrons as mixing lines due to the assimilation of
Precambrian crustal rocks by magmas melted in the mantle.

Bell and Powell (1969) and Faure, Bowman, Elliot, and
Jones (1974) applied a number of arithmetically based tests
to their isotopic and chemical data to demonstrate the
composite origins of their rocks. Present ratios of 87Sr/86Sr
show positive, linear correlations with ratios of total Rb to
Sr. The plotting of any ratio involving two of the Sr and Rb
isotopic or weight components against the absolute amount
of any other component produces a hyperbolic pattern.
Initial 87Sr/89Sr ratios correlate both with strontium concen-
trations and with major-oxide contents.

Figures 32 and 33 illustrate such relationships in the Rb
and Sr data of Bignell and Snelling (1977). The ratio of
radiogenic 87Sr to nonradiogenic 86Sr increases hyperbolical-
ly as total Sr decreases (fig. 32B) but increases directly with
the ratio of total Rb/Sr, and the rocks yielding the calculated
Paleozoic ages define a lower narrow zone than do those
yielding Mesozoic ages (fig. 31 C). The apparent isochron age
increases irregularly with total Sr (fig. 33). These cor-
relations are in the directions that would be produced by
decay of 87Rb to 3¢Sr, but as only about 1-4 percent of the
total Sr in the rocks is 87Sr produced by this decay within the
last several hundred million years, the correlations cannot be
explained by this effect. The granites are uncommonly high
both in total Rb and in Rb/Sr ratios. The Sr appears to be
too radiogenic for total derivation from the same source as

the Rb, and the discrepancy tends toincrease with increasing
Sr and to decrease with increasing Rb. A paradoxical
conclusion is suggested: the Sr in the western Malayan
granites came from sources that on the average were higher
in Rb than were those which on the average yielded the Rb
itself.

Inspection of figure 324 shows that, if 255 m.y. is regarded
as the true old age limit of western Malayan granites, all but
one of the samples of Bignell and Snelling plot above the
255-m.y. isochron when it is moved, parallel to itself, to an
origin at 87Sr/86Sr = (0.725. As noted previously, two samples
give a good isochron of whole rocks plus various minerals
with age slopes of 160 m.y. and initial-ratio intercepts of
about 0.720. Several sets of concordant K-Ar ages for
various minerals point to similarly high initial ratios. Such
high initial values are comparable to those in Precambrian
crystalline rocks (Faure and Powell, 1972; Faure and others,
1974), whereas mantle strontium should have had a ratio of
only about 0.703 in Mesozoic time.

The granitic rocks of medial and western Malaya thus may
record either direct melting of lower continental crust or the
assimilation of Precambrian crustal Sr in Mesozoic
magmas derived ultimately from the mantle. (See Hamilton,
1969b, and Hamilton and Myers, 1967, for arguments that
granitic magmas generally represent crust-mantle mixes.)
California provides an analog for the contamination
inferred: both Sr (Kistler and Peterman, 1972) and Pb (Doe
and Delevaux, 1973; Zartman, 1974) in Mesozoic granitic
rocks become more radiogenic southward as the crust into
which they were intruded changes from a young
subduction-accretion “eugeosyncline” through a continental
shelf to an old continental platform (Hamilton, 1969b,
1978b). Western Malaya must have old continental crust,
and the Sr in its young granites is relatively radiogenic. In
eastern Malaya, where no geologic criteria require Precam-
brian continental crust to be present, the Sr is much less
radiogenic.

A possible explanation for these features of Rb-Sr
geochemistry is that the granitic melts contained both
mantle and crustal materials. The mantle-component melt
retained Rb proportionately more than it did Sr, which
tended to stay behind, or to crystallize out during rise of the
magma, with Ca and other refractory elements. The
component of melt from the crust (which hasan Rb/Srratio
perhaps 10 times greater than did the mantle) represented
selective melting of, and greater relative retention of Sr from,
Rb-rich minerals such as mica and potassic feldspar.

The presence throughout the Malay Peninsula of silicic
and potassic granites that show no obvious cross-strike
compositional variation to indicate the usual relationship to
ancient Benioff zones might be explicable in terms of
subduction of continental crust. The high altitude of the
Tibetan Plateau has been explained by many geologists,
from Argand (1924) on, as due to the doubling of the
thickness of continental crust from compression or the
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FIGURE 33.—Strontium contents of granitic rocks in medial and western
Malaya, plotted against the ages of the rocks as inferred by Bignelland
Snelling (1977) from the assumption of initial ratios ot ¥’Sr/%¢Sr of
0.708. There is a very irregular increase in calculated age with increase
in total St, except that the several specimens yielding the youngest age
(80 m.y.) also have generally high contents of Sr.

sliding beneath Tibet of the northern part of the Indian plate.
Dewey and Burke (1973) argued on geological grounds,
Bird, Toksoz, and Sleep (1975) on the basis of computer
modeling, and Bird and Toksoz (1977) on the basis of
attenuation of Rayleigh waves, that such doubling should
lead to the direct melting of lower continental crust.

TIN

The widespread tin deposits of the Malay Peninsula are
derived mostly from coarsely porphyritic two-mica granites
bearing accessory tourmaline (Burton, 1969; Hosking,
1972). Primary tin occurs in various settings near the tops of
granitic masses: in pegmatites; in pyrometasomatic deposits
in wallrocks, particularly limestone; in hydrothermal
replacements in granite; and in lodes and vein swarms

(Hosking, 1970, 1972). Most of the tin mined comes from
placers, both onshore and offshore, derived by tropical
weathering, residual concentration, and limited transporta-
tion from these primary deposits. Tin occurs in granites of
similar petrologic type but of ages ranging apparently from
Permian to Cretaceous, so either similar processes operated
at different times, or else tin mineralization was superim-
posed on granites of diverse ages during a more limited
period. The tin-bearing granites are generally rich in
rubidium, fluorine, lithium, boron, and some other minor
elements.

PALEOMAGNETISM

A reconnaissance paleomagnetic study of several small
suites of oriented hand specimens of Malayan rocks of
known and assumed late Paleozoic and Mesozoic ages
reported by McElhinny, Haile, and Crawford (1974). They
concluded that Malaya lay near lat 15° N. throughout late
Paleozoic and Mesozoic time and could not then have lain
next to the east coast of India. (The Indian connection has
beenadvocated by several geologists, but, as noted elsewhere
in this work, it is invalidated by paleoclimatic and paleon-
tological data.) Their conclusion, if correct, would also
negate the suggestion made in this book that Sumatra lay
adjacent to what is now medial New Guinea in the Permian
and Triassic and was rifted away from it before the Middle
Jurassic, so an analysis of the Malayan paleomagnetic data
is appropriate here.

The paleomagnetic position of Australia, and hence of
southern New Guinea, is reasonably well established for the
late Paleozoic and Mesozoic (McElhinny and Luck, 1970a).
The paleomagnetic latitude of medial New Guinea was near
10° S. early in the Carboniferous, but then Australia and
New Guinea moved rapidly southward and medial New
Guinea lay near 40° S. during the Permian and Mesozoic.
The late Paleozoic paleolatitude of southwestern Sumatra
must have been only a little lower if the interpretations made
in this report are correct.

The suites of Malayan samples are small, and enough
scatter occurs in the results so that precision of pole
determinations is low. The orientations of stable magnetiza-
tion are, nevertheless, broadly consistent, and the results
cannot be dismissed. The oldest rocks studied in the
paleomagnetic reconnaissance in Malaya are two small
suites of sedimentary rocks—one from the probably Lower
Carboniferous part of the moderately dipping Singa Forma-
tion in northwesternmost Malaya and the other from the

FIGURE 32.—Strontium and rubidium isotopic and elemental abundances and ratios in whole-rock analyses of
granitic rocks of medial (Main Range) and western Malay Peninsula. All data from Bignell and Snelling (1977);
several of their analyses are off the scales used here and are not plotted, but continue the trends illustrated, and
the several analyses indicative of Cretaceous ages are omitted. The points falling below the 255 m.y. isochron in
A-——note that the #’Sr/#6Sr ratio is here plotted on the horizontal axis—are assumed by Bignell and Snelling to
indicate Paleozoic ages. Pre-Mesozoic ages are difficult to reconcile with the geology of the region, and the
hyperbolic distribution in B and linear array in C are suggested in the text to be indicative of mixing of old crustal

rocks in Mesozoic magmas to produce pseudo-isochrons.
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steep-dipping Lower Carboniferous or Devonian Bentong
Group of central medial Malaya. Paleomagnetic orien-
tations cluster to suggest a common magnetic latitude of
about 10°. Accepting the polarity assumption of McElhin-
ny, Haile, and Crawford (1974) that this latitude is north,
and using their paleomagnetic north pole position of lat 57°
N., long 178° W, the Triassic or Jurassic rift line I postulate
to be present in Sumatra has a nearly east-west paleotrend
and an early Carboniferous paleolatitude of about 5° N.
This is so close to the paleomagnetic position and orienta-
tion of Early Carboniferious medial New Guinea as to pose
no problem to the reconstruction supported here.

Two other small suites of samples from Malaya were
assumed by McElhinny, Haile, and Crawford (1974) to be of
Permian and Triassic age. One suite is of rhyolite samples
from southeasternmost Malaya, and the other of rhyolite
and redbeds from west-central Malaya. The magnetic
orientation of these rocks—paleomagnetic pole position
about lat 55° N, long 160° E. — is similar to that of the
Lower Carboniferous(?) sedimentary rocks. If the Permian
or Triassic age is assigned correctly, then that orientation is
incompatible with a New Guinea attachment, for by
Permian time New Guinea lay far to the south. Assuming
that the paleolatitude of the samples is south rather than
north is not a viable alternative, for this would require that
Malaya and Sumatra be rotated almost 180°, putting
Sumatra farther from New Guinea than was.Malaya. The
Permian or Triassic age assignments by McElhinny, Haile,
and Crawford, however, were based on particularly am-
biguous Rb-Sr age determinations. I discussed in the
preceding section the problems with the Malayan-granite
assumed-isochron Rb-Sr age determinations, which appear
to be much older than true ages because of magmatic
assimilation of radiogenic strontium. The suites reported on
by McElhinny, Haile, and Crawford could well be Jurassic
or Cretaceous, as apparently are nearby granites, in which
case the pole position poses no problem. A reconnaissance
paleomagnetic study of Jurassic redbeds in northeast
Thailand yielded a similar paleomagnetic pole position of lat
69° N, long 177° E. (Haile and Tarling, 1975).

The apparently equatorial fauna of the middle Permian of
northern peninsular Thailand (Waterhouse and Piyasin,
1970) is given a paleolatitude of 30° N. by the pole of
McElhinny, Haile, and Crawford (1974) or one of about 25°
S. by my reconstruction—a poor fit either way.

Another suite of samples studied paleomagnetically is of
basalt flows from southernmost Malaya, dated only by a
single whole-rock K-Ar determination of 62 m.y. McElhin-
ny, Haile, and Crawford (1974) assumed the suite to be of
Cretaceous age, whereas field geologists have assigned it to
the Tertiary, likely Neogene. Paleomagnetic latitude is 10°
or 20°, and the pole position is about lat 45° N., long 35° E.
Malaya has moved something like 1,500 km southward

during Cenozoic time, and its southern part has rotated
about 45° counterclockwise, if this pole approximately
represents the north geographic pole.

As the ages of the rock suites analyzed paleomagnetically
are mostly defined only within very wide limits, all derivative
tectonic interpretations are of course speculative.

POSSIBLE SUTURE IN MEDIAL MALAYA

A belt of rocks trending northward through central
Malaya, along the eastern foothills of the Main Range near
the meridian of 102° E., is inferred on the tectonic map (pl. 1)
to consist of Paleozoic subduction melange. The brief
descriptions of the terrain by bin Ahmad (1976; his Foothill
Formation), Alexander (1968, p. 49-54, 76, 79, Bentong
Group), Khoo (1974, Karak formation, and 1975), Richard-
son (1939, 1950, Arenaceous Series), and Willbourn (1934,
p. 7) permit a melange interpretation. The rocks include
interlensed and thoroughly sheared clastic sediments, car-
bonaceous chert, radiolarian chert, serpentinite, greenschist,
amphibolite, “schistose conglomerate,” and other types. The
“intraformational breccia” in bin Ahmad’s photograph
(1976, pl. 1) appears to be melange. Scrivenor (1931, figs. 9
and 10) presented two rough sketches of outcrops, one
showing lenses of quartzite enclosed in finer grained
sediments, the other showing highly contorted masses of
chert and shale. Sediments that are either within the complex
or that lie unconformably upon it within the belt have
yielded Silurian(?), Lower Devonian, and Lower Car-
boniferous fossils (Jones, 1970a; Jones and others, 1966).
The rocks are intruded on the west by the Main Range
batholith.

I spent two days in March 1972 looking at the belt in the
area between and near Bentong and Raub, 45-70 km
north-northeast of Kuala Lumpur. On one day. I was guided
by Jaafar bin Ahmad and K. N. Murthy of the Geological
Survey of Malaysia. Outcrops are widely separated and
generally much weathered, and relationships between rock
types are not generally apparent. Although most outcrops
seen within the belt in question are of nondisrupted
sedimentary rocks, some of the materials seen are quite
suggestive of melange. Sheared serpentinite (fig. 344) forms
a sizeable mass about 12 km northwest of Raub. Several cuts
about 30 km north of Bentong on the road to Raub expose
saprolite—residual material produced by extreme
weathering—which appears to be formed from lenses of
sandstone in a matrix of sheared shale (fig. 34 B). Other cuts
in the saprolite in the same vicinity however expose coherent
strata. Closer to the Main Range batholith, numerous cuts
on the road from Raub to Fraser’s Hill expose dark phyllite
enclosing abundant small lenses of feldspathic quartzite.
Similar phyllite containing quartzose lenses, of all sizes from
2x5 mm to at least 0.2x2 m (fig. 34C), composes much of a
septum in the batholith crossed by the Kuala Lumpur-Ben-
tong road in the vicinity of milepost 18% (about 30 km) from
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southward beyond the Andaman Sea, as Sumatra lags
behind Burma. Burma, the Malay Peninsula, and Sumatra
must have trended more easterly before Eocene time than
they do now. Tapponnier and Molnar (1976) and Tappon-
nier and Molnar (1977) reached similar conclusions from a
consideration of the mechanical effects on interior Asia of a
colliding India. More complex motions, minimally con-
strained by geologic considerations, were postulated by
Holcombe (1977).

INDOCHINA

Early work in the deformed terrains of Indochina
incorporated the assumption that long-distance correlations
of undated rocks could be based on degree of metamorphism
and deformation. For the southern part of In-
dochina—which lies within the present map area—such
assumptions were accepted by Fromaget (1941, 1952),
Kudryavtsev, Agentov, Gatinskiy, and Mishina (1971),
Postel'nikov (1964), Saurin (1935), and others. (See
Workman 1972a and 1977 for recent summaries of the old

EXPLANATION

Trace of subduction zone (at sea) or
front of thrust belt (on land)}—Barbs
on overriding side

Strike-slip fault—Arrows show direc-
tion of relative motion

Spreading axis {in Andaman Sea)

Direction and velocity of motion
relative to northwestern Eurasia—
Vectors are controlled by sea-floor
spreading geometry forIndia and the
Indian Ocean {Minster and others,
1974; Molnar and Tapponnier, 1975),
but otherwise are schematic
interpretations

200-meter bathymetric contour

FIGURE 37 (facing page and above).—Some active structures of the
Chinese-Indonesian region. Perhaps half the northward motion of
India relative to northwest Eurasia is being taken up by underthrusting
of the Tibetan Plateau by India and by compressive thickening of the
entire continental crust. The other half is compensated primarily by the
eastward motion, relative to northwestern Eurasia, of China.
Southeast Asia and western Indonesia are swinging clockwise, pivoted
near the Assam syntaxis, over the Indian Ocean and the northern Bay
of Bengal. Barbed line: trace of subduction zone (at sea) or front of
thrust belt (on land): barbs on overriding side. Heavy line: strike-slip
fault, with arrows showing direction of relative motion. Double line in
Andaman Sea: spreading axis. Large arrows show direction and
velocity of motion relative to northwestern Eurasia; the vectors are
controlled by sea-floor spreading geometry for India and the Indian
Ocean (Minster and others, 1974, Molnar and Tapponnier, 1975) but
otherwise are schematic interpretations. Structure in China and
Mongolia adapted primarily from Molnar and Tapponier (1975), with
additions based on liberal interpretation of Das and Filson (1975) and
Lang and Sun (1966). Dashed line is 200-meter bathymetric contour.

French work.) This approach resulted in the assignment of
the slightly metamorphosed clastic rocks of southeastern
Vietnam to the Devonian and Early Carboniferous and of
the granites that intrude them to the late Carboniferous.
Fossils have, however, since been found; all well-dated
fossils from this terrain are of Permian and Mesozoic ages
(Fontaine, 1965; Saurin, 1962, p. 69), and fossiliferous
Jurassic sediments are cut by granite (Fontaine and Saurin,
1965). The few K-Ar dates obtained for granites in the belt
are Mesozoic, mostly Cretaceous (Faure and Fontaine,
1969; Fontaine and Saurin, 1965; Hilde and Engel, 1967). On
the tectonic map (pl. 1), I have assigned the metasedimentary
rocks to the Permian through Jurassic, the granites to the
Jurassic and Cretaceous, and the silicic metavolcanic rocks
also to the Jurassic and Cretaceous with the assumption that
they are the extrusive equivalents of the granites.

This late Mesozoic orogenic terrain trends northeastward
in southeastern Vietnam, and presumably belongs to the belt
of Jurassic and Cretaceous deformation and granitic intru-
sion that trends northeastward also in southeastern China
(fig. 31; Allen and Stephens, 1971; Jahn and others, 1976;
Terman, 1973), Korea (Workman, 1972b), and Japan
(Kawai and others, 1971). The melange terrain adjoining the
magmatic belt on its Pacific side is exposed in Taiwan and
Japan but elsewhere must lie offshore, on the continental
shelf. The northeast-trending belts are printed across the
obliquely truncated end of an older terrain of mostly
Paleozoic and Triassic orogeny, which trends
northwestward across northern Indochina (Fromaget, 1952;
Gatinskiy and others, 1973; Nguen Dinh Kat, 1970;
Postel’'nikov, 1964; Staritskiy and others, 1973) and which
apparently marks the suture along which Indochina collided
with China in the Triassic after an intervening ocean floor
disappeared beneath the Indochinese side. Some of the
upper Paleozoic and Triassic granites of Southeast Asia,
Sumatra, and eastern New Guinea and Australia may belong
to the subduction system now exposed in northern In-
dochina.

On the tectonic map (pl. 1) I have shown a belt of
melange and imbricated materials, deformed in Permian
or Triassic time, to trend northward through south-
western Kampuchea (Cambodia). This interpretation is
based primarily upon the descriptions of sheared com-
plexes by Gubler (1935; his Pailin, Press, and Kchol
complexes) and Gubler and Saurin (1962). Ultramafic
rocks, spilites, radiolarites, clastic sediments bearing
arenaceous foraminifera, and other rock types including
shallow-water sediments are all sheared together and in-
tercalated in steep-dipping chaotic array. The terrain in-
cludes fossiliferous sediments as young as Permian
(Gubler, 1935) and intruded by undeformed granite that
has a single biotite potassium-argon date of 180 m.y. (P.
Lacombe as cited by Faure and Fontaine, 1969). On strike
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farther north in Thailand, Daniel R. Shawe (written
commun., 1977) interpreted ophiolite fragments and
regional geologic relationships to record the collision of two
subcontinental masses in Late Carboniferous or Early
Permian time.

The extreme west edge of the Indochina Peninsula, just
north of the area of the tectonic map, consists of Devonian to
Triassic sedimentary rocks deformed with northwestward
trends and intruded by Triassic (and younger?) granites
(Hughes and Bateson, 1968). Tin occurs with Triassic
granite, indicating likely continuity of petrologic and
tectonic terrains with those of the Malay Peninsula.

The Triassic and older complexes are overlain with strong
unconformity by little-deformed Upper Triassic, Jurassic,
and Cretaceous strata of the Korat (or Khorat) Group in
northeast Thailand (Borax and Stewart, 1965; LaMoreaux
and others, 1958; Ward and Bunnag, 1964). These continen-
tal clastic sedimentary rocks, characteristically redbeds, are
several kilometers thick and are preserved primarily in the
broad basin of the Korat Plateau. The continental strata
interfinger both eastward and westward into marine sec-
tions. In southwestern Kampuchea (Cambodia), within
the area of the tectonic map of the Indonesian region,
another large mass of little-deformed Korat strata is
preserved (Gubler, 1935) in a basin that plunges
southward beneath the Gulf of Thailand and there con-
tains about 3,000 m of section (pl. 1). A reconnaissance
paleomegnetic study of a mere nine samples suggests a
paleomagnetic pole position for Jurassic redbeds to be
near lat 69° N., long 177° E. (Haile and Tarling, 1975). If
this pole represents the Jurassic paleogeographic pole
position, then the region has rotated slightly clockwise
but has undergone little change in latitude since Jurassic
time. The confidence limits are however poor: ags = 26°.

RELATIONSHIPS OF PALEOZOIC AND TRIASSIC TERRAINS OF
SUMATRA, MALAYA, AND INDOCHINA

The pre-Cenozoic rock assemblages of Sumatra, Malaya,
and Indochina are similar, but their belts appear to pe offset
by strike-slip faults or by crustal extension.

Sumatra and Malaya share similar eastern and western
facies of Paleozoic and Triassic strata, separated in each case
by what may be subduction melange. In the mountainous
belt of southwestern Sumatra, the facies boundary lies offset
at least 300 km west from the projection along the strike
from Malaya. A similar offset is indicated by the tin granites
if those of the western tin belt of Malaya formed in line with
those now present in central Sumatra. A large right-lateral
strike slip fault of late Mesozoic or Paleogene age might
trend northwestward beneath the Sumatra foreland basin or
the Strait of Malacca. The northwest tip of Sumatra projects
about 300 km northwest beyond the south-trending edge of
the Malay-Malacca continental shelf, and this projection
could be due to such afault. Alternatively, a sharp bend may
intervene between Malayan and Sumatran exposures. The

likely old-melange complexes of northwestern Sumatra
could have formed in the belts of Cretaceous and Jurassic
melange exposed in Burma and present offshore on the
continental shelf west of Malaya.

Another major offset may occur between the Malay and
Indochina Peninsulas, beneath the Gulf of Thailand. The
major facies boundary and melange(?) of medial Malaya
trend northward into the gulf near the meridian of 101°30’ or
102° E., whereas what may have initially been the continua-
tion of the same boundary trends southward into the
opposite side of the gulf from Kampuchea (Cambodia) along
about 104°30’ E. An offset beneath the Gulf of Thailand of
about 300 km could account for this. The thick sedimenta-
tion and echelon structures within the Gulf of Thailand are
interpreted in the subsequent section on the South China Sea
to represent oblique right-lateral extension, and the 300-km
offset may be a measure of the extension.

BORNEO

The basement terrain of western and interior Borneo’ (fig.
38) consists of Paleozoic and Mesozoic, and possibly
Paleogene, sedimentary, metamorphic, granitic, and
volcanic rocks, and this region behaved more or less as a
craton in middle and late Cenozoic time. Bounding this old
terrain on the east, northwest, and north are younger
additions to the continental crust: regions whose basement
consists of subduction complexes of Late Cretaceous,
Eocene, and middle Tertiary ages, respectively, overlain by
younger sediments. The Indonesia Geological Survey
(1970a, b) published compilations of available geologic
mapping for the south half of Kalimantan; Wilford (1967)
presented a geologic map of Sabah; and Liechti, Roe, and
Haile (1960) compiled a map of both Sarawak and Sabah.

PRE-TERTIARY COMPLEXES

Variably deformed and metamorphosed Paleozoic and
Mesozoic sedimentary and volcanic rocks, and Mesozoic
granitic plutons, form the basement of western and interior
Borneo, (pl. 1). These complexes have been studied in
systematic reconnaissance in far-western Sarawak, but they
are known only from very widely separated observations and
traverses in the vastly larger region of Kalimantan. Subduc-
tion melange, largely or wholly of Cretaceous age, occurs in
both northwestern and southeastern Borneo, on opposite
sides of a broad terrain dominated by Cretaceous magmatic
rocks. At least some of this intervening terrain was of silicic,
continental character before Jurassic time. Problems out-
number certainties in interpretations of this region.

™ The island is Borneo to the Malaysians and most of the rest of the world, but Kalimantan to the
Indonesians, who use the term also for that part of the island which is Indonesian territory. In this
report, “Borneo™ is used to refer to the entire island, and “Kalimantan™ to its large Indonesian portion
alone, Western Malaysian Borneo is the state of Sarawak (which encloses tiny independent Brunei),
and northern Malaysian Borneo is the state of Sabah.
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fields of the Royal Dutch/Shell Group presumably include
both stratigraphic traps and shale-cored anticlines.

Upper Miocene and younger clastic strata, mostly sands,
are preserved in open synclines, with gentle to moderate
dips, downfolded into the older and more deformed terrain.

NEOGENE IGNEOUS ROCKS OF INTERIOR BORNEO

Neogene andesite, dacite, and basalt form small volcanic
fields lying unconformably upon the Eocene melange terrain
of central Sarawak (Kirk, 1968) and upon various terrains in
northwestern, north-central, and northeastern Kalimantan
(Rutten, 1947, and Zeijlmans van Emmichoven, 1938).
Several K-Ar age determinations made for Atlantic
Richfield Indonesia on rocks from small volcanic piles in
northeastern Kalimantan indicate ages of 1.5-12 m.y. Many
small Miocene intrusions of intermediate composition are
present in far-western Sarawak (Kirk, 1968). These
magmatic rocks occur within a broad arcuate belt concentric
to the middle Tertiary outer-arc basin of northwestern
Borneo (pl. 1), and perhaps they are a byproduct of a
subduction system whose early phase is recorded by the
Eocene melange, whose middle phase is recorded by that
outer-arc basin, and whose late phase is represented by the
Northwest Borneo Trench.

CENOZOIC COMPLEXES OF SABAH

Cenozoic subduction is recorded in Sabah by lower and
middle Tertiary melange and broken formations, by upper
Oligocene and Neogene calc-alkalic volcanic rocks, and by
what may be an outer-arc basin of Neogene strata. The
whole terrain forms the middle part of an oroclinal(?) Z
structure that provides continuity between the subduction
complexes of northwest Borneo and of the Sulu Island Arc.
Reconnaissance geologic maps have been published for all of
Sabah, but the data contained in them, and the descriptions
in the accompanying reports of rocks, structures, and
relationships, are so fragmentary that major ambiguities
remain in interpretations.

TERTIARY MELANGE

The northeastern half of Sabah consists mostly of melange
and broken formations, in a broadly arcuate belt that swings
from west-soutwestward strikes in the east, where the Sulu
Arc comes ashore, to northwestward in the northwest (pl. 1).
In the northwest, it swings abruptly but complexly to
become the subduction terrain of the Northwest Borneo
system. Strikes are erratic in detail, and dips are moderate to
steep either landward or seaward. The Sabah complex
involves materials of Late Jurassic or Cretaceous to early or
middle Miocene ages and formed in part during the Miocene
but likely mostly within the Paleogene.

The melanges are giant breccias, consisting of lenses of
resistant or coherent rocks in highly sheared matrixes of
scaly clay or phyllite or of more formless breccias. They have
been described by Collenette (1958, 1965, 1966), Haile and
Wong (1965), Jacobson (1970), Kirk (1962), Koopmans

(1967), Lee (1968), Leong (1971b), Liechti (1967), Liechti,
Roe, and Haile (1960, p. 81-106), Meng (1972), New-
ton-Smith (1967), Stephens (1956), and Wilson (1961, 1963)
and have been interpreted as products of regional shearing
or of submarine slumping. Photographs of melange and
broken formations have been published by Jacobson (1970,
pls. 7, 9, 48, and 49) and by Liechti, Roe, and Haile (1960,
pls. 26, 27, and 33), and more are given here in figure 41. The
degree of internal dislocation and the dominant com-
positions of resistant lenses vary from place to place, and
these properties, combined with assumptions regarding local
structural relationships, have led to confusingly inconsistent
designations for the complexes, as Brondijk (1964) rightly
protested. The Chert-Spilite, Trusmadi, and Wariu For-
mations appear to be entirely of melange, and the Ayer,
Crocker, Kudat, Kulapis, Labang, and other units include
much melange.

One very abundant, polymict melange type, that of the
Chert-Spilite and Wariu facies, is characterized by lenses of
ophiolite. The largest of these are shown separately on the
tectonic map (pl. 1). Smaller lenses and blocks occur, on all
scales down to that of the outcrop. The mafic and ultramafic
rocks have been described by Collenette (1958), Hutchison
and Dhonau (1969, 1971), Jacobson (1970), Johnston and
Walls (1975), Kirk (1968), Koopmans (1967), Leong (1971a),
Wilson (1963), and others. Unaltered remnants of the
widespread ultramafic rocks are mostly harzburgite
(enstatite peridotite), but the rocks are now largely serpen-
tinite. Altered basalt, pillow basalt, fragmental basalt, and
spilite are ubiquitous. Abyssal pelagic sediments, notably
manganiferous radiolarian chert and cherty shale, occur
primarily in contact with the basalt, and the Late Cretaceous
and early Tertiary ages of the radiolaria (Kirk, 1962) provide
minimum ages for the basalts, which presumably formed as
oceanic crust. Dolerite and gabbro, variably hornblendized,
are less common. In some areas in the east, the ophiolites
include moderately to highly metamorphosed rocks and
consist of greenschist, or of amphibolitic or py-
roxene-granulitic gneisses, enclosing lenses of serpentinite.
Single K-Ar age determinations of 100 and 140 m.y. were
reported by Hutchison and Dhonau (1968) for two of these
amphibolitic rocks, and Meng (1972) listed seven deter-
minations scattered from 87 to 210 m.y. Glaucophane schist
has been found in central Sabah (Johnston and Walls, 1975;
Kirk, 1968). Graywacke and low-grade metagraywacke
dominate the lenses of sedimentary rocks, although shale is
preserved also in the least sheared parts of the terrain. Much
of the sandstone includes a volcanic component (Johnston
and Walls, 1975). Foraminifers in both matrix and lenses of
resistant sediments are mostly abyssal arenaceous types, not
useful for dating, but calcareous foraminifers have been
found in many localities and are of Early Cretaceous to late
Oligocene or early Miocene ages (Collenette, 1965; Kirk,
1962; Meng, 1972; Newton-Smith, 1967; Stephens, 1956).
Eocene, Oligocene, and Miocene(?) foraminifers are com-
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monly in close proximity in the melange (Liechti and others,
1960, p. 101-104).

Melange containing fragments of high-pressure
metamorphic rocks and of ophiolite was described from
eastern Sabah by Haile and Wong (1965) as the “polymict
boulder bed facies” of the Ayer Formation. This melange
type consists of squeezed and slickensided lenses of many
lithologies in a matrix of “mylonitic shale.” The sheared
lenses of resistant rocks in the scaly matrix reach lengths of
at least 200 m and include glaucophane schist, eclogite,
kyanite schist, corundum-pyrope amphibolite, spilite, red
chert, metagabbro, and serpentinite, as well as resistant
sedimentary rocks that have yielded Upper Cretaceous,
Eocene, and Oligocene foraminifers. Fossiliferous lower or
middle Miocene rocks may also be involved in the melange,
although this is not made certain by the published descrip-
tions. High Miocene and younger strata overlie the melange
unconformably. High-pressure garnet pyroxenites among
the exotic blocks may have formed at mantle depths on the
order of 65 km (B. A. Morgan, 1974).

Other melange facies consist primarily of sedimentary
rocks, occurring in part as large coherent masses of
sandstone and shale and in part as broken formations of
lenses of resistant rocks in scaly-clay matrixes (fig. 41;
Collenette, 1958, 1965, 1966; Jacobson, 1970, Kirk, 1962;
Lee, 1968; Liechti and others, 1960, p. 81-92; Wilson, 1961).
The sandstones are quartzose, hence had a continental
source, and fossils are mostly abyssal arenaceous
foraminifers. Calcareous foraminifers, occurring mostly in
exotic lenses of limestone (which slid into the trench as
olistoliths from shallow water?), date many rocks as Late
Cretaceous through early Miocene. Although sandstone is
the most abundant lens-forming rock type in this facies of
melange, serpentinite, spilite, chert, and limestone are
common also.

Strata containing late Oligocene and early Miocene
foraminifers have been found within the polymict Sabah
melange in a number of areas across much of the width of the
terrain (Collenette, 1965, 1966; Lee, 1968; Newton-Smith,
1967; Stephens, 1956). Middle Miocene rocks may be
involved at least locally (Lee, 1968; Meng, 1972). Offshore
farther north, however, little-deformed strata as old as early
Miocene are present, and if they were deposited atop a
melange wedge, then that melange must have formed within
Paleogene time. A collision suture is inferred in the
subsequent “Discussion” section to lie within the Sabah
terrain.

Attitudes of layering shown on the reconnaissance
geologic maps of western Sabah (Collenette, 1958, 1965;
Fitch, 1958; Stephens, 1956) define a complex but abrupt
swing from northwestward to south-southwestward trends.
The Sabah and Northwest Borneo subduction complexes
belong to a single continuous system. The axis of the sharp
but irregular inflection between them trends approximately

south-southeastward from the northwest coast, near long
116°25" E., to the Indonesian border at about 117° E.

OLIGOCINE T'0O QUATEFRNARY MAGMA I'IC-ARC ROCKS

The inactive Sulu Island Arc system comes ashore in
eastern Sabah, where arc magmatism is recorded by upper
Oligocene to Quaternary volcanic rocks, mostly of in-
termediate compositions (pl. 1). The arc system is now
dormant, for it has neither active volcanoes nor a present
Benioff seismic zone, but the apparent youth of the trench
along the northwest base of the island arc and of some of the
volcanoes in the system shows that its deactivation was quite
recent. The island-arc system of trench and composite ridge
of melange and of volcanic rocks is described in a subsequent
section of this report; the arc emerges in the northeast as the
Zamboanga Peninsula of western Mindanao, and in the
southwest as the Semporna Peninsula of southeastern
Sabah. In the Semporna Peninsula, the volcanic arc is shown
most conspicuously by large Pliocene and Quaternary
volcanoes of intermediate calc-alkalic rocks—two-pyroxene
andesite, hornblende andesite, and dacite (Kirk, 1962, 1968).
Upper Oligocene and Miocene sections both on this
peninsula and on Dent Peninsula to the north contain locally
voluminous andesite and dacite, particularly as tuffaceous
sediments (Haile and Wong, 1965; Kirk, 1962), and,
although now much deformed, apparently were deposited
upon preexisting polymict melange. Farther west, in
west-central Sabah, late Tertiary stocks of biotite and
hornblende quartz monzonite and granodiorite were in-
truded into broken formations and melange (fig. 43;
Jacobson, 1970). Whether or not some of the “spilite” and
“basalt” of the reconnaissance mappers are volcanic rocks of
arc type, rather than an oceanic-crust component of melange
(as much of it apparently is), is not made clear by the meager
published descriptions of the rocks. No igneous rocks of
magmatic-arc type older than late Oligocene have been
recognized in Sabah.

NEOGENE STRATY OF NOR THEAST-SABAH
AND 1S CONTINENTAL SHIEFLFEF

Coherent but much-deformed, thick middle Tertiary
strata in northeastern Sabah may represent an outer-arc
basin. The strata occur in a belt superimposed on the
northeast half of the broader belt of middle Tertiary melange
of Sabah. Melange involving ophiolite occurs both north of
the belt and (as uplifts?) within 1t, and the northern
exposures may represent the outer-arc ridge of the time. The
possible outer-arc basin strata include much of the Miocene
and Kulapis Formation of Fitch (1958), though even his
Miocene includes polymict breccia according to Lee (1968),
and of the Ayer, Kulapis, and Labang of Haile and Wong
(1965), the Kudat of Liechti, Roe, and Haile (1960), and the
Crocker of Wilson (1961). The rocks are dominantly clastic,
and include deep- and shallow-marine and brackish-water





























































































































































































































































































SULAWESI (CELEBES)

across the deeper parts, according to this interpretation.
Island arcs generally are convex toward the direction of their
advance, whereas the eastern arc of Sulawesi is broadly
concave in this direction. The concavity, however, is
centered on the central Sulawesi sector in which the ridges
have remained locked together. Southward from this join,
the Southeast Arm trends are toward the east.

EASTWARD MIGRATION OF SUBDUCTION SYSTEM

A subduction system appears to have migrated eastward,
from a position along the southeast margin of a Java- Java
Sea-Borneo continent to that of the present Banda Arc,
during Late Cretaceous and Cenozoic time.

JAVA, BORNEO, AND SULAWESI

The eastward migration of a subduction system during
Late Cretaceous and Cenozoic time is recorded by the
geology of central Java, the southeastern part of the Java
Sea, southeastern Borneo, and Sulawesi. The migration is
shown by the eastward growth of melange terrains, by the
position of the Neogene magmatic arc to the east of the
Cretaceous one, and by the rifting of the eastern arc of
Sulawesi from the western arc and of Sulawesi from Borneo.
Presumably both melange accretion and rifting resulted in
intermittent abandonment of descending plates of oceanic
lithosphere as new hinges developed farther east. The
distribution of magmatic rocks was inferred in a prior
section to indicate that subduction occurred largely within
Late Cretaceous and Neogene time, with little if any activity
during the Paleogene.

SUMBAWA AND FLORES

Clockwise rotation of eastern Sumbawa and western
Flores some 45° from Sulawesi and the continental shelf of
the Java Sea is inferred from geologic and crustal
relationships. The islands of the presently active inner
magmatic arc extending east from Java expose rocks as old
as early and middle Miocene only as far east as central
Flores, beyond which the volcanic ridge is narrower and the
oldest rocks seen are late Miocene or Pliocene. The Flores
Sea, between Flores and eastern Sumbawa on the south, the
Java Sea shelf on the northwest, and Sulawesi on the north,
is very deep, hence oceanic in crustal structure, and bears
little sediment (fig. 56C), hence likely is young. The broad
Neogene magmatic terrain of the South Arm of Sulawesi
projects southward toward a truncation by the north edge of
the Flores Sea. The sector of the magmatic arc containing
eastern Sumbawa and western Flores may have broken away
from the western arc of Sulawesi, with which it was
continuous previously, in the late Miocene and opened the
Flores Sea (fig. 77). Farther east, the subsequent volcanic arc
was built upon oceanic crust, whereas in the Java-Sum-
bawa-western Flores sector the new magmatic arc was
superimposed on the old. The narrow and relatively shallow
Bali Basin, north of Bali, Lombok, and western Sumbawa,
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may record tensional thinning, but not complete rifting, of
the pre-Miocene crust.

BANDA ARC

The modern Java Trench subduction system began
operating at least as early as late Oligocene time, yet no
magmatic evidence is apparent for subduction beneath
Sulawesi during the Paleogene and early Miocene. As a
number of island arcs elsewhere are known to have migrated
during their development—this is discussed at length subse-
quently, particularly regarding the Mariana system —one
explanation possible for the gap in magmatism is that the arc
form migrated eastward away from Sulawesi, opening the
Banda Sea behind it, to become what is now the Banda Arc
(fig. 77).

No drill holes yet date the floor of the Banda Sea. The
Banda Sea has locally thick turbidites (fig. 74A4), but its
pelagic sediments thin eastward away from Sulawesi (fig.
76A, C, E)and could be entirely Neogene. Formation behind
an eastward-migrating arc is inferred. If, alternatively, the
Banda Sea was enclosed behind a newly inaugurated Banda
Arc, then the oceanic crust so enclosed was not a piece of the
old Indian Ocean floor, but belonged to some younger plate.
Further, no abyssal plain of sediments exists that could have
been derived from Australia or New Guinea before forma-
tion of the arc.

Melange is now being formed in the outer-arc ridge of the
Banda Arc, and upper Neogene melange is exposed on the
islands. Much of the material composing the ridge may,
nevertheless, have moved with the migrating ridge from an
initial site on the margin of the Asian continent as it once
existed at Sulawesi. Paleogene strata bearing an Asian
anthracothere on Timor, discussed previously, provide a
notable example. Continuing imbrication in the wedge of
rocks above the subducting oceanic and, most recently,
continental Australian plates has mixed young and old
components.

Neogene subduction may have been rejuvenated beneath
Sulawesi after the primary arc migrated away from it.
Subduction continuing into Pliocene time is indicated by the
voluminous magmatic rocks of Sulawesi. Even asthe Banda
Arc migrated away from Sulawesi, creating the Banda Sea
behind it, the western part of the Banda Sea may have been
subducted beneath Sulawesi. This situation is-analogous to
that of the Philippine Sea, which is being created as the
Mariana Arc migrates eastward, yet simultaneously is being
consumed on the west at the Mindanao Trench.

PALEOGENE HISTORY OF JAVA, BORNEO, AND SULAWESI

In the various components of the arc system occur many
subduction melanges that could, in the lack of definitive
dating, be of early Tertiary age; but only in central Java
(where Eocene strata overlie a melange that contains
probably Paleocene nannofossils) does it appear that a
Paleogene date can actually be specified. Correspondingly,
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no tightly dated Paleogene magmatic rocks, of the types
likely to have formed above a Benioff zone, predate the late
Oligocene. A few isolated early Tertiary K/Ar age deter-
minations have come from the region: two of 58 m.y. for
basement samples north of Java (fig. 46), one of 31 m.y. fora
granodiorite at the base of the North Arm of Sulawesi.
Otherwise, the magmatic rocks appear to be of Cretaceous
and Neogene ages. If the lack or scarcity of subduction and
arc-magmatic complexes representing most of the Paleogene
is real, and not merely an illustration of lack of knowledge,
then little subduction may have occurred within the
Java-Sulawesi-Banda system duringearly Tertiary time. The
northern part of the Indian Ocean is, nevertheless, shown by
the magnetic anomalies of the spreading oceanic ridges to
have been moving rapidly northward during this period.

Very early in Tertiary time, subduction may have slowed
or stopped on the Java-Sulawesi-Banda system, the plate to
the north of that arc then moving northward with the Indian
Ocean plate. Evidence for subduction southward beneath
northwest Borneo during the Paleogene was given in a prior
section, and this subduction fills the time gap missing in the
southern system. During the early Tertiary, the major
consumption of oceanic crust between converging Asian and
Indian Ocean plates may have been accommodated, within
the longitudes of Borneo, by subduction southward under
Borneo. In the late Oligocene, the major subduction again
became northward under the subcontinent from its southern
side.

This rationale can be fitted to the complexities of eastern
Indonesia, where small plates with rapidly changing boun-
daries and configurations have converged or swirled past
one another as Australia and New Guinea have moved
northward. Problems of a different sort complicate the
rationale to the west of Borneo. The Northwest Borneo
Paleogene subduction system does not continue around the
southwest end of the South China Sea to emerge in eastern
Indochina; nor does it continue across the Malay Peninsula,
Sumatra, or the Tin Islands. 1t was inferred for these reasons
in a prior section that Borneo pivoted counterclockwise
during Paleogene time, the subduction of the South China
Sea beneath it decreasing to zero near the west tip of Borneo.
A complementary change in north-dipping subduction
beneath Sumatra and Java may have accompanied this, that
subduction rate being near zero in the east but increasing
westward to accommodate the full amount of convergence
between Indian Ocean and Asian plates west of Borneo.

THE NORTHERN MOLUCCAS

The northern Moluccas—the Indonesian islands of
Halmahera, Obi, Waigeo, and their neighbors—occupy a
particularly chaotic tectonic setting. Their regionis bounded
on the south by the strands of the Sorong fault system
trending westward from New Guinea to Sulawesi; on the
west by the northern Molucca Sea; on the northeast by the
south end of the Philippine Trench; and on the east probably
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by a northwest-trending member of the Sorong system. The
geology of the islands is very poorly known.

HALMAHERA

The four-armed island of Halmahera resembles larger
Sulawesi in more than its irregular shape, for Halmahera
also has a western magmatic arc and an eastern terrain
dominated by apparent subduction melange. The magmatic
arc forms most of the North Arm!2 of Halmahera and the
islands west of the South Arm (fig. 79). According to the
interpretation of trimetrogon aerial photography by
Verstappen (1960), the two easternarms are deeply dissected
undulating uplands; the North Arm contains young
volcanoes within a complex graben; and the South Armisan
east-tilted fault block.

MELANGE

The Northeast and Southeast Arms of Halmahera are
shown on the tectonic map (pl. 1) as consisting of a
subduction complex because of the imbrication of ap-
propriate rock types. (My information on the structure
comes primarily from Rab Sukamto, oral commun., 1976,
who led a Geological Survey of Indonesia field party there;
published data, limited to rock-type information and local
attitudes, comes from widely spaced landings and traverses
reported by Brouwer, 1923c, and Wanner, 1913.) Ophiolite
(serpentinite, peridotite, gabbro, norite, basalt, red
radiolarian chert), pelagic sediments (marl, limestone, and
chert, bearing radiolaria, sponge spicules, and Cretaceous?
and Paleogene foraminifers), and shallow-water Miocene
strata are imbricated together. Melange is presumably
present, although Sukamto saw no outcrops of it. Young
coral reefs are raised high above sea level in some sectors.

The tiny islands about 30 km west of the north tip of
Halmahera are inferred on the tectonic map to consist of
Tertiary melange because of the brief, ambiguous descrip-
tion by Gogarten (1918a, p. 275, 276; 1918b, p. 277) of a
complex of intersheared “crystalline breccia,” limestone and
other sediments, and “conglomerate” containing “iron ore
blocks” and volcanic clasts.

MAGMATIC ARC

The North Arm, west-central Halmahera, and the islands
west of the South Arm consist of Tertiary and Quaternary
basalt, andesite, and dacite (Brouwer, 1921c, 1923d; Biick-
ing, 1904b; Gogarten, 1918b; Neumann van Padang, 1951, p.
251-271; Verbeek, 1908a, b). The active and recently extinct
volcanoes within this terrain form a narrower belt that trends
southwestward across the North Arm, thence curves
southward through the offshore islands.

Batjan (or Bacan)—the large island west of the South
Arm—contains also granitic and quartz dioritic gneisses and

contact-metamorphic schists (Brouwer, 1923d; Biicking,

2The arms are termed. in order clockwise from the northwest, the North, Northeast, Southeast,
and South Arms.



































































































AUSTRALIA

PROBLEMS OF PRECAMBRIAN GEOLOGY

Northwestern Australia has been a craton for about 1,800
million years. Precambrian sedimentary rocks and subor-
dinate basalts younger than 1,800 m.y. are little deformed
over large regions. These strata are preserved in broad
structural basins, and it is not yet clear what relationship, if
any, these basins have to the basins in which the strata
accumulated nor are the regional settings of sedimentation
yet apparent.

The extent to which plate tectonics controlled Australian
deformation and magmatism within Precambrian time is
still uncertain. Paleomagnetic orientations show motion of
Australia relative to both other continents and to the Earth’s
magnetic field during Precambrian time (Facer, 1974) but
not relative motion between Precambrian cratons within
Australia (McElhinny and McWilliams, 1977). A scheme
such as that outlined by Burke and Dewey (1973a) and
Sutton and Watson (1974) appears very plausible. Until
about 2,500 or 2,700 m.y. ago, the lithosphere was thin, hot,
and mobile, and there were no large cratons or internally
stable continental masses. From then until 2,000 or 1,800
m.y. ago, the lithospere became progressively more rigid,
and in an increasing number of regions motions of coherent
plates dominated deformation. Since 2,000 or 1,800 m.y.
ago, plate tectonics has operated everywhere, though in a
manner changing with time. Davidson (1973) interpreted
central Australian geology in terms of collision of two
continents about 1,100 m.y. ago. But many investigators still
dissent, and Rutland (1973) and McElhinny and
McWilliams (1977) argued that plate tectonics did not affect
Australia until Phanerozoic time.

LLOWER CAMBRIAN(?) PLATEAU BASALT

Basalt as thick as 1,000 m occurs between Precambrian
and Middle Cambrian strata over a broad region in north
Australia. Within the area of the tectonic map of the
Indonesian region, the basalt occurs primarily at the base of
the Paleozoic section of the Daly River Basin, lying with
slight unconformity beneath Middle Cambrian and younger
sedimentary rocks (Pontifex and Mendum, 1972; Walpole
and others, 1968). Most of the basalt is silica-saturated
tholeiite, similar to the tholeiite of the Columbia River
Plateau of the northwestern United States, and it occurs
mostly as subaerial lava flows; olivine basalt is much
subordinate (Bultitude, 1976; Dunn and Brown, 1969). The
rocks are presumed to be of Early Cambrian age but could be
wholly or partly very late Precambrian. Unfossiliferous
quartzose sandstone, chert, conglomerate, and limestone are
intercalated with the basalt (Sweet and others, 1974).

Continental tholeiites appear in many regions—as, in the
Triassic and Jurassic of the eastern United States and
Morocco, the Jurassic and Early Cretaceous of the
Gondwana continents, and the very early Tertiary of the
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lands around Baffin Bay and the Arctic and subarctic
Atlantic—to accompany tensional disruption of continents
as they begin to rift apart. No application for such a concept
to the Australian Cambrian tholeiite is obvious.

PALEOZOIC AND TRIASSIC STRATA

In northwestern Australia within the area of the tectonic
map of the Indonesian region, a thin lower Paleozoic section
is preserved in the broad Daly River Basin, and a thicker
section, spanning the Paleozoic and extending into the
Lower Triassic, is present in the Bonaparte Gulf Basin. The
latter basin is mostly offshore and is described in the section
on the continental shelf. Another marine Paleozoic basin,
the Canning River Basin, trends westward to the west coast
just south of the area of plate 1 (see fig. 112), and middle
Paleozoic sedimentary rocks there show that water then
deepened westward (Veevers, 1971b). Paleozoic strata
became decreasingly marine farther south in Western
Australia, presumably because India and Australia were
then parts of a single continent. Thinning of the
crust—premonitory rifting of India from Australia—may
have begun about the beginning of Devonian time, produc-
ing a seaway extending southward between them from the
Tethyan ocean to the north. (See Warris, 1973.)

The Kimberley Basin, or Kimberley Block, of
little-deformed Proterozoic strata is bounded on the south
by the west-northwest-trending King Leopold Mobile Belt
and Fitzroy Trough (fig. 112). The latter contains a thick
Paleozoic section deformed by west-trending compressional
folds. Smith (1968) proposed that the echelon folds formed
in response to right-lateral shear, directed
west-northwestward, in the basement, and Rixon (1978)
showed with model studies that this likely is correct.

Middle Cambrian to Lower Ordovician platform strata in
the broad Daly River Basin are exposed poorly in a region of
low relief (Pontiflex and Mendum, 1972; Walpole and
others, 1968). The section is only a few hundred meters thick.
The basal formation is of cherty limestone, with subordinate
intercalations of sandstone and siltstone. The rest of the
section consists of variably silicified limestone, dolomite,
marl, ferruginous sandstone, and siltstone.

PALEOZOIC DEFORMATION

The pattern of deformation in the Halls Creek mobile
zone bounding the Kimberley Basin on the southeast
suggests that major left-lateral strike-slip faulting, trending
north-northeast, was there superimposed in early Paleozoic
time on the products of Precambrian events (Plumb and
Gemuts, 1976). Tensional thinning of the continental crust
may have been the cause of formation of the Bonaparte Gulf
Basin in middle Paleozoic time, as noted previously. A very
different type of infracontinental plate deformation is shown
in central Australia, south of the area of the tectonic map,
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where the entire continental crust and upper mantle appear
to have been involved in upthrusts and downwarps at about
the beginning of Cambrian time, and again during the Late
Devonian or Early Carboniferous (Duff and Langworthy,
1974; Forman and Shaw, 1973).

CRETACEOUS STRATA

Thin subhorizontal, clastic Cretaceous strata of
shallow-marine and continental origin are widespread inthe
northern part of the Northern Territory (Skwarko, 1966,
1973a). The larger preserved areas of these strata are shown
on plate 1, but numerous small, irregular patches are
omitted. The rocks carry pelecypod faunas similar to those
of Cretaceous rocks in India, South Africa, South America,
and New Zealand.

NORTHWEST AUSTRALIAN SHELF

Much drilling and geophysical work has been done on the
continental shelf of northwest Australia in recent years. This
section of this report treats that part of the northwestern
Australian shelf west of the meridian of 132° E. The shelf
formed as a result of the rifting apart of Australia and India
within late Mesozoic time. During the earlier Mesozoic,
tensional thinning of the crust produced basins that were
filled by clastic sediments derived primarily from the Indian
side. Upper Cretaceous and Cenozoic strata, prograded
across older complexes, form the shelf assemblage.

BROWSE BASIN

The deeply filled Browse Basin trends northeastward in
medial position along the shelf, offshore from the Kimberley
Block (Allen and others, 1978; Halse and Hayes, 1971; Kaye,
1972; Martison and others, 1972; Powell, 1976, Williams and
others, 1973). At the southeast side of the basin, Upper
Carboniferous and Permian marine and nonmarine clastic
strata lap onto Precambrian rocks, and Jurassic and
younger strata lap further onto the basement. Jurassic and
Cretaceous clastic strata thicken greatly northwestward into
the basin and are on the order of 5,000 m thick in the axial
region, where the age of still older strata is unknown. The
Jurassic and Cretaceous thin again on the northwest side of
the basin, where thick Upper Triassic rocks have been
reached beneath them by drilling. The axis of maximum
Cretaceous sedimentation is offset northwestward from that
of the Jurassic. Tertiary strata are dominantly carbonates
and form a northwest-thickening wedge, deposited across
the basin as the entire shelf subsided about a hinge near the
present coastline.

BONAPARTE GULF BASIN

The U-shaped, northwest-plunging Bonaparte Gulf Basin
lies mostly on the continental shelf, although its southeast
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end is exposed onshore. The onshore basin fill is divided into
three main sequences by minor unconformities. The lower
sequence consists of about 1,000 m of Middle Cambrian to
Lower Ordovician strata, mostly quartzose sandstone but
including glauconitic sandstone, shale, and dolomite
(Kaulback and Veevers, 1969; Plumb and Veevers, 1971).
The middle sequence consists of Upper Devonian and
Carboniferous strata, 3,500 m thick in outcrop in the south
(Veevers, 1969a; Veevers and Roberts, 1968). Paralic
conglomerate and quartz sandstone in the southeast give
way upward to carbonates and subordinate clastics and give
way northwestward to shallow-marine quartz sandstone and
lagoonal and reef limestones, beyond which in turn are
deeper water shale and siltstone. The upper sequence
consists of about 2,000 m of Upper Carboniferous, Permian,
and Lower Triassic paralic and continental clastic strata
(Veevers and Roberts, 1968). The lower and middle
Paleozoic sequences are gently folded and broken by
numerous faults in the southwest part of the basin, but
elsewhere very gentle dips characterize all three sequences
(Plumb and Veevers, 1971).

The Bonaparte Gulf Basin continues far offshore to the
northwest, the Permian and Mesozoic part of its fill
thickening greatly (Edgerley and Crist, 1974; Kraus and
Laws, 1974; Laws and Kraus, 1974). Extensive pre-Upper
Devonian evaporites have risen as salt domes into higher
strata in the southwest part of the offshore basin. Following
Carboniferous faulting and major uplift of the flanking
Kimberley Blocks, 6,000 m of Upper Carboniferous and
Permian deltaic sandstone, shale, and minor limestone were
deposited in the basin. The depositional axis of these strata is
more or less coincident with the structural axis of the basin,
and the sands came primarily from the nearby Kimberley
and Sturt Blocks. Major regression of the sea during the
Early Permian, correlative with the deposition of glacial
strata, was followed by transgression, another regression in
the Late Permian, renewed transgression in the Early
Triassic, and long-continuing regression during the rest of
the Triassic and the Early and Middle Jurassic. Lower
Triassic shale and siltstone are overlain by marine Lower
and Middle Triassic marine sandstone and shale giving way
upward to fluvial sandstone, and above these are Upper
Triassic and Lower Jurassic redbeds.

The Bonaparte Gulf Basin presumably formed in response
to southwest-northeast extension of the continent, most
active during Devonian and Carboniferous time (Laws and
Kraus, 1974; Warris, 1973). This direction of extension was
later inactivated, and beginning in the Middle Jurassic,
extension was oriented northwest-southeast and the modern
continental margin began to develop.
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the south. The rocks are dated in the field only as older than
lower Miocene strata. Reconnaissance K-Ar and Rb-Sr
dating of both metamorphic and plutonic rocks in this
terrain indicates only early Miocene and late Oligocene ages
of 20-27 m.y. (Page, 1976). Perhaps this northern
metamorphic terrain has been transported from the Owen
Stanley terrain, which is truncated by major left-lateral
faults farther east (fig. 120); perhaps the terrain is part of the
magmatically heated island-arc terrain; or perhaps the
terrain was heated by hot, young oceanic lithosphere thrust
over it. (Compare Brookfield, 1977, and Woodcock and
Robertson, 1977.) The high-temperature metamorphic
terrain is included with melange on plate 1.

The Indonesian sector of the melange belt, from long 141°
E. to Geelvink Bay (Teluk Sarera) at 136° E., is known only
from extremely sketchy reconnaissance. Here also, ophiolite
slices and probable melange form a belt 50 km or so wide,
lying between the crest of the medial highlands and the broad
lowlands, in this case the Meervlakte (Lake Flat) to the
north. The northern part of the belt is dominated by
ophiolite, the medial part by metamorphic rocks, and the
southern part by highly deformed sedimentary rocks. A very
large ophiolite sheet, its top to the north, may be present west
and south of the western Meervlakte, where Visser and
Hermes (1962) show extensive gabbro and peridotite. The
metamorphic rocks are dominantly greenschists, derived
partly from sedimentary rocks (Bar and others, 1961; Visser
and Hermes, 1962), but glaucophane schist is present also
(Verhofstad, 1966). South of the metamorphic rocks are
highly deformed marine clastic sediments, of continental
derivation and of Jurassic to at least Paleocene age (Visser
and Hermes, 1962; van der Wegen, 1966). The deformation
in these last-noted materials decreases southward, and the
southern contact of melange is drawn arbitrarily within them
on the tectonic map.

The metamorphic rocks of Wandamen Peninsula, in
southwestern Geelvink Bay (Teluk Sarera) at 134°30’E.,
described in the prior section on the Paleozoic basement
complex of Vogelkop, may belong to the Tertiary melange
terrain.

OPHIOLITE OF PAPUAN PENINSULA

An enormous ophiolite sheet—a large slab of oceanic
crust and mantle—is thrust southwestward onto eastern
New Guinea (Davies, 1971a, 1976; Davies and Smith, 1971).
The sheet is 400 km long (of which 250 are within the area of
the tectonic map of the Indonesian region) and 40 km wide
and forms a crescentic belt concave to the northeast. The
sheet dips gently to moderately northeastward (Finlayson,
Drummond, and others, 1976, 1977; Milsom, 1973; St. John,
1970) and has a maximum thickness of about 15 km
(Finlayson, Muirhead, and others, 1976). The top 4 km
consists of massive and pillow-lava low-potassium basalt,
plus minor dacite. The next 4 km is of low-potassium gabbro,
of which the upper 1 km is diabasic, and the rest is granular
and includes much cumulate gabbro. Below the gabbro are 8

251

km of ultramafic rocks. The thin upper part of the ultramafic
mass consists of cumulate peridotite, no more than 500 m
thick, which contrasts strikingly with the thick lower part, of
metamorphic-textured peridotite (harzburgite) and subor-
dinate dunite and enstatite pyroxenite. The rocks are
variably altered. Much of the basalt is now spilite or
low-grade greenstone, and the ultramafic rocks are partially
serpentinized. Upper Cretaceous pelagic foraminifers occur
in marl with pillow lava at the east end of the complex. Two
gabbros have K-Ar ages of 147 and 150 m.y., and one basalt
has a K-Ar pyroxene age of 116 m.y.

The rock types, succession, and thicknesses indicate the
ophiolite to be a huge slice of oceanic crust and mantle
(Davies, 1971a). The basalt and gabbro are the crust, the
ultramafic rocks the mantle. The basalt, gabbro, and
cumulate ultramafics formed at an oceanic spreading center
in Late Jurassic or Early Cretaceous time. The
metamorphosed ultramafic rocks are old mantle, such as
formed the bulk of the lithospheric plate on which the new
crust formed. These metamorphosed ultramafic rocks have
little-varying, highly magnesian mineral compositions, in
accord with the concept that they are refractory mantle
residues left after melting and migration of more fusible
components, whereas the same minerals in the younger
cumulate ultramafites show greater ranges and less magne-
sian compositions (England and Davies, 1973).

A broad belt of subduction melange lies beneath and
southwest of the ophiolite thrust sheet. The explanation is
developed in a subsequent section that the ophiolite sheet is
the basement beneath an island arc that collided with New
Guinea in Miocene time and that the melange formed by
subduction in front of the advancingarc. The ophiolite sheet
is intruded by Eocene quartz diorite and overlain by Eocene
andesite, and rocks metamorphosed beneath the hot thrust
sheet have an Eocene metamorphic age (Davies, 1976). The
island arc of which the ophiolite forms the basement was
thus active in Eocene time.

MIOCENE

PALEOGENE,  AND  LOWER

VOLCANIC ARC

CRETACEOUS,

The exposures of the broad melange belt are in most
sectors bounded on the north by the fill of the wide
Meervlakte, Sepik, and other lowlands, or in part of the
Sepik sector by terrains of high-temperature, low-pressure
metamorphic rocks extending to those lowlands (fig. 120).
Between these basins and the north coast is another
mountainous belt, 100 km or so wide, known as the
Northern Divide Ranges (or Van Rees Mountains) in
Indonesian New Guinea, and as the Adelbert, Finisterre,
Torricelli, and other ranges in Papua New Guinea (fig. 118).
These northern mountains, described in this section from east
to west, consist of deformed upper Miocene and younger
sediments overlying Cretaceous, Paleogene, and lower
Miocene complexes that are regarded as products of the
magmatic part of the island arc of which the melange to the
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south is another manifestation. Detailed field and petrologic
studies of these rocks are needed to permit more thorough
interpretation.

The Adelbert Range and Finisterre Mountains, in
northeastern New Guinea between long 145° and 148° E.
(fig. 118), expose Eocene pelagic and hemipelagic sediments
overlain by Oligocene and lower Miocene mafic and
intermediate breccias, volcaniclastic sediments, and subor-
dinate submarine lavas (Jaques, 1976a; Jaques and Robin-
son, 1975; Robinson, 1974; Robinson and Jaques, 1974a, b).
The igneous rocks are mostly potassic basalt and low-silica
andesite. Dips are dominantly northeastward. The volcanic
rocks are overlain with strong unconformity by
little-deformed middle or upper Miocene and younger
strata, dominantly limestones, and locally by mafic volcanic
rocks. Late Quaternary uplift has exceeded 600 m along
parts of the north coast (Chappell, 1974). South of the
Finisterre Mountains, the northeastern part of the great
ophiolite sheet of eastern Papua New Guinea is intruded by
stocks of quartz diorite, of which a number of samples have
K-Ar ages of 50-55 m.y., and is overlain by Eocene andesite
(Davies, 1976). The quartz diorite and andesite presumably
belong to the magmatic arc. The middle Tertiary rocks and
history of the Adelbert-Finisterre terrain resemble those of
the northern part of New Britain, which now lies in echelon
to the northeast but which might in early Miocene time have
lain farther east on strike in the same arc system. Upper
Oligocene and lower Miocene basalt, andesite, and dacite
near the north coast of the Papuan Peninsula in the area
about 149°45’E. (Smith and Davies, 1976) may belong to the
same or a different arc.

The pre-middle Miocene rocks of northwestern Papua
New Guinea, in the Oenake Range and the Bewani,
Torricelli, and Prince Alexander Mountains, north of the
Sepik lowlands between 141° E and 144° E. (fig. 118), also
belong in large part to the magmatic-arc terrain (D. S.
Hutchison, 1975; also Robin Beiers, written commun., 1969;
Harrison, 1969; Hutchison and Norvick, 1975a,b; Marchant,
1969; and Norvick, 1975). Crystalline rocks dominate the
higher parts of the ranges and include variably altered mafic
and intermediate lava, pillow lava, breccia, and tuff,
comagmatic plutonic rocks, and greenstone, greenschist,
and amphibolite. The older of the dated volcanic rocks are
Paleocene and Eocene, are dominantly basaltic, and contain
minor intercalated limestone that is of deep-water origin in
the older sections but includes shallow-water material in
younger sections (D. S. Hutchison, 1975). The younger
volcanic rocks are of late Oligocene and early Miocene age,
include much andesite and some dacite and rhyolite, and
contain intercalations of shallow-water limestone. These
assemblages thus record typical petrologic and bathymetric
development of an island arc. Foraminifers of possible Late
Cretaceous age have been found in one area, and reworked
Upper Cretaceous foraminifers occur in younger sediments
(D. S. Hutchison, 1975). The plutonic rocks are dominated
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by gabbro, diabase, and diorite but include subordinate
granodiorite, monzonite, and quartz monzonite, and rare
ultramafic rocks. Reliable K-Ar age determinations for the
plutonic rocks are mostly Late Cretaceous and late Eocene
to early Miocene (D. S. Hutchison, 1975). Volcanic and
plutonic rocks are low in alkalies and moderate to high in
alumina and are chemically intermediate between tholeiitic
and calc-alkalic arc rocks (D. S. Hutchison, 1975). In the
Prince Alexander Mountains, much-sheared and more
silicic plutonic and metamorphic rocks are present (D. S.
Hutchison, 1975). Variably mylonitized granodiorite,
diorite, diabase, amphibolite, and quartz-biotite schist are
common and have K-Ar ages mostly near 100 m.y. These
rocks are intruded by andesite dikes and more silicic

.porphyries, which have K-Ar ages of about 20-25 m.y.

Gabbro and cumulate ultramafic rocks dominate one area;
clinopyroxene is the dominant mineral in the ultramafic
rocks, which thus likely belong to arc rather than
oceanic-mantle magmatism. Variably metamorphosed
metasedimentary and metavolcanic rocks in the southern
part of the arc terrain are mostly undated, but Late
Cretaceous and Eocene foraminifers have been found locally
in associated limestone (D. S. Hutchison, 1975). A belt of
polymict melange about 20 km trends along the northern
part of the several ranges (Dow, 1977). Middle Miocene and
younger nonvolcanic sediments overlie these various com-
~lexes unconformably.

Within Indonesian New Guinea, all the Upper Cretaceous
to lower Miocene rocks north of the melange-and-ophiolite
terrain are assigned to the volcanic-arc complex on the
tectonic map. The inadequate basis for this assignment lies in
the brief descriptions by van Dun (1962), Visser and Hermes
(1962), and Zwierzijcki (1924). The most abundant rocks are
basic and variably altered (but otherwise undescribed)
volcanic rocks and volcanigenic clastic sediments. Basic
intrusives, pelagic silicic and carbonate strata, and (in the
Oligocene and lower Miocene only) shallow-water limestone
are also common. The sedimentary rocks are dated by
foraminifers in many places as of Late Cretaceous,
Paleogene, and early (and middle?) Miocene ages. The
volcaniclastic sedimentary rocks are dominantly turbiditic
sandstone, siltstone, and shale. Also present in small areas
within the terrain are schists and ultramafic rocks; the latter
might be cumulates formed within the magmatic arc or else
be part of the oceanic crust and mantle upon which the
magmatic arc was formed. The shallow-water limestones
high in the piles may record the time late in the history of the
arc when islands were common and fringed by reefs. The
upper part of the Miocene is generally missing in this region,
and the upper Neogene sediments are nonvolcanic and are
interpreted in a subsequent section as postdating the
collision of island arc and New Guinea. Much more
information is needed on the petrology of the volcanic rocks
and on the relationships between the various rock
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assemblages before such interpretations can be made with
any confidence.

The Tamrau Mountains of far northern Vogelkop, north
of the Sorong fault zone, and of northeastern Vogelkop
between the Ransiki fault and Geelvink Bay, include
widespread intermediate lavas, pyroclastic rocks, and
porphyries (d’Audretsch and others, 1966; Robinson and
Ratman, 1977, 1978, Valk, 1962). Andesite is dominant and
some basalt, dacite, and rhyodacite occur. Intercalated shale
and limestone include upper Oligocene or lower Miocene
fossiliferous strata (Valk, 1962). The volcanic section is
overlain by upper Neogene strata and is assumed by
d’Audretsch, Kluiving, and Oudemans, (1966) and Visser
and Hermes (1962) to correlate with Paleogene andesites
farther east in northern Indonesian New Guinea.
Presumably the volcanic rocks belong to the Paleogene
island arc. Granite of likely Permian or Triassic age and
melange of post-Jurassic age also occur north of the Sorong,
so geologic relationships must be complex.

ISLANDS NORTH OF GEELVINK BAY

Deep, triangular Geelvink Bay (Teluk Sarera) is closed on
the north by the platform upon which stand Yapen (Japen),
Biak, Supiori (Soepiori), and several smaller islands. The
islands, whose geology was described briefly by Visser and
Hermes (1962), are inferred to be fragments of the Paleogene
volcanic arc that is exposed widely in northern New Guinea.
Geelvink Bay may be closed by crustal masses dragged
across to the north of it along faults of the Sorong system.

Long, narrow Yapen Island consists mostly of mafic rocks
(greenschist, gabbro, porphyritic basalt and andesite, brec-
cia, tuff) and possibly serpentinite and peridotite (Visser and
Hermes, 1962). Volcaniclastic graywacke and clay inter-
calated with the volcanic rocks have yielded lower Miocene
fossils, partly from shallow-water environments; poorly
dated Miocene limestone overlies(?) the section. Dips are
mostly moderate to steep. An assignment to the Paleogene
and lower Miocene volcanic-arc assemblage of northern New
Guinea is suggested on the tectonic map. The similarity of
the tock types and apparent stratigraphy to those of the
Jayapura (or Djajapura; previously Sukarnapura, and
before that Hollandia) region, on the north coast near 141°
E., was emphasized by Visser and Hermes (1962, p. 111). The
island appears to be a large sliver within the left-lateral
Sorong fault system, and it might have been torn from an
initial position closer to Jayapura and transported westward
600 km or so. Pliocene and Quaternary limestone, marl and
volcanigenic sediments are little deformed.

Biak and Supiori Islands expose crystalline rocks in only
one small area each, and these are mentioned vaguely as
basalt, tuff, schist, and serpentinite by Visser and Hermes
(1962). Otherwise, the islands expose moderately deformed
upper Oligocene or Miocene limestone and marl, and gently
dipping Pliocene and Quaternary marl and reef limestone. It
is not clear from the fragmentary published descriptions
whether the crystalline rocks belong to a volcanic-arc
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assemblage or an ophiolitic complex. The arc designation is
suggested on the tectonic map and, like nearby Yapen,
Biak and Supiori might have been torn from farther east in
northern New Guinea and transported to their present sites
along faults of the Sorong system.

INTERPRETATION OF THE ISLAND ARC

The pre-middle-Miocene rocks of northern New Guinea
form three great belts. On the south is the belt of subduction
melange. The southern part of this melange represents the
crumpled terrigenous clastic sediments of the upper
Mesozoic and Paleogene continental slope of New Guinea,
and the rest is polymict melange containing many exotic
elements. In the middle is a belt containing small to
enormous masses of ophiolite. Farthest north is another
broad belt, formed largely of submarine mafic and in-
termediate volcanic rocks and their intrusive and
volcanigenic-sedimentary equivalents. These three belts are
regarded as parts of an island arc that migrated southward
during the Late Cretaceous and Paleogene and collided with
the previously stable northern margin of New Guinea during
Miocene time. Such an explanation was proposed by Davies
and Smith (1971) for the Papuan peninsula and by me
(Hamilton, 1970a) for all of the island and has been adopted
by many others since.

Of the ophiolite masses, only the great sheet of the Papuan
Peninsula has been studied in any detail. It dips
northeastward, is right side up, overlies a thick mass of
subduction melange, and lies south of, but in unseen
relationship to, and also beneath, volcanic rocks of
island-arc type. Presumably the ophiolite is a slab of oceanic
crust and mantle, generated at a spreading center, which
formed the hanging wall of an island-arc system whose
subduction zone is recorded by the melange to the south and
whose magmatic arc is the belt above and to the north.

This explanation appears to fit the geology of the rest of
northern New Guinea also. The magmatic arc in the north
has an age of Late Cretaceous, Paleogene, and early
Miocene. The subduction melange in the south incorporates
sediments of various ages from Jurassic to early Miocene,
but the older sediments are New Guinea shelf-and-slope
strata that predate subduction. The island arc was itself
likely a composite of the products of several subduction
systems.

The shelf edge of the late Mesozoic, Paleogene, and early
Miocene north margin of the Australia-New Guinea conti-
nent lay along what is now the medial mountain system of
New Guinea. Open water then lay to the north, for the shelf
sediments show increasing water depths northward, and
little of their clastic component was derived from the north.
New Guinea had a northern margin comparable to that of
the eastern United States now, with a stable continental
shelf, continental slope, and deep ocean floor beyond it.
That deep ocean floor was, however, being subducted
beneath the south-facing island arc, and the ocean narrowed
until the arc collided with the continent. The deep-water
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strata north of New Guinea were incorporated in the
melange at the front of the arc, and as the arc ramped up
onto the continental slope, the strata of the upper slope and
shelf were highly deformed. The medial mountains of New
Guinea began to form at this time, as the old shelf sediments
were crumpled, raised, and thrust southward. A basin
formed to the south of the mountains and received clastic
sediments from the new mountains. The collision of the
Banda Arc with Australia and New Guinea, described in
prior sections, represents an earlier stage of a similar process.

The collision occurred within early and middle Miocene
time. In Papua New Guinea, lower and middle Miocene
rocks are in shelf facies south of the suture zone, lower
Miocene rocks are involved in the melange, and island-arc
volcanism in the north continued into the early Miocene: the
collision occurred not earlier than the late early Miocene.
Calc-alkalic magmatic rocks were erupted through the old
shelf terrains in both eastern and western Papua New Guinea
as early as the middle Miocene (Page and McDougall, 1972),
so a Benioff zone likely then dipped southward beneath the
continent, suggesting that the collision was completed and
the polarity of subduction reversed by the middle Miocene,
and that a new subduction zone formed quickly, dipping
southward beneath the continent as enlarged by the addition
of the island arc. In western Indonesian New Guinea,
foreland-basin clastic sediments appear first in the lower
Miocene, so the collision occurred there before it did in the
east, where such sediments appear in the middle Miocene.
An oblique collision is inferred, the island arc “beaching” at
about the beginning of the Miocene in the west but perhaps
10 million years later in the east.

The concept of an island arc migrating southward during
Late Cretaceous and early Tertiary time and then colliding
with New Guinea predicts that the ocean floor to the north of
New Guinea should have formed behind the arc. As is
discussed subsequently, this prediction is consistent with the
results of two drillholes of the Deep Sea Drilling Project
north of New Guinea, which encountered Oligocene and
younger sediments resting on basalt presumed to be oceanic
basement.

ARRIVAL OF THE MELANESIAN FLORA

One of the major biogeographic puzzles of Australia, the
source of its tropical Melanesian flora, may be explicable in
terms of the middle Tertiary collision of the island arc with
New Guinea. The modern Australian flora hasevolved from
three major stocks (Good, 1957, 1963; also Schuster, 1976).
Two of these—a wet-temperate assemblage characterized by
southern beech (Nothofagus) and podocarpaceous and
araucarian conifers, resembling the flora of southern South
America and New Zealand, and a dry-temperate assemblage
related to that of southern Africa—arrived long ago, likely
both within Cretaceous time, and have evolved together in
profound isolation from the rest of the world. The third
major stock, the tropical Melanesian flora, derived longago
from the Asian tropics, cannot have been long in contact
with the two temperate Australian floras, because a
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profound taxonomic contrast exists between the temperate
and Melanesian assemblages.

The Melanesian flora may have been carried to the
Australia-New Guinea continent aboard the island arc that
collided with it in Miocene time. The flora of this arc must
have been tropical and derived from Asia. The floraevolved
in the isolation of the migrating arc and was highly endemic
when it reached New Guinea in the Miocene; it has not been
ashore on Australia and New Guinea long enough to have
evolved variants capable of populating nontropical en-
vironments.

NEOGENE SOUTH-DIPPING SUBDUCTION SYSTEM OF
NORTH NEW GUINEA

The middle Miocene through early Pleistocene geology of
New Guinea is dominated by features explicable in terms of a
subduction system dipping gently southward under the
island from a trace near the north coast. A north-facing
subduction melange is exposed on shore in one short sector
and presumably belongs to this system, but the surface trace
of subduction is otherwise offshore. The young calc-alkalic
and alkalic intrusive and extrusive rocks of the Papuan
Peninsula define by their cross-strike compositional
variations a south-dipping Benioff zone (although the
volcanoes of the mainland do not). The volcanoes are now
almost inactive, and the present seismic Benioff zone is only
feebly active, so the system is presently giving way to some
other tectonic pattern. An active trench is now present along
the north margin of New Guinea only west of long 143°40’
E., although a buried trench probably is present in the east;
these trenches are discussed in subsequent sections.

NEOGENE VOLCANIC AND GRANITIC ROCKS

Neogene volcanic and granitic rocks are widespread in the
medial two-thirds of mainland Papua New Guinea.
Pleistocene volcanism was intense both within and east of
the area of the tectonic map of the Indonesian region, but
volcanoes within the area are now almost extinct.

Middle and upper Miocene, Pliocene, and Pleistocene
granitic rocks form numerous stocks and small batholiths in
a belt that extends the length of Papua New Guinea and is
mostly about 100-200 km from the north coast (Bain and
others, 1972; Page, 1976; Page and McDougall, 1972). The
rocks range from gabbro to granodiorite. Middle Miocene
to Pliocene andesite, basalt, and dacite are widespread in the
same belt (Page and McDougall, 1970; Plane, 1967). Small
upper Miocene, Pliocene, and Pleistocene granites in
western Papua New Guinea and adjacent Indonesian New
Guinea, 225-275 km from the north coast, include porphyry
copper plutons (Bamford, 1972; Grant and Nielsen, 1975;
Page, 1975, 1976; Page and McDougall, 1972).

Very little mapping has been done in the terrain on strike
farther west in Indonesian New Guinea, where quartz
monzonite and other granitic rocks are known to intrude
Paleogene strata in the analogous belt southeast of Geelvink
Bay; the extent of these Neogene granites cannot be inferred
from published data. A quartz-dioritic copper porphyry, 3
m.y. old, produced the Ertsberg (Gunung Bijih)
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copper-magnetite deposit (Dozy, 1939; Flint and others,
1976). This deposit is estimated from extensive drilling to
contain about 33,000,000 metric tons of ore with an average
copper content of 2.5 percent (Anonymous, 1973; Flint,
1972; Flint and others, 1976).

Young volcanoes—large stratovolcanoes, lava fields, and
small cones—occur within the area of the tectonic map (pl. 1)
in mainland Papua New Guinea primarily between lat 5°-7°
S. and long 142°30"-145° E. (fig. 120; Johnson and others,
1973; Mackenzie, 1970, 1976; Mackenzie and Chappell,
1972). The rocks are alkaline basalts, trachybasalts, and
andesites, and are high to very high in potassium (K,0=1-2
percent at S102=48 percent, and 2-3 percent at 57 percent:
Mackenzie, 1976). There is no distinct gradient in K/Si
ratios across the province to define depth and dip of a related
south-dipping Benioff zone—indeed, rocks in the north
average a little less potassic than those in the south—but
rocks this high in potassium in subduction-zone settings
occur typically above Benioff zones 180-300 km deep, and
show at best erratic correlations between compositions and
hypocentral depths (Dickinson, 1970, 1975; Hatherton and
Dickinson, 1969). Older rocks in each volcano tend to be
more mafic than younger ones (Mackenzie, 1976). Ratios of
87Sr/#6Sr range from 0.7037 to 0.7045: crustal contamination
of the magmas was limited (Page and Johnson, 1974).
Craters are preserved on some of the cones (fig. 123), and
several volcanoes have fumaroles and hot springs.

Most Australian petrologists and seismologists presently
(1978) concerned with New Guinea tectonics reject the
interpretation that south-dipping subduction operates now
beneath New Guinea, or has operated during late Miocene
through Pleistocene time. (See, for example, Arculus and
Johnson, 1978, Jaques and Robinson, 1977, Johnson,
1976b, Johnson, Mackenzie, and Smith, 1978, and Macken-
zie, 1978.) I believe on the contrary that such subduction is
indicated both by the modern seismicity and by the character
of the trench along the north margin of New Guinea west of
long 143°40’E., and that such subduction is required by
Neogene plate-motion patterns.

Pliocene and Quaternary volcanoes are also numerous in
eastern Papuan Peninsula (fig. 120), and several are still
active (Davies, 1973a; Johnson and others, 1973; Morgan,
1966; Smith, 1970; Smith and Davies, 1976). Of these
volcanoes, the products of only one, Mount Lamington,
extend west into the area of the tectonic map of the
Indonesian region (pl. 1); these are moderately potassic,
intermediate rocks. Similar rocks characterize the other
northern volcanoes of far eastern Papua New Guinea. The
volcanoes farther south are of highly potassic rocks. The
ratio of potassium to silicon in the northern volcanoes is
appropriate for formation above a Benioff zone about 200
km deep, whereas a greater depth is indicated by the
composition of the southern volcanoes. A trench, discussed
in the subsequent section on the Solomon Sea, lies at the
base of the continental slope to the north of the peninsula.
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Rocks and islets south of the head of the Gulf of Papua, in
the region between lat 9°-10° S. and long 143°-144° E.,
consist of mafic, potassic volcanic rocks of late Cenozoic age
(Wilmott and others, 1973).

MEI.ANGE OF CYCL.OPS MOUNTAINS

Crystalline rocks exposed in the Cyclops (or Cycloop)
Mountains, along the north coast of central New Guinea
between long 140°-141° E. (figs. 118, 120), appear to record
south-dipping subduction. Maps of the complex were given
by Baker (1955) and Zwierzijcki (1924), and the rocks were
described by Baker and by Gisolf (1924). The crystalline
rocks crop out in an arc, concave to the north, of broadly
concentric belts of schist, ophiolite, and intermixed schist
and small masses of ophiolite (listed in order southward).

The main ophiolite sheet apparently has its top to the
south, and this is the basis for the interpretation that the
entire complex records subduction that dipped southward.
The main ophiolite has a northern ultramafic part, on
average about 8 km wide, of serpentinite and altered
peridotite (harzburgite). South of this at the west end of the
arc are, first, several kilometers of altered gabbro, and next
another several kilometers of altered augite-labradorite
diabase. Primary mineralogy of the gabbro was labradorite
plus diallage, with or without hypersthene and olivine.
Similar altered gabbro and diabase occur intermixed (as
melange?) with masses of schist and of ultramafic rocks
around the rest of the southern perimeter of the main
ultramafic belt, to judge by the sketchy published data.

The schists of the Cyclops Mountains melange are
dominantly albite-epidote greenschists, many of which
contain a bluish-green amphibole (“blue actinolite”: Gisolf,
1924; a “member of actinolite-glaucophane series”: Baker,
1955). Schists bearing glaucophane (pleochroic from light
yellow to blue to violet), garnet, or kyanite are also present.

Polymict breccia occurs at the northwest end of the
Cyclops Mountains, with fragments of various igneous,
pyroclastic, and clastic rocks, and, at one locality, Miocene
or Pliocene fossils (Visser and Hermes, 1962). If this material
is a subduction melange, rather than a sedimentary breccia,
then the subduction was at least as young as Miocene.

South-dipping subduction occurred along northern New
Guinea during late Cenozoic time. The Cyclops Mountains
are inferred to present a sample of the resultant subduction
complex.

MODERN SEISMICITY

The north margin of New Guinea is marked by the New
Guinea Trench, with southward-subduction polarity, as far
east as long 143°40” E. East of 149° E., along the same
east-southeast trend, the Solomon Sea floor is being
subducted northward beneath New Britain from the New
Britain Trench. No trench, with either sense of subduction
polarity, connects these trenches. Patterns of seismicity and
volcanism are interpreted to indicate that an island arc
continuous westward from New Britain has here collided
recently with New Guinea, as intervening ocean floor was
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subducted steeply northward beneath the arc and gently
southward beneath New Guinea.

Sharply defined fault zones are not apparent within the
confusing array of northern New Guinea earthquakes. Most
of the earthquakes, nevertheless, fit a broad pattern of
increasing depth southward from near the north coast,
between about long 138° and 148° E. (Denham, 1969;
Jaques and Robinson, 1977; fig. 127), and these may define a
Benioff zone marking a subduction system that is being
inactivated as other structures take up the continuing
convergence of Australian and Pacific plates. Earthquakes
reflect dominantly thrust faulting on planes striking parallel
to the coast (Johnson and Molnar, 1972; Ripper, 1975a, b,
1976). Farther north, the deep limit of earthquakes appears
to indicate another, steeper Benioff zone, this one dipping
northward beneath the Schouten Islands, continuing the
New Britain seismic zone westward.

The present mantle-earthquake zone displays little activi-
ty deeper than 150 km and apparently does not extend as far
south as the Quaternary volcanoes; the seismic system
presumably was more active, and extended deeper and
farther to the south, during Pleistocene time than it does
now. The north-dipping subduction system is reflected by
the continuous chain of active volcanoes from New Britain
west-northwestward through Long, Karkar, and the
Schouten Islands.

These relationships are taken to indicate that a south-dip-
ping New Guinea subduction system has collided with a
north-dipping Schouten-New Britain system. Neither the
Schouten nor the north New Guinea Benioff zone is now tied
to an actively subducting trench. No trench now exists
between the Schouten Islands and New Guinea, although a
southward-subduction fossil trench is possible there, buried
deeply by young sediment; several profiles (figs. 128F and
1294) suggest that a trench may be forming on the north side
of the Schouten Arc, in which case polarity reversal is
indicated, at the new margin of the continent as enlarged by
the collision. Continuing convergence is apparently taken up
in part by deformation within northern New Guinea, a
region of intense seismicity (fig. 4; Hamilton, 1974b),
perhaps megaplate convergence previously accommodated
at Schouten and north New Guinea trenches is now
absorbed at plate boundaries, notably the West Melanesian
Trench, farther north. Available seismic-reflection profiles
from north of New Guinea are discussed, and some are
illustrated, in subsequent sections.

TECTONICS OF THE INDONESIAN REGION

In 1970 a major earthquake of Richter magnitude 7.0 had
its epicenter near lat 4°55’S., long 145°35’E.; focal depth
was about 40 km. This earthquake and its closely monitored
aftershocks appear to define a zone of motion in the lower
crust and upper mantle, at a depth of 25-60 km, that trends
west-southwestward from Karkar Island to about 100 km
inland from the north coast of New Guinea. The zone of
motion is marked both by left-lateral strike-slip motion
trending west-southwest and by thrusting on planes striking
subparallel to the coast (Everingham, 1975b; Ripper, 1976).
The 1970 seismic zone trends at a large angle to the
through-going west-northwest surface geologic grain, hence
may represent uncoupling in the lower crust. Perhapsitisa
byproduct of the arc collision.

Johnson (1976b) developed an explanation for the
magmatic features here ascribed to the collision of opposed
subduction systems that rejects subduction southward
beneath New Guinea and explains the modern Schouten
Islands volcanism as a relic feature of the island arc that
collided with New Guinea in Miocene time. I see no analog
elsewhere in the world for activity continuing so long after
the cessation of subduction.

NEW GUINEA TRENCH

The New Guinea Trench, site of subduction southward
beneath New Guinea, lies at the north base of the New
Guinea continental slope between at least long 135° and
143°40’ E. Nine seismic-reflection profiles across the Papua
New Guinea sector (141°-143°40’E.) of this trench are
included in the Bismarck Sea series made by Compagnie
Generale de Geophysique for the Australia Bureau of
Mineral Resources, Geology and Geophysics (BMR), and a
representative two of these BMR profiles are illustrated here
(figs. 1284, B). Six-channel recordings were made, but I
have seen only single-channel-monitor records from these;
multichannel processing of the profiles presumably would
better reveal the usual subducted plate and melange-wedge
features. I have also seen four oil-company
multichannel-processed lines in the Indonesian sector to the
west, between 135° and 139° E., which show the features
expected for active southward subduction. The best of these
latter profiles shows clearly an imbricated melange wedge
over basement subducting at a shallow dip. The trench
displays acoustically transparent pelagic sediments tipping
down, with the basement beneath them, under a prism of

FIGURE 127.—Seismicity of the New Britain-northeastern New Guinea region. The seismic cross sections, replotted from Johnson,
Mackenzie, and Smith (1971, figs. 2 and 3), show foci for earthquakes of magnitude 4.5 and greater and recorded by 10 or more stations,
from April 1958 to June 1969, projected to the lettered vertical planes within the sectors separated by dashed lines on the map. The
Benioff zone that in the east dips moderately to steeply northward beneath New Britain appears to be subducted in the west beneath the
zone that dips gently to moderately southward beneath New Guinea. See text for discussion. Volcanoes plotted from Fisher (1957) and
Bain, Davies, Ryburn, Smith, Cameron, Tingey, and Moffat (1972).
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FIGURE 128 (above and facing page).—Seismic-reflection profiles across the north margin of eastern New Guinea. Locations shown in figure
118. Traced from single-channel monitor lines of multichannel survey made by Compagnie Generale de Geophysique for the Australia
Bureau of Mineral Resources, Geology and Geophysics (BMR). The survey was described by Tilbury (1975). The original profiles were

provided by David Denham and Director L. C. Noakes of BMR.

layered turbidites in the trench; the strata become in-
creasingly deformed downward and landward.

The New Guinea Trench thus extends both east and west
of the intersection with the West Melanesian Trench at
about 141° E., so that intersection is a trench-trench-trench
triple junction and plate-convergence vectors must be very
different across the sectors of the New Guinea Trench east
and west of that junction. Plate boundaries and possible
plate motions in this region are discussed and illustrated
(figs. 146, 154) subsequently.

The obviously active part of the New Guinea Trench is last
seen to the east on the profile along 143°40" E. (fig. 128 B).
The next BMR profile, along 143°50” E., and profiles at 10’
intervals farther east (profiles C, D, and E of figure 128),
show no apparent trench along the projection of the active
trench between the Schouten Islands and the New Guinea
mainland. The active trench thus ends at the intersection
with the mid-Bismarck Sea fault system. The North
Bismarck plate is moving rapidly westward with respect to
both New Guinea and the South Bismarck plate (figs. 146,
154).
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Deeper penetration reflection profiles (fig. 129) do,
however, show a possible continuation of the New Guinea
Trench, in the narrow space between the New Guinea
mainland and the Schouten-New Britain volcanic arc,
buried beneath 2,000 m or so of continental-rise strata.

SCHOUTEN ISLANDS COLLISION ZONE

Patterns of seismicity and volcanology were inferred in a
preceding section to indicate that New Guinea and the
Schouten-New Britain Island Arc have collided as the
oceanic crust initially between them was subducted
southward beneath New Guinea and northward beneath the

Schouten Islands and New Britain. Profiles C through J of
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figure 128 are representative of the BMR profiles across the
inferred collision zone. Water depths are less than 2,000 m
across this zone. Underlying strata are much deformed, the
degree of deformation increasing downward, but within the
limits of resolution of these profiles (0.5 to 1.5 sec of
reflection time, corresponding to sediment thicknesses of
less than 2 km), no buried or exposed trench is apparent with
either northward or southward subduction polarity. A
buried trench may, nevertheless, be present at slightly
greater depth (fig. 129). Sedimentation rates here must be
very great because of the proximity of the Sepik, Ramu, and
other rivers, and large-scale slumping of sediments down the
continental slope occurs near the Sepik-Ramu delta (fig.
128 D). The New Britain Trench emerges eastward from the
complex zone (figs. 146, 153). Considerable plate con-
vergence is inferred from plate geometry to be occurringnow
(fig. 154), resulting in crustal compression distributed across
both this offshore zone and northern mainland New Guinea.
The collision is discussed further in the section on the
Solomon Sea.

OTHER NEOGENE FEATURES OF NORTHERN NEW GUINEA
LATE NEOGENE SEDIMENTATION

The Upper Cretaceous to lower Miocene island-arc
complexes of the northern ranges of New Guinea rise as
elongate mountain masses from a flood of upper Neogene
clastic sediments. The crystalline island-arc rocks underlie
the higher and more rugged parts of the ranges, whereas the
lower flanks expose both the volcanigenic sediments of the
old arc and the deformed portion of the nonvolcanic
upper Neogene. Reconnaissance geologic mapping and
photointerpretation (Marchant, 1969; Visser and Hermes,
1962) until recently incorporated the erroneous assumption
that the crystalline rocks formed the basement for the
volcanigenic sediments, whereas the two are now known to
be in substantial part coeval. Further, the old volcanigenic
sediments have been lumped with the young nonvolcanic
ones in much field work, so many ambiguities cloud
interpretations of most published reports. (Harrison, 1969,
provides a notable exception.)

The Sepik and Ramu Basins (pl. 1) of Papua New Guinea
are filled by thick middle Miocene to Holocene sediments,
mostly clastic (Bain and Mackenzie, 1975; Beiers, 1969;
Harrison, 1969; van Oyen, 1972). The fossils and sediments
of both basins show great fluctuations in water depths before
the inauguration of paralic, and then continental-fluvial,
conditions in Quaternary time. Basin subsidence continues
to be particularly active in the region of the vast Sepik
swamps. Deformation—moderate basinward tilting—of the
sediments of the Sepik Basin is largely limited to the older
strata along its north side. Pliocene strata are steeply folded,
and Pleistocene sediments are locally folded, in the Ramu
Basin. Gravity anomalies suggest that Ramu Basin strata
may have been deposited directly on oceanic crust (Milsom,
1975).
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FIGURE 129.—Seismic-reflection profiles across a possible buried trench between northeastern New Guinea and the Schouten-New Britain

Island Arc. In each profile, a fossil trench, showing symmetry for

subduction southward beneath New Guinea, appears to be present

beneath continental-rise sediments 1-2 seconds (1 to 2 or 3 km) thick. Locations shown in figure 118. Traced, omitting conjectural faults,
from sketches of single-channel monitor lines in an untitled 1973(?) report by the Exploration Division, Gulf Research and Development
Co., on a Gulfrex geophysical reconnaissance survey of Papua New Guinea, in the library of the Geological Survey of Papua New

Guinea, Port Moresby.

In Indonesian New Guinea, the vast Meervlakte swampy
lowlands, between central and northern ranges, are the
present site of major subsidence and fluvial sedimentation.
The Quaternary sediments of these lowlands lap onto the
basement rocks of the central range to the south, whereas
gently deformed thick Pliocene bathyal clastic sediments,
overlain by paralic and continental Quaternary ones, emerge
from beneath the young sediments to form the south half of
the northern ranges on the north side of the basin (Visser and
Hermes, 1962). The axis of major sedimentation has
apparently shifted southward during Pliocene and
Pleistocene time here, as in Papua New Guinea. The north
half of the northern ranges exposes widespread uppermost
Miocene to Holocene strata, mostly clastic, showing
variable marine depths prior to recent shoaling (Visser and

Hermes, 1962). These strata are younger than the volcanic
istand arc. The setting of the older Neogene sedimentary
rocks of the north half of the northern ranges is not made
clear by the brief descriptions by Visser and Hermes (1962;
their high lower Miocene and middle Miocene Makats
Formation), but as these rocks contain many clasts of basic
igneous rocks and as they are separated from the higher
Neogene by a time gap representing most of the upper
Miocene, they may belong to the island-arc complex. Both
Neogene assemblages are strongly deformed in the north
half of the northern mountains.

The Salawati Basin lies on the south side of the Sorong
fault system west of northwestern New Guinea (Redmond
and Koesoemadinata, 1976; Trend Exploration Technical
Staff, 1973; Vincelette and Soeparjadi, 1976). The basin
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began to develop only within Miocene time; Paleocene
through Oligocene strata are shelf and reef carbonates,
whereas Neogene sediments thicken northwestward to at
least 6,000 m. Miocene pinnacle reefs formed along the
irregular shelf edge between the carbonate shelf to the
southeast and the limestone-and-shale basin to the
northwest. Growth of the pinnacle reefs kept pace with
subsidence, and the reefs are 300-800 m thick and are capped
by higher Miocene and younger strata. A number of the reefs
contain oil, and because of their height and very high
porosity and permeability, they are very valuable, despite
their small areas. The clastic sediments of the Salawati Basin
were derived from the north. Those of the Quaternary came
from a mafic “eugeosynclinal” terrain like that now adjacent
to the basin on the north side of the Sorong fault, whereas
the sediments of the Miocene and at least much of the
Pliocene came from a sedimentary terrain that has since been
displaced far to the west along the Sorong fault system
(Hermes, 1974).

SORONG FAULT SYSTEM

A pgreat left-lateral strike-slip fault system is generally
assumed to trend westward near the north coast of western
New Guinea, and is so shown on pl. 1. This fault system was
drawn across northern Vogelkop by d’Audretsch, Kluiving,
and Oudemans (1966) and by Visser and Hermes (1962), who
named it the Sorong fault system. Clear evidence for
strike-slip faulting within the system has not been published.
The type strand of the fault system apparently is a belt of
pre-Pliocene subduction melange, misidentified as a
strike-slip fault, and the entire fault system within Vogelkop
may be a suture zone. (See also Robinson and Ratman, 1977,
1978; they recognized the suture character of the zone, but
thought it might also have left-lateral slip.)

The type strand of the Sorong fault system probably does
not exist. Visser and Hermes mapped a fault zone 10 km
wide as extending east-northeast from the town of Sorong,
on the west coast of far northwestern New Guinea at about

lat 0°52’S., long 131°15" E., at least to 131°50’ E., and they

also mapped it as present to the west in northeastern
Salawati. Their descriptions, however, make it clear that this
zone is one of polymict melange, for it consists of chunks,
lenses, and slabs, of all sizes up to 10 km, of varied mafic and
ultramafic rocks, Jurassic to Miocene deep- and
shallow-water sedimentary rocks, and some granite and
hornfels, in an extremely sheared matrix. Tjia (1973)
recognized this as a polymict melange terrain, but like Visser
and Hermes he assumed the shearing to be a product of
strike-slip faulting. 1 have studied both vertical aerial
photographs and radar imagery across the zone; the melange
forms a ruggedly mountainous area, with none of the
combed topography that would be present were this indeed a
broad strike-slip zone. As Visser and Hermes (1962, Encl. 1),
and other oil geologists since, realized, gently deformed
Pliocene strata unconformably cover the west end of this
zone and are not broken by any active strike-slip faults.
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Farther north, the northern bulge of Vogelkop is broken
by a through-going, east-trending valley system, ap-
proximately along 0°45’S., which Visser and Hermes (1962,
Encl. 1) and d’Audretsch, Kluiving, and Oudemans (1966,
Encl. V) inferred to contain the “Sorong” strike-slip fault. If
a strike-slip fault is here, it must be of pre-Pliocene age, for
uncut Pliocene strata block its east end (d’Audretsch and
others, 1966, Encl. V); or else it bends to the southeast and
may even have been sharply bent oroclinally, turning to the
south-southeast west of Geelvink Bay, where d’Audretsch,
Kluiving, and Oudemans (1966) and Robinson and Ratman
(1977, 1978) mapped the major Ransiki fault (described
subsequently).

The geological reconnaissance by Visser and Hermes
(1962) and d’Audretsch, Kluiving, and Oudemans (1966)
indicates that this northern Vogelkop valley system, its
projection westward between the islands of Salawati and
Batanta, and the melange belt east of Sorong, truncate on a
regional scale the geological belts swinging northwestward
from central New Guinea. A granitic-and-metamorphic
terrain like that truncated in Vogelkop reappears, on the
north side of strong topographic lineaments continuous
from the Salawati-Batanta gap, in the Sula Islands far to the
west. A major strike-slip fault, now inactive, may lie in the
north Vogelkop-Batanta depression; but see figure 77. The
Sorong melange cannot yet be placed confidently in a
tectonic context relative to either the strike-slip faulting or
Neogene subduction. I use the name Sorong fault system in
this report because it is well established in the literature, but
with the qualification that at least its type strand was
misidentified.

A narrow submarine ridge, on which stands long Yapen
(Japen) Island, closes deep Geelvink Bay (Teluk Sarera) on
the north. It was noted in a previous section that Yapen may
have been shifted about 600 km westward. The Sorong fault
system is drawn on the tectonic map (pl. 1) as projecting
east-southeastward from its Vogelkop fault-line valley and
as bifurcating: branches pass north and south of Yapen and

‘reunite east of it. Yapen is marked by a strong positive

gravity anomaly that does not extend east onto the New
Guinea mainland (Visser and Hermes, 1962). Two lines of
very straight valleys cut completely across Yapen, trending
east-southeastward, and may mark other Sorong strands.
On the northern mainland, just east of Geelvink Bay on
strike from Yapen, a young fault is seen on radar imagery to
trend eastward along the straight northern edge of the low
hills west of Rombebai Lake (1°50’S., 137°55 E.), but the
fault does not project on strike east of the lake, where upper
Neogene strata are unbroken. The geologic map of Visser
and Hermes (1962, Encl. 1-111) suggests that the fault could
curve southeastward from the lake, perhaps gaining an
important thrust component. Rombebai Lake is in the east
part of a zone, 10 km wide, of rapid subsidence, whose west
part is marked by aberrant parallel rivers flowing westward;
this zone perhaps is one of oblique extension. The north edge
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of this zone 1s suggested on pl. 1 to be the major strand of the
Sorong fault, but its projection eastward into the confusing
plate boundaries offshore is speculative; on land it is drawn
through swamps in which I know of no evidence for its
presence.

Wellman (1971) stated that an active fault can be
recognized on aerial photographs in various sectors farther
east near the north coast of New Guinea, but he provided no
descriptions or illustrations. He wrote that the sense of
motion cannot be determined on the photographs—and as
active strike-slip faults normally display very obvious
evidence for their sense of slip, there may not in fact be an
active onshore fault.

REGIONAL SIGNIFICANCE OF SORONG FAULT SYSTEM

The various tectonic belts of New Guinea trend
west-northwestward along the main mass of the island to
Geelvink Bay and the neck of Vogelkop, where they swing
abruptly northwestward and are apparently truncated
against the Sorong fault system in northern Vogelkop. None
of the truncated complexes south of the fault can be
recognized north of the fault within Vogelkop or the nearby
islands (Hermes, 1974) except as large and small slices near
the fault zone (Ryburn, 1977). It was argued in a previous
section that the Sula Islands Ridge represents much of the
missing material. The Sula Islands have a continental,
granitic-and-metamorphic basement of middle or late
Paleozoic or Triassic age, lithologically similar to the middle
or upper Paleozoic crystalline complex truncated by the
fault in Vogelkop. Jurassic, Cretaceous, and lower Miocene
rocks of the Sula Islands are shelf-facies sedimentary rocks
and could also have ridden westward on the continental
basement as it slid westward on faults of the Sorong system,
before or after the rotation of Vogelkop. (See fig. 77.)

The previously noted character of Neogene clastic
sediments in the Salawati Basin indicates that
“eugeosynclinal” rocks did not lie directly north of the basin
across the fault until within Pliocene, or even early
Pleistocene time (Hermes, 1974).

Any presently active strands of the Sorong fault system
must serve as transforms to the south ends of the subduction
zones of the Sangihe, Halmahera, and Philippine Trench
systems. The details shown on the tectonic map (pl. 1) are
inferred from bathymetric alinements, earthquake dis-
tributions, and the presence of faults as seen on
seismic-reflection profiles. The pattern must be complex,
and future detailed work is likely to necessitate considerable
‘revision of this interpretation.

GEELVINK BAY AND RANSIKI FAUL'F

Triangular Geelvink Bay (Teluk Sarera) is enclosed
between Vogelkop on the southwest, the main mass of
Indonesian New Guinea on the southeast, and Yapen Island
on the north. The bay is mostly between 1,500 and 2,000 m
deep and has a generally flat floor (Visserand Hermes, 1962,
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p. 160). Thick sediments underlie the bay. No published data
demonstrate whether the crust beneath the bay is oceanic or
continental. A deep gravity low, marking a thickly filled
upper Neogene basin, trends southwestward along the
southeast shore of the bay (Visser and Hermes, 1962, Encl.
4).

The Ransiki fault zone trends southeastward from, and
may or may not be continuous with, the Sorong fault zone in
northwestern Vogelkop, goes to sea in Geelvink Bay, and
can be traced far to the south-southeast, subparallel to the
coast of the bay, by gravity anomalies (d’Audretsch and
others, 1966, p. 103). The fault juxtaposes unlike terrains
and is followed by topographic troughs, so it likely is either a
major inactive strike-slip structure or a suture (Robinson
and Ratman, 1977, 1978). The fault does not continue
through the neck between Vogelkop and the main part of
New Guinea, so if it is indeed a major strike-slip structure
then it may have been bent oroclinally 50° or soas Vogelkop
rotated clockwise in Neogene time (as discussed subse-
quently). I infer that the fault trends eastward from the south
end of Geelvink Bay, through or near the Meervlakte
lowlands north of the medial mountains of New Guinea. The
fault can in this context be either an old member of the
Sorong system, inactivated as a result of oroclinal folding, or
else be continuous with the medial New Guinea suture. The
deeper part of Geelvink Bay may be a small oceanic area,
closed in on the south by the oroclinal bending of Vogelkop,
and on the north by the translation of the Yapen Ridge
across it.

MARKHAM-RAMU FAULT ZONE

The straight valley of the Markham and Ramu Rivers in
eastern Papua New Guinea, trending southeastward from
long 145° E. to Huon Gulf, separates and truncates different
lithotectonic assemblages and may mark a major left-lateral
fault system (figs. 118, 120; Bain and Mackenzie, 1975; Bain
and others, 1972; Robinson and Jaques, 1974b; Tingey and
Grainger, 1976). Marum, Bismarck, Owen Stanley, and
Papuan ophiolite terrains are all truncated by the fault (fig.
120). Pleistocene sediments are broken by faults, but neither
Holocene offsets nor throughgoing faults have been
recognized; the fault is not apparent on the satellite imagery
of figure 130. Offshore to the southeast, the fault zone may
trend along a great submarine canyon in the center of Huon
Gulf (von der Borch, 1972).

The Markham-Ramu fault must continue on to the
northwest beyond 145° E. if it is indeed a major regional
structure. Jaques and Robinson (1975) inferred from
magnetic-anomaly patterns that the fault does continue
beneath the fill of the Ramu Basin. No master fault was
recognized on the projection of this line farther northwest or
west-northwest by Hutchisonand Norvick (1975a, b), but D.
S. Hutchison (1975) emphasized that many steep shear
zones, typically with subhorizontal slickensides, trend
westward to west-northwestward in northwestern Papua
New Guinea. The Markham-Ramu fault may swing
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Cenozoic time. (When the various tectonic and magmatic
terrains of the peninsula are known better, this synopsis may
prove to be oversimplified, and additional complexities may
be indicated.) The peninsula diverges southeastward from
mainland New Guinea at long 147° E., and it bounds the
deep Coral Sea Basin on the north as continuous land almost
to 151° E. and beyond that asa submarine ridge past 156° E.
The general structural and facies strike, east-southeastward
across the main mass of southern New Guinea, swings
abruptly to the south at 145° E., the structural base of the
peninsula, and swings gradually back to the southeast
between 146° and 148° E. The medial and northeast parts of
the peninsula have rocks with apparent analogs on strike in
mainland New Guinea, but the southwestern part mostly
does not, despite the continuity into it of the belt of late
Neogene folds and faults.

PORT MORESBY TRENCH

A probable fossil trench, now overlapped by thick,
prograded strata, lies along the southwest side of at least the
western part of the Papuan Peninsula (fig. 131; pl. 1) and is
here termed the Port Moresby Trench. This inactive
structure is shown by a series of Gulf Oil Co. Gulfrex
reflection profiles, two of which are illustrated by figure 131,
between long 146°20" and 148°20" E. The Gulfrex magnetic
profiles and also those of Mutter (1975a) show that total
magnetic intensity decreases northward across the continen-
tal slope and that short-wavelength magnetic anomalies are
lacking there, so the basement presumably continues to
descend northward beyond the limit to which it can be
followed on the reflection profiles. The same conclusion is
indicated by free-air and Bouguer gravity-anomaly profiles
(Mutter, 1975a). (The anonymous Gulf interpreter who
prepared the sketches copied in figure 131 did not recognize
the fossil trench and assumed the continental slope to be
underlain by northward-rising basement in normali-fault
contact with deep-water strata; I omitted his hypothetical
faults from my drawings.) “Stacked” multichannel reflection
records have been released by Phillips Australian Oil Co.
Mutter (1975a) cited these profiles, which I have not seen, as
showing the continental slope to be underlain by strongly
deformed strata, overturned and thrust southward. Onshore
geology indicates that subduction on this system probably
ceased about 5 m.y. ago. A high-velocity slab dips gently
northeast from the trench (Finlayson and others, 1977) and
presumably is the fossil subducted slab of Coral Sea
lithosphere.

A geophysical survey of the Gulf of Papua was made by
the Compagnie Generale de Geophysique for the Australia
Bureau of Mineral Resources, Geology and Geophysics
(BMR), and included east-west reflection profiles about 20
km apart, from lat 8°00’ to 11°30’S., across the submerged
southwest margin of the Papuan Peninsula. These lines were
given me, in single-channel-monitor form, by Director L. C.
Noakes of BMR; a representative four of the profiles are
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illustrated in figure 132, and others were sketched by Mutter
(1975a). These records lack the penetration needed to show
the fossil Port Moresby Trench and associated melange
wedge, but compressive deformation, including southwest-
directed thrust faults and asymmetric folds, is abundantly
displayed, and apparently is continuing, in the continental-
slope strata.

MELANGE AND OPHIOLITE

Unmetamorphosed melange, broken and imbricated
strata, and ophiolite fragments are exposed widely in the
southwestern part of the peninsula. In a coastal belt, 10-20
km wide in the sector between 147° and 148° E., Upper
Cretaceous (Senonian) through upper Eocene deep-water
argillite, shale, siltstone, chert, and limestone are disrupted
chaotically and are intercalated with shallow-water
Paleocene and Eocene strata and with large and small
masses of gabbro, diabase, and basalt (fig. 133; Brown, 1974,
1975; Davies and Smith, 1971; Glaessner, 1952, 1960,
Macnab, 1969; O’Brien and others, 1961; Pieters, 1974;
Yates and de Ferranti, 1967). Deformation was directed
southwestward. The northeast part of the unmetamorphos-
ed melange terrain in this sector is dominated by tuffaceous
sandstone, quartzose sandstone in which plagioclase is the
major feldspar, and siltstone; fossils range in age from Late
Cretaceous to early Miocene. Dips are mostly steep to
moderate to the northeast. Middle Miocene and younger
strata lie unconformably on this northeastern terrain.

The belt of polymict, unmetamorphosed melange and
broken formations swings northward at the base of the
peninsula, approximately along 146° E., where much of it
was mapped as the Omaura Greywacke, some of which has
enclosures of ultramafic and other exotic rock types, by Bain
and Mackenzie (1974) and Dow, Smit, and Page (1974). Itis
dominated by Oligocene volcaniclastic rocks. A photograph
of Miocene polymict melange in the “Aure Beds” was given
by Down (1977, fig. 21; his “slumped polymictic
conglomerate”).

Eastward from 148° E. to the end of the peninsula,
sedimentary rocks are much less abundant and are
deep-water pelagic types, and the melange belt is dominated
by basalt (Davies and Smith, 1971, 1974). The mafic rocks
are low-potassium, oceanic-tholeiite types where they have
been studied, hence likely represent oceanic crust. Inter-
calated fossiliferous strata are of Late Cretaceous and
Eocene ages. Middle Eocene ridge-type tholeiitic basalt is
the dominant volcanic material (Milsom and Smith, 1975).
A large sheet of basalt, diabase, and gabbro between about
147° and 148° E. is regarded by Yates and de Ferranti (1967)
as an Oligocene intrusive mass, although an origin as
Cretaceous oceanic crust, on which were deposited some of
the flanking Cretaceous and Paleogene rocks now deformed
with it, seems to me more likely from the relationships they
mapped and described briefly. This sheet and the broad
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FIGURE 13]1.—Seismic-reflection profiles across the fossil Port Moresby Trench, along the southwest side of the Papuan Peninsula.
Locations shown in figure 118. Redrawn from line drawings of single-channel-monitor profiles Au-72-73-73A (A) and PNG-2(B)inan
untitled report, circa 1973, by the Exploration Division, Gulf Research and Development Co., Pittsburgh, on a Gulfrex geophysical
reconnaissance survey in the Papua New Guinea-Solomon Islands region, filed in the library of the Geological Survey of Papua New

Guinea, Port Moresby.

terrain of abyssal basalt to the east of it are outlined as the
Milne ophiolite (a name derived from Milne Bay, at the east
end of the peninsula) in figure 120.

METAMORPHIC MELANGE

The nonmetamorphosed terrain of melange and im-
bricated rocks merges on the northeast with progressively
more metamorphosed rocks, which form the Owen Stanley
terrain, 50 km or so wide, extending to the lower, southwest
side of the Papuan ophiolite belt (fig. 120; Davies and Smith,
1971; Dow and Davies, 1964; Dow and others, 1974;

Macnab, 1969). Lawsonite schist forms a continuous strip a
few kilometers wide along the base of the ophiolite sheet, and
lawsonite-glaucophane gneiss and garnet schist occur in
places within this high-pressure metamorphic strip.
Glaucophane schist also occurs locally at the southwest side
of the metamorphic terrain. Otherwise, the metamorphic
rocks are mostly of greenschist facies, with garnet-bearing
schist and pumpellyite-bearing rocks present in places.
Graphite-quartz-feldspar-mica schist is the most common
rock type, so a quartzose sedimentary assemblage was
present before metamorphism. Mafic (metavolcanic?)

FIGURE 132.—Seismic-reflection profiles across the southwest margin of the Papuan Peninsula. Thrust faults likely reach the surface in [>
profiles A, B, and C. Strata thin over anticlines and thicken into synclines, and dips increase downward: compressive deformation
and sedimentation have progressed concurrently within the interval probed. Deeper-penetration profiles (fig. 131) indicate a fossil
trench and melange wedge to lie at levels deeper than those illustrated here. Locations of profiles shown on figure 118. Line drawings
of reflectors in single-channel-monitor profiles of records made for the Australia Bureau of Mineral Resources, Geology and

Geophysics, by the Compagnie Generale de Geophysique.
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ARCS AND BASINS OF THE MARIANA SYSTEM

ding part of the ridge, suggests that this sector has rotated
about 50°-60° clockwise in late Neogene time (Larson and
others, 1975). This accords with the concept, developed
subsequently, that the ridge has migrated and become more
curved with time.

The derivation of some of the magmatic material erupted
in island arcs by melting of oceanic sediments subducted on
downgoing lithosphere plates has often been inferred. Lead
and strontium isotopes in volcanic rocks of the Mariana
Islands preclude the possibility that more than a minute
fraction of the erupted magma represents recycled sedimen-
tary material (Matsuda and others, 1977; Meijer, 1976), but
strontium in rocks on islands closer to Japan on the ridge
may record such contamination (Matsuda and others, 1977).

MARIANA TROUGH

The crescentic Mariana Trough narrows northward and
southward from a maximum width of about 200 km (Karig,
1971b; Karig and others, 1978). The average depth of this
basin is about 4 km, 2 km less than that of the Pacific Ocean
floor east of the Mariana Trench. Ridges and troughs trend
northerly across the basin. A maximum of a few hundred
meters of Quaternary volcaniclastic muds, derived from the
Mariana Ridge, lies in the troughs in the basement, which
thus apparently formed within Pliocene time (Karig, 1971b).
Very young, olivine pillow basalt has been dredged from the
steep flanks of the axial high within the basin, and
greenstone has come from a trough across the high (Karig,
1971b). The basalt is of abyssal-tholeiite type in its
rare-earth-element patterns, its ratios of K/Rb, K/Cs,
K/Ba, and its low ratio of 87Sr to 86Sr, although it has higher
contents of K, Rb, Cs, Sr, Ba, and rare-carth elements than
does typical spreading-ridge basalt (Hart and others, 1972).
Heat flow is high along the axial ridge and low along its
flanks (R. N. Anderson, 1975). Upper mantle shear-wave
velocities are very low, indicating high temperatures and
partial melting (Seekins and Teng, 1977). An origin of the
basin by Pliocene spreading behind an eastward-migrating
Mariana Ridge is inferred (R. N. Anderson, 1975; Hart and
others, 1972; Karig, 1971b; Karig and others, 1978).

WEST MARIANA RIDGE

The West Mariana Ridge has a prominent east scarp, and
a faulted west side that is like that of the Mariana Ridge
except draped by a greater quantity of sediment (Karig,
1971b). The ridge is locally broad but is mostly narrow and
irregular. Seamounts in a line 20-40 km west of the ridge
crest appear to be island-arc volcanoes and to be the source
of the sediment apron extending westward from the ridge.
Fore-reef limestone of late Miocene or Pliocene age was
dredged from the crest of the east scarp at a depth of 1,500 m,
showing subsidence of the ridge by that amount in very late
Cenozoic time (Karig, 1971b). DSDP hole 451 (not shown
on fig. 135) on the ridge penetrated 900 m of upper Miocene
calc-alkalic volcaniclastic rocks beneath 36 m of Pliocene
and Quaternary foraminiferal and nannofossil oozes
(Kroenke and Scott, 1978).
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PARECE VELA BASIN
West of the West Mariana Ridge, between it and the
Kyushu-Palau Ridge, is the Parece Vela (West Mariana)
Basin. This basin is similar to the inter-arc Mariana Trough,
although it is a little deeper—mostly 4,500-5,000 m—and is
about 800 km wide in its broadest sector (Karig, 1971b). The
basin is broken by high-relief ridges and troughs in its central
part. A sediment apron extends westward into the eastern
part of the basin from the West Mariana Ridge and where
drilled in DSDP hole 53 (fig. 135) consists of high upper
Miocene and younger pelagic sediments, low upper Miocene
to lower Miocene volcanic ash, and basal Miocene or high
Oligocene pelagic limestone; the base of the section was not
reached. DSDP hole 450 (near hole 53; not shown on fig.
135) penetrated 90 m of Pleistocene to middle Miocene
pelagic clay and 240 m of underlying, undated basaltic tuff,
and bottomed in intrusive basalt (Kroenke and Scott, 1978).
Hole 54 in the same sediment apron reached acoustic-base-
ment basalt beneath middle Miocene basaltic and andesitic
tuff (Heezen and others in Fischer and others, 1971, p.
344-387). The basement basalt is high-alumina abyssal
tholeiite of spreading-ridge type (Ridley and others, 1974).
In the west part of the basin, west of the ridge-and-trough
terrain, pelagic sediments thicken westward to a maximum
of about 300 m near the Kyushu-Palau Ridge (Karig, 1971b).
DSDP hole 449 (at the west side of the basin; not shown on
fig. 135) penetrated 111 m of upper Oligocene to Pleistocene
pelagic clays resting on plagioclase-olivine
phenocrystic-basalt basement (Kroenke and Scott, 1978).
The axial ridge may mark a symmetrical spreading center
that became extinct about the beginning of the Miocene (D.
E. Karig in Karig, Ingle, and others, 1975, p. 859; Kroenke
and Scott, 1978; Watts and Weissel, 1975). Dredge hauls
from troughs in the axial zone yielded variably altered pillow
basalt and porphyritic basalt, sheared gabbro, and serpen-
tinized spinel lherzolite (Dietrich and others, 1978). The
lithosphere beneath the Parece Vela Basin, above the mantle
low-velocity zone, is only about 30 km thick (Seekins and

Teng, 1977).
KYUSHU-PALAU RIDGE

The Kyushu-Palau Ridge is a Late Cretaceous and
Paleogene island arc. DSDP hole 448 (on the central part of
the ridge; not shown on fig. 135) penetrated upper Oligocene
and lower Miocene nannofossil ooze and chalk, upper and
middle Oligocene submarine tuffs, and 600 m of middle
Oligocene highly vesicular basalt, high-alumina basalt,
andesite, volcaniclastic breccia, dikes, and sills (Kroenke
and Scott, 1978). Thick ash and volcaniclastic sediments
were cut by hole 296, near the north end of the ridge, and
contain Oligocene foraminifers in their central part (Ingle
and Karig, 1973; Karig, Ingle, and others, 1975). Lapilli tuff
at the bottom of hole 296 has an Eocene %°Ar-3Ar age of
about 48 m.y. (Ozima and others, 1977). In hole 296, and in
hole 297 northeast of the northend of the ridge, more distant
volcanism is indicated by fine-grained ash intercalated with
Miocene pelagic sediments; Pliocene and Quaternary
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materials are pelagic (Karig, Ingle, and others, 1975).

The apron of clastic sediments along the west side of the
Kyushu-Palau Ridge has a thicker pelagic cover than does
the apron along the West Mariana Ridge and hence is older
(Karig, 1971b). DSDP hole 290 (fig. 135) in the apron
reached volcanic conglomerate beneath middle and upper
Eocene and Pliocene pelagic sediments (Ingle and Karig,
1973; Karig, Ingle, and others, 1975). Reworked Upper
Cretaceous foraminifers in the cores show that Cretaceous
rocks are present in the ridge. Nearby hole 447 (not shown on
fig. 135) at the distal edge of the apron penetrated 113 m of
basement pillow basalts and flows beneath middle Oligocene
and younger pelagic sediments (Kroenke and Scott, 1978).

PHILIPPINE BASIN

The broadest component of the Mariana system is the
Philippine Basin, which is about 6,000 m deep. DSDP holes
291, 292, and 294 in the basin all reached basalt beneath
Eocene sediments, whereas hole 293 bottomed in an undated
basaltic breccia (Karig, Ingle, and others, 1975). The ages of
basalt, determined by the “°Ar-3Ar method, in holes 292,
293, and 294 are 50, 42, and 49 m. y., respectively (Ozima and
others, 1978). The lithosphere, above the mantle low-veloci-
ty layer, is only about 30 km thick (Seekins and Teng, 1977).
Magnetic anomalies trend west-northwest across the basin
and presumably record Paleogene sea-floor spreading
within it, although the anomalies cannot yet be assigned ages
or fitted to a symmetrical pattern (Louden, 1976; Shih, 1976;
Watts and others, 1977). How spreading in a
north-northeast direction can be accommodated in the
regional pattern is unclear. The DSDP holes appear to
invalidate the speculation by Ben-Avraham, Bowin and
Segawa (1972) and Uyeda and Ben-Avraham (1972) that the
basin floor formed by Mesozoic spreading. Changing
paleomagnetic inclinations in sediments in the DSDP holes
suggest that the Philippine Basin has moved about 20°
northward, at an average velocity of about 5 cm/yr, during
the past 40 m.y. (Louden, 1977).

INTERPRETATION

These relationships were integrated by Ingle and Karig
(1973), Karig (1971a, b, 1972, and in Karig, Ingle, and
others, 1975, p. 857-879), and Karig and Moore (1975) into
an explanation of the Mariana Arc system in terms of the
intermittent eastward migration of the frontal part of the
system, each time leaving the back part behind and opening
a new tensional basin between migrating and abandoned
strips. The large and complex Philippine Basin to the west of
the Kyushu-Palau Ridge apparently formed in Paleogene
time, perhaps by similar spreading behind several migrating
arcs, and the data contain “hints of arc polarity reversals,
collisions, and other reorganizations of tectonic elements”
(D.E. Karig, in Karig, Ingle, and others, 1975, p. 857). The
following discussion pertains to the simpler evolution of the
system from the Kyushu-Palau Ridge eastward and is based
on the papers, noted above, by Karig and his associates.
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(Bracey and Ogden, 1972, speculated on other details of the
history.)

Three times in the history of the arc, the frontal ridge split
longitudinally, the back side being abandoned in place and
the front side migrating eastward, and new ocean floor
formed in the growing gap. Both the Kyushu-Palau and
West Mariana Ridges represent the western parts of former
volcanic-arc ridges. The frontal parts—the basement bench
and the trench—that formed with each of these ridges are
lacking, so the subduction systems did not die as new ones
broke through the crust farther east. The oceanic basins
between the remnant ridges become older westward (fig.
136). The Mariana Trough is of Pliocene age; the Parece
Vela Basin was forming by late Oligocene time, and at least
its western part becomes older westward; and the Philippine
Basin is early Paleogene. The West Mariana Ridge is the
west part of the volcanic arc of Miocene age, and the
Kyushu-Palau Ridge is the west part of the volcanic arc of
the Late Cretaceous and Paleogene. Eocene to Miocene
volcaniclastic rocks derived from the west occur now in the
modern frontal-arc Mariana Ridge, so in each case the ridge
split longitudinally, its east part migrating away while its
west part remained behind. Each successive arc position was
more convex toward the Pacific than the one before, and
the ridges that define the successive positions converge
northward and southward. The belt of active volcanism has
migrated with the moving part of the arc. Periods of rapid
migration appear to be correlative with periods of most
intense volcanism along the arcs. Le Pichon, Francheteau,
and Sharman (1975) showed that the opening of the Mariana
Trough could be accounted for geometrically by the
rigid-plate migration of the Mariana Ridge northward and
counterclockwise away from the West Mariana Ridge,
without change in curvature of the Mariana Arc, although
Karig, Anderson, and Bibee (1978) have regarded this
possibility as incompatible with the observed fracture-zone
directions and known geology, and argued for opening by
rotation about a pivot at the north end of the trough.

The geometry of the arcs (fig. 136) suggests a further
complication. The Yap Trench appears to festoon
southward past the north end of the Palau Trench, and the
Mariana Trench similarly festoons southward past the end
of the Yap Trench. It appears that in each case the migrating
arc has not only moved away from the arc behind but has
ballooned or slid southward past it. The lengths of the
migrating arcs may increase not only to compensate for their
increasing convexity toward the Pacific but also to accom-
modate the festooning,.

BEHAVIOR OF ISLAND ARCS

Island arcs may characteristically migrate oceanward,
opening marginal seas behind them. Such behavior is
deduced for the Banda Arc in this report. Farther east, the
geophysical and marine-geologic features of the Tonga-Ker-
madec Island Arc also appear to require migration (Burns



















































BISMARCK AND SOLOMON ARCS AND SEAS

ratio of potassium to silicon in the plutonic rocks increases
southward at least in northeastern New Britain, so the island
arc recorded by the middle Tertiary magmatic rocks may
have stood above a Benioff zone that dipped southward
from a trench to the north, whereas the modern Benioff zone
dips northward from a trench south of the island (Davies,
1973b). The high lower Miocene, middle Miocene, and low
upper Miocene are present as nonvolcanic, little-deformed,
shallow-water limestone (Binnekamp, 1973; Davies, 1973b;
Ryburn, 1971, 1976). Upper Miocene to Holocene rocks are
mostly the volcanic products of the modern volcanic arc and
include basalt, andesite, dacite, their volcaniclastic products,
and limestone. Reefs are uplifted as much as 500 m above sea
level along the south coast, whereas the north coast is stable
or subsiding (Ryburn, 1971). The Quaternary
stratovolcanoes, many of them presently active, consist
mostly of two-pyroxene low-silica andesite, basalt, and
dacite (Bain and others, 1972; Blake and Ewart, 1974;
Heming, 1974, 1977; Johnson and Blake, 1972; Ryburn,
1971, 1975, 1976). The ratio of potassium to silicon in the
young volcanic rocks increases northward across New
Britain and the volcanic islands nearby to the north, as is
appropriate to the position above a north-dipping Benioff
zone, to where that zone is about 200 km deep; correlations
are irregular or even negative above greater depths (Blake
and Ewart, 1974 Johnson, 1970a, 1976a; Johnson and
others, 1973). Rocks showing a wide range in silica content
and potassium-silicon ratio all have primitive ratios of 8Sr
to #Sr, providing no evidence for contamination by old
continental crust (Page and Johnson, 1974; Peterman and
others, 1970; Peterman and Heming, 1974).

The young volcanoes that form the rest of the New Britain
Island Arc to the west are dominated by high-alumina,
primitive-strontium, two-pyroxene basalt and andesite;
more silicic rocks are rare (Johnson and others, 1972; Page
and Johnson, 1974). The Schouten Islands, at the west end of
the chain, lack basalt (Johnson, 1975). No pre-Quaternary
rocks are exposed within the arc west of New Britain.

The crust beneath both New Britainand New Ireland (part
of the Bismarck Arc, described next) is 20-40 km thick
(Finlayson and Cull, 1973a, b; Finlayson and others, 1972;
Furumoto and others, 1973; Wiebenga, 1973) and
presumably has been built by Cenozoic island-arc
magmatism from mantle sources and by subduction accre-
tion. Bouguer gravity anomalies are positive throughout
both islands and typically are near +100 milligals (Harrison,
1971).

A strike-slip fault system trends northwestward across
eastern New Britain, between 151° and 152° E., and offsets
the crustal welt and Paleogene terrain of the island about 40
km (fig. 146; also Bain and others, 1972). Unlike the nearby
parallel fault system across the south end of New Ireland,
this one is not obvious in the modern seismicity, but the two
systems likely share a similar transform relationship to the
Bismarck Sea spreading system, discussed subsequently.
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BISMARCK ISLAND ARC

The North Bismarck plate bears on its north side the
semicircular Bismarck (or West Melanesian, or North
Bismarck, or Admiralty) Island Arc, which swings from
central New Guinea to the Solomon Islands (fig. 145). The
western half of the arc, whose largest island is Manus, lies
within the area of the folio maps of the Indonesian region.
New Ireland is the largest island of the eastern part of the arc.

Manus has a basement of middle Eocene to lower
Miocene andesite and subordinate arc-type basalt, occurring
as much-altered flow, breccia and pyroclastic rocks, in-
truded by middle Miocene copper-bearing granodiorite and
allied rocks (Jaques, 1976b; Jaques and Webb, 1975).
Flanking and overlying the igneous rocks is shallow water
lower and middle Miocene limestone, overlain in turn by
middle Miocene to Pleistocene basaltic and andesitic lava
flows, tuffs, and volcaniclastic sediments, generally little
altered (Jaques, 1976b; Kicinski and Belford, 1956). The
small islands 20-60 km southeast of Manus are upper
Quaternary cones and caldera-rim segments of quartz-nor-
mative tholeiite, olivine- and hypersthene-normative basalt,
rhyodacite, and rhyolite and include one active volcano
(Jaques, 1976b; Johnson and Davies, 1972; Johnson and
Smith, 1974; Johnson, Smith, and Taylor, 1978). The silicic
rocks are sufficiently radiogenic (87Sr/8Sr about 0.7044) to
suggest that their magmas include a small crustal component
(Page and Johnson, 1974).

Long, southeast-trending New Ireland (fig. 145) was part
of the volcanic belt of an island arc in the Oligocene and was
near such a belt in the late Miocene and Pliocene, but it lacks
Quaternary volcanoes. The oldest rocks exposed are lower
to upper Oligocene high-alumina andesitic agglomerates,
tuffs, and volcaniclastic sediments, intruded by many mafic
and intermediate stocks and sheets (Hohnen, 1970; Ryburn,
1971). Large foraminifers are abundant in limestone lenses
in the Oligocene (French, 1966); thus, the arc included
islands during Oligocene time. Shallow-water high lower
Miocene to Pliocene limestone is widespread, thick, and
little deformed and shows gradual subsidence of the island
before more recent rapid uplift (Hohnen, 1970). Upper
Miocene and Pliocene andesitic and dacitic waterlaid
volcaniclastic and ashfall strata are known in central New
Ireland (Hohnen, 1970; Ryburn, 1971). The island has been
broadly tilted, down to the northeast, during Quaternary
time, and a narrow strip along all of the northeast coast also
has been uplifted (Hohnen, 1970; Ryburn, 1971). The major
strike-slip Weitin fault (fig. 146) trends northwestward
across the southeast end of the island and is marked by rift
valleys and by geomorphic evidence for probable left-lateral
offsets (French, 1966; Hohnen, 1970). A Benioff zone of
mantle earthquakes, continuous with that of the Solomon
Islands, dips northeastward under the south end of New
Ireland, and the Weitin fault system projects northwestward
as a zone of shallow, left-lateral strike-slip seismicity
(Connelly, 1974; Denham, 1969; Ripper, 1975a, b).
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FIGURE 147.—Line drawing of reflectors in seismic-reflection profile from the East Caroline Basin across the Mussau Trench and Lyra
(1971, p. 1185-1189) of

The young and slightly active (solfataric) volcanoes in a
row to the northeast of New Ireland (fig. 146) are mostly
low-silica highly alkalic basalts, rich in both sodium and
potassium, and include trachyte, phonolite, and nephelinite
(Ellis, 1975; Fisher, 1957). The rocks contain phenocrysts of
plagioclase and clinopyroxene, plus variously olivine,
hornblende, biotite, leucite, sodalite, analcite, zeolite,
anorthoclase, Fe-Ti oxide, and apatite (R.W. Johnson and
others, 1973, 1976). Ratios of 87Sr/8¢Sr are low, about 0.704,
indicating derivation from isotopically primitive sources
(Page and Johnson, 1974). Exposed rocks are mostly of
Pleistocene age, but middle Miocene limestone overlies
undated volcanic rocks on one island, and Oligocene
limestone is present on another (R. W. Johnson and others,
1976). Derivation above a nearly vertical subducted slab
was inferred by Johnson, Wallace, and Ellis (1976).

The West Melanesian Trench swings around the north
side of the magmatic arc and records subduction under the
arc (figs. 145, 146, 150). A well-developed outer-arc ridge
and basin occur between trench and magmatic arc along at
least some of the system. Kogan (1976, figs. 10-12) presented
three small-scale, extreme-exaggeration bathymetric
profiles and also Bouguer and free-air gravity profiles across
the trench near long 150° E. De Broin, Aubertin, and
Ravenne (1977, fig. 4c) gave a seismic-reflection profile near
152° E. I have also seen an oil-company profile, near the west
end of the trench, indicative of southward subduction.

New Ireland and the young volcanic islands to the
northeast of it may have formed above a Benioff zone that
dipped northeastward but that has recently been inactivated.
(This is discussed briefly in the subsequent section on the
Solomon Islands.) The line drawing by Furumoto, Webb,
Odegard, and Hussong (1976, fig. 11) of a poor reflection
profile suggests that a trench, with westward-subduction
geometry, lies at the east base of southern New Ireland,

between New Ireland and the row of volcanic islands
extending northwest from Bougainville, so the plate history
here may be quite complex.

BISMARCK SEA

A narrow belt of intense shallow seismicity trends
northwestward across southern New Ireland, thence swings
westward across the center of the Bismarck Sea to the north
coast of central New Guinea (Connelly, 1974, 1976, Curtis,
1973a; Denham, 1969, 1973; Hamilton, 1974b). Available
first-motion analyses indicate the belt to be dominated by
left-lateral strike-slip faulting with west to northwest strike
(Connelly, 1976; Curtis, 1973b; Johnson and Molnar, 1972;
Ripper, 1975a, b, 1976). A median sediment-free area is
centered on the midsea seismic zone (Connelly, 1974;
Willcox, 1976). The sediment-free zone is as much as 60 km
wide and has low relief in the east but is a rugged zone only
about 40 km wide in the west. The seismic zone must mark a
major plate boundary. This has been inferred variously to
be a simple, curving strike-slip fault (Curtis, 1973b; Krause,
1973), a system of alternate spreading axes and transform
faults recording northwestward or northward spreading
(Connelly, 1976; Willcox, 1976), and two distinct strike-slip
faults (Johnson and Molnar, 1972).

The known strike-slip faulting of New Ireland on the
seismic belt, the zig-zag pattern of seismicity across the
Bismarck Sea, and the first-motion solutions all can be
accounted for by a fast-moving arcuate strike-slip system
with offsets along short orthogonal spreading centers
(fig. 146). The pole of relative rotation between the North
and South Bismarck plates derived from this geometry lies
near Cape York Peninsula, northeastern Australia.

Connelly (1976) and Willcox (1976) stated that magnetic
anomalies near the mid-Bismarck seismic belt have domi-
nant easterly trends and that much of the seismic belt is
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The integration assigns to the mid-Bismarck fault system
the transforming of the major oblique convergence of the
Pacific plate to New Guinea. The Mussau Trench is
arbitrarily assigned a small convergence rate in a direction
parallel to the Caroline Ridge rift zone at which the Mussau
terrain ends (fig. 137). The West Melanesian Trench is
assumed to record a simple relative rotation of the North
Bismarck plate toward the Pacific plate, about a pivot at the
east end of the trench, and is assigned arbitrarily a small
angular velocity. Woodlark and Solomon Sea plates are
assumed to record rotations about poles of rotation nearby
in the Australian plate. These assumptions were derived in
part from the trial-and-error process of experimenting with
different local-boundary vectors and rotation poles.

From the chaotic patterns of relative motions across the
local plate boundaries, a satisfyingly simple pattern emerges
when all motions are put in the same framework, in this case
relative to Australia. The boundaries between the Pacific,
Caroline, and North Bismarck plates represent minor
changes in direction and velocity of the general motion of the
Pacific plate relatively west-southwestward toward the
Australian plate. As the Australian plate is shown by
paleomagnetic studies to be moving northward relative to
the earth’s spin axis, the dominant plate motions in this
region are essentially east-west relative to the spin axis. The
small, local-rotation South Bismarck, Solomon Sea, and
Woodlark plates represent sharper discontinuities and
perhaps can be viewed as being rolled between the oliquely
converging megaplates. The trench along the southwest side
of the Solomon Island Arc is not developed where the
hottest, weakest part of the lithosphere produced at the
Woodlark spreading axis is being subducted; active vol-
canoes are uniquely close to the front of the arc in the
same section. (See Marshak and Karig, 1977), for discussion
of possible analogs elsewhere.)

MECHANISM

Ocean floors spread, and the crust thereby created from
the mantle at spreading axes returns into the mantle at
subduction zones. The hinge-lines of those zones migrate
into the subducting slabs, so new crust is formed behind the
subduction zones also. Subduction can start or stop: An arc
can reverse its polarity, subduction on one side ceasing as
new subduction begins from the other side with opposite dip.

Arcs collide with each other and with continents. The results,

as exemplified in Indonesia and surrounding regions can be

chaotic: motions of very large plates continue for scores of

millions of years, but the detailed interactions by which these

motions are accommodated change rapidly and repeatedly.
PLATE MOTIONS

The many small plates between the converging Asian,
Pacific, and Indian-Australian megaplates are moved by
boundary interactions with the megaplates. Relative con-
vergent motion between Asian and Pacific megaplates.
north of lat 5° N. is nearly perpendicular to a boundary zone
of intervening plates, which absorb the convergence by
subduction and minor rotations. The Indian-Australian and
Pacific megaplates are converging obliquely; the small
intervening Melanesian plates absorb the convergence in
complex fashion with subduction accompanied by major
rotations and transorms and by minor spreading. The
eastern Indonesian zone of interaction between all three
megaplates is still more complex. Much internal deforma-
tion of arc and continental crustal masses occurs in all of the
convergence systems.

But what forces propel the megaplates? There are many
conjectures, but no proofs.

Thermal convection was long the general process favored
by a majority of geophysicists—Chapple and Tullis (1977),
Elsasser (1971), Ichiye (1971), Kaula (1972), McKenzie,
Roberts and Weiss (1973), Orowan (1965), Runcorn (1972),
Turcotte and Oxburgh (1969), and many others. Details and
mathematical elegance of the conjecture vary widely, but in
general, mantle is pictured as rising where it is heated and
diverging at or near the surface to form spreading
ridges, and as sinking where it cools to form subduction
systems. The moving plates are generally pictured as being
carried along on the tops of the convection cells, which are
illustrated by tidy two-dimensional cartoons. Variants of the
theory push the plates away from a ridge that is formed by
dike injection above a hot strip of mantle (for example,
Liiboutry, 1969; but this possibility is not obviously consis-
tent with the presence of open tension fractures along ridge
crests) or pull the plates outward and downward away from
the ridges toward the sites in which their cold portions are
sinking gravitationally. A smaller number of geophysicists
(including Jacoby, 1973, Jeffreys, 1974, Knopoff, 1967, and
MacDonald, 1963) have argued that the physical properties
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of the mantle prohibit thermal convection of the type | demonstrated process, further used such arguments to
visualized by those who would use it to drive plates. | conclude mistakenly that continental drift is impossible.)
(Jeffreys, MacDonald, and others, confusing evidence | Convective overturn in the mantle should, however, occur as
against a hypothetical mechanism as evidence against a | a byproduct of plate motion, whatever the cause of that
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FIGURE 154.—Inferred present plate motions in the western Melanesian region. Plate boundaries are from figure 146. (See figure 145 for
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Minster, Jordan, Molnar, and Haines (1974), and that of the other plates is derived as discussed in text,
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motion, perhaps involves the entire mantle (Davies, 1977),
and must respond to thermally generated density in-
stabilities.

Other hypotheses for driving plates by thermal in-
stabilities invoke “plumes,” or “hot spots.” A number of
volcanic island chains show systematic age progressions
which have been interpreted to indicate that lithosphere
plates drift over long-lasting local heat sources in the mantle
beneath the asthenosphere, and schemes to move plates by
the action of mantle rising at such points have been devised
by D. L. Anderson (1975), Burke and Dewey (1973b),
Deffeyes (1972), Morgan (1973), Wilson (1973), and others.
That “plumes” do not exist, and that the age progressions in
volcanic chains are instead products of propagating cracks
due to intraplate stresses, however, appears probable to me.
(See Jackson and Shaw, 1975, Solomon and Sleep, 1974,
Turcotte and Oxburgh, 1973, and Walcott, 1976.) Other
conjectural thermal-instability mechanisms couple differen-
tial heat sources to shallow gravitational drives (for exam-
ple, Lister, 1975, and Schuiling, 1973).

Another family of explanations, presently (1978) in-
creasing in popularity, assigns gravity the primary role in
producing plate motions: lithosphere slides gravitationally
down the flanks of ridges, pushing plates, and sinks
gravitationally in subduction systems, pulling plates (For-
syth and Uyeda, 1975; Gordon and others, 1978; Hales,
1969; Harper, 1975; Jacoby, 1973; and many others).
Variants of this theme superimpose the effects of thermal
convection and subduction pull (for example, Richter,
1973).

1 do not believe that any of these proposed mechanisms
can provide the major causes of plate motions, for the
mechanisms cannot be reconciled with the geometry and
behavior of actual plate boundaries. Thermal convection, in
the sense of a drive of spreading ridges by upwelling above a
linear heat source, is easily refuted. Spreading ridges migrate
concentrically away from rifted margins, changing their
lengths and curvatures in precisely the geometry required by
the separating plates, moving all the while relative to other
spreading ridges. The orthogonal geometry of
ridge-and-transform systems indicates that spreading is
produced by tensile forces in the plates (Oldenburg and
Brune, 1972). Rifts jump from one site to another without
change in spreading rates. Actively spreading ridges runinto
actively subducting trenches. The ridges that are migrating
away from Africa and Antarctica around two-thirds of the
perimeter of each are not compensated by any intervening
subduction. Spreading in the Atlantic is compensated by
subduction in the Pacific. All of this precludes hot-wire ridge
drives. Upwelling of hot material into ridges is a product,
not a cause, of plate separation.

Subduction must occur by gravitational sinking, as is
elaborated subsequently, but it does not follow from this
that sinking slabs pull plates halfway around the Earth.
Gravitational-drive hypotheses seem little better than
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convection-current ones for accounting for observed plate
behavior and geometry, and similarly are based primarily on
two-dimensional cartoons of idealized spreading-and-sub-
duction systems which cannot be related to actual global
geometry. A number of specific aspects of actual subduction
processes also are incompatible with subduction-pull
rationales. Opposed island arcs collide; obviously the
intervening plate cannot be pulled laterally beneath both
arcs simultaneously. Continuous subduction around the
180° bends of the Banda, Caribbean, and Scotia Arcs defies
subduction-pull explanation. Arc reversals, either without
or following collision with a continent or another arc, cannot
easily be explained by subduction pull, for penetration of an
old downgoing slab by a new one would be required.

Body forces, acting throughout the plates themselves,
might produce the motions. The obvious candidates are
gravity; tidal couples; and inertia, related to the Earth’s
rotation. The sinking of lithosphere slabs beneath arcs
probably is due to the action of gravity on the cold, dense
slabs, but this appears inadequate for consideration as the
major global mover. The Earth-Moon gravitational tidal
couple may perturb plate motions (Bostrom and others,
1974; Moore, 1973, 1975; Williams and Austin, 1973), but its
effect likely is small (Jordan, 1974).

Torques generated by the Earth’s spin might provide a
major driving mechanism. Plate motions represent primarily
slight differences in direction and velocity of rotation about
the Earth’s axis, and plate velocities are higher in low
latitudes than in high ones, so the Earth’s spin at least
influences plate motions (Knopoff and Leeds, 1972;
Solomon and others, 1975). Any shift of mass, horizontally
or vertically, upon or within the Earth must produce
compensatory gyroscopic shifts in other masses relative to
the general axis of rotation (Gold 1955). Goldreich and
Toomre (1969), Kane (1972), Knopoff and Leeds (1972), Liu
(1974), Liu, Carpenter, and Agreen (1974), Pan (1975), Shaw
(1973), and Whyte (1977) have presented variants of the
congcept that transfers of mass might, by changing the Earth’s
tensor vector, generate significant torques by gyroscopic
effects.

SUBDUCTION

The lithospheric slabs descending from subduction zones
cause relatively little attenuation of seismic waves, hence
must be colder than normal mantle at corresponding depth
(Oliver and others, 1973). Computer modeling of
temperature and other properties in downgoing slabs has
been carried out by Neugebauer and Breitmayer (1975),
Oxburgh and Turcotte, (1976), Smith and Toks6z (1972),
Toksoz, Sleep, and Smith (1973), and others. The slab is
dense because it is contracted thermally, because
pressure-phase transormations, which are inhibited by
increasing temperature, occur at relatively shallow depths
within it (Ringwood, 1976), and likely also because its
lowest-melting components are removed by partial melt-
ing beneath magmatic arcs. Earthquake locations and
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mechanisms indicate that the slabs are under tension at
intermediate depths and compression at depths below about
300 km and apparently are sinking under their own weight
(Billington and Isacks, 1975; Isacks and Molnar, 1969, 1971;
Oliver and others, 1973). Portions of slabs possibly are
detached and sink to depths of about 650 or 700 km, but
most descending slabs appear to be continuous (Barazangi
and others, 1973; Oliver and others, 1973). Although it is
generally assumed that the slabs do not penetrate the
650-700 km seismic-velocity discontinuity, Ringwood (1976)
argued that likely they do sink through it. Deep earthquakes
in descending slabs may be primarily results of density-phase
transformations (McGarr, 1977).

Jischke (1975) suggested, on the basis of mathematical
modeling, that the relative constancy of dip of individual
Benioff zones, and their contrasts with one another, could be
explained by hydrodynamic viscous shear forces that
balance gravitational forces drawing the plates down.
Solomon, Sleep, and Richardson (1975) deduced instead, by
analysis of relative plate-motion velocities, that horizontal
translation velocities of all subducting slabs are similar, near
1 cm/yr, and that different dips record different horizontal
convergence rates of the plates.

Subduction takes place where plates converge and likely is
controlled by gravity. But what are its mechanics? How
much beam strength does the slab have: to what extent is it
injected forward by the following plate, and how does this
injection behavior change with increasing depth and
temperature? How much of the dip of the Benioff-zone
trajectory of a descending slab is due to forward injection,
and how much to migration of the island arc or continental
plate above a vertically sinking slab? (The 140-km depth
limit on downdip compression inferred by Engdahl, Sleep,
and Lin, 1977, from their first-motion studies may mark a
transition from beam-injection to vertical-sinking behavior.)
Where and how is the return flow, which must globally
compensate subduction, accomplished? The concept of the
advancing hingeline (De Fazio, 1974; Frank, 1968; Scholz
and Page, 1970), discussed in this reportin the section on the
Mariana system, explains the spreading behind advancing
arcs as merely the geometric consequence of the subduction
of a plate that has a spherical curvature; how viable is this?
How can these parameters be integrated into a global motion
system? Many such questions cannot yet be answered.

The geometry of Indonesian subduction systems leads me
to conclude that subducting slabs are primarily sinking
vertically beneath advancing, overriding plates. The
spoon-shaped Benioff zone of the Banda Arc is easily
explained in these terms, whereas it defies explanation in
terms of slab injection with a sizable horizontal component
of motion. The collision of two arcs—well documented in
the Molucca Sea region, and inferred from less complete
data in the Schouten Islands region—by the complete
subduction of an intervening oceanic plate beneath converg-
ing overriding plates also is easily visualized as due to
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vertical sinking of both sides of the subducting plate, but not
as due to horizontal injection simultaneously outward in
both directions.

The relationships between horizontal velocities of con-
verging plates and the dips and lithosphere ages of subduc-
ting slabs obviously will tell much about the subduction
process when they are defined. No published studies yet
integrate all of these parameters. Lithosphere age controls
density and thickness, hence the sinking velocities must vary
with this age. The separate velocities of subducting and
overriding plates must be considered. Overall convergence
rates show only a very poor inverse correlation with dips of
Benioff zones (Tovish and Schubert, 1978). In single, long
island-arc systems, however, beneath which lithosphere of
relatively uniform age is being subducted and along which
the relative velocities of subducting and overriding plates
vary only systematically, a much better inverse correlation
prevails (Luyendyk, 1970). Along Chile, where convergence
velocity is semiconstant, both the dip and the down-dip
length of the seismic zone tend to increase with increasing
age of the subducting lithosphere (Farrar and Lowe, 1978;
see Woollard, 1977, for dips).

RIFTING

Rifting is better understood than subduction because a
larger proportion of its structural and lithologic products
crop out on the surface of the lithosphere and can be
ovserved directly, or are at only shallow depth and can be
probed by drilling and by high-resolution geophysical
methods. Continental rifts originate by attenuation of the
lithosphere along zones controlled in substantial part by
preexisting structural grains. Extension is accomplished at
the surface primarily by block faulting and may proceed
erratically and very slowly for tens of millions of years before
the continental crust is ruptured (for example, Veevers and
Cotterill, 1976, 1978), after which separation of plates
commonly proceeds rapidly. The rifted continental margins
subside, either with continuing block faulting or by gentle
oceanward sagging, likely in either case representing
gravitational spreading of the crust (Bott, 1971, 1973). At the
now-oceanic rift axis, new crust is generated in a linear
magma chamber (Cann, 1974; Rosendahl, 1976; Sleep,
1975), the melt for which is generated because of the pressure
decrease on retrograde-flowing mantle beneath the rift. The
“primitive” ocean-floor basalts formed by extrusion from
the top of this chamber are actually highly evolved by
massive fractionation of dunite and gabbro accumulated in
the chamber (O’Hara, 1976). Concurrent metamorphism
and off-axis magmatism complicate the products of rift
magmatism (Christensen and Salisbury, 1975). Some of the
geometric evidence that indicates rift zones to be products,
not causes, of plate motions was noted previously.

ARC MAGMAGENESIS

The magmas of the volcanic arcs of the Indonesianregion
are formed by processes related to the descent of lithosphere
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slabs. Volcanism is concentrated in belts that lie ap-
proximately above the 125-km contours on the centers of the
seismic Benioff zones that mark the descending plates
(Hamilton, 1974b; pl. 1), so apparently magmas are formed
at that depth, or at some other depth related systematically
to the conditions in or above the slab at that part of its
descent. Despite the assumption by many petrologists (for
example, Eggler and Burnham, 1973; D.H. Green, 1973; and
T.H. Green, 1972) that at least the basaltic lavas were
generated directly at such slab depths and rose to the surface
with little compositional change, it is unlikely that any such
proto-magma ever reaches the surface without profound
compositional modification. The fact that the surface
magmas are generally equilibrated with low-pressure
phenocrysts and lack superheat is prima facie evidence for
such modification. High-pressure experimental work
(O’Hara, 1965, 1970; Ringwood, 1977; Stern and others,
1975; Stern and Wyllie, 1973; and many others) indicates the
same conclusion,

The occurrences of the lavas also require profound
modification of the proto-magmas. The composition of
magmas reaching the surface is controlled by the composi-
tion of the crust through which the magmas rise, asis shown
strikingly along the continuous Sumatra-Java-Banda
volcanic arc. The modern volcanic rocks are intermediate
and silicic in Sumatra, which has old continental crust;
intermediate and mafic in Java, but more silicic in the west
(young crust, partly granitic) of Java than in the east (young
crust formed by subduction); and mostly mafic from Flores
around the Banda Arc (oceanic crust). Young oceanic arcs
tend to be entirely basaltic, whereas long-active ones
produce much intermediate magma also. Similar
relationships characterize other active volcanic arcs around
the Pacific (Dickinson, 1975; Miyashiro, 1974). Within
single arcs, strontium and lead isotopes in magmatic rocks
tend to become increasingly radiogenic as the preexisting
crust becomes older and more silicic (Dickinson, 1975; Doe
and Delevaux, 1973; Kistler and Peterman, 1972; Zartman,
1974; and for Indonesia in particular, B.R. Doe and R.E.
Zartman, written commun., 1975, and Whitford, 1975) and
are much too radiogenic to be produced by single-stage
melting of mantle material (Armstrong, 1971).

It appears, then, that whatever the specific processes are
by which primitive magmas are generated in or above the
subducting slab, the magmas that finally reach the surface
are products of long series of reactions of zone-refining type,
whereby complete or partial equilibration of magma and
wallrocks is reached at many successive depth levels,
through the exothermic crystallization of the most refrac-
tory magmatic components and the endothermic solution of
the least refractory wallrock components, the specific com-
ponents changing as functions of pressure, temperature, and
bulk compositions (O’Hara, 1965).

Within each magmatic belt, bulk compositions change as
a function of the depth to the Benioff zone beneath. The ratio
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of potassium to silicon increases regularly across the
relatively narrow main magmatic belt, and an erratic
increase occurs behind that with increasing depth to the
Benioff zone (Hatherton and Dickinson, 1969; Miyashiro,
1974; and many others). The K/Si ratio for a given depth to
the Benioff zone also increases as a function of the thickness
and degree of continentality of the crust through which the
magmas have risen (Dickinson, 1975; Miyashiro, 1974).
(C.S. Hutchison, 1975 and 1976, overlooked this relation-
ship and went astray in his conclusions.) The large-
cation minor elements Ba, Cs, Rb, and Pb show similar
relationships (for example, Jakes and White, 1970),
although reliable analytical data are not voluminous
enough to permit quantitative comparison among many
different arc systems. The isotopic compositions of Sr and
Pb become more radiogenic with increasing continentality
of intervening crust, as noted previously, and limited
evidence suggests that Sr becomes more radiogenic also with
increasing depth to the Benioff zone. (See, for example,
Whitford, 1975.)

Numerous explanations have been suggested for the
cross-strike variation in potassium contents of magmas. One
major group of explanations postulates variable degrees of
melting of potassium-bearing amphibole, mica, phlogopite,
or sanidine in the mantle or descending slab (Beswick, 1976;
Boettcher, 1973; Forbes and Flower, 1974; Jakes and
White, 1970; Marsh and Carmichael, 1974), although Wyllie
(1973) regarded high-pressure experimental data as
minimizing the possible validity of such processes.
Miyashiro (1974) appealed to the upward streaming of
volatiles from the mantle beneath the subducting slab. Zone
refining, invoked here previously to explain the variationsin
magmatic compositions that correlate with crustal com-
positions, must operate in the direction of the observed
cross-strike variations also, and perhaps is primarily respon-
sible for them. The greater the distance through which
mantle magma rises, the greater is the volume of rock whose
large, light cations it can ingest. A magmatic-streaming,
zone-refining process would also operate to progressively
differentiate the mantle and crust, depleting low levels, and
enriching high ones, in the least refractory elements.

THE FUTURE AND THE PAST

The complex interactions between lithospheric plates,
which have been the dominant topic of this report, are details
superimposed on the broad convergence of megaplates.
Australia continues to approach Asia at a velocity of
something like 10 cm/yr, or 100 km/m.y. Projection of this
convergence forward in time indicates that, barring a major
reorganization of plate motions, the likely fate of Indone-
sian, Philippine, and western Melanesian complexes is to
be squashed between Australia and Asia.

Eurasia is a composite of many small continents,
separated by broad terrains of Paleozoic, Mesozoic and
lower Cenozic magmatic and deformed rocks that include
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many Indonesian and Philippine analogs (Argand, 1924;
Burke and others, 1977; Burret, 1974; Hamilton, 1970b).
Kolyma, the Siberian Platform, Tarim, Tibet, North
China-Korea-Japan (the latter before Tertiary opening of
the Sea of Japan), South China, Indochina, India, Arabia,
and many small masses from Afghanistan to France and
Spain, are such continental pieces. The convergence and
aggregation of these continental masses must in many cases
have been accompanied by the long-continuing development
of complex offshore arc systems and not have been limited to
simple disappearance of oceans beneath continental margins
of Andean type. This report, concerned primarily with a
mere 100 million years of the history of one sector of a
convergence zone, gives some notion of the complexities yet
to be comprehended in the terrains now squashed between
continental masses in composite continents.
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NeGroS.....ioviviiiineiininiinnnnnees 210
New Guinea............ 237, 238, 239, 251, 252, 253

Ninetyeast Ridge ...

Ontong JavaPlateau....................

PacificPlate........................c.e

South China Sea shelf .

Sumatra ..............iiiiiiiiiiiian,

Cretaceous sedimentary rocks. Occurrences
in melanges are not listed.

Andaman and Nicobar Islands . 66
Australia and shelves ...... . 224
northwest shelf .. ... 60,63
Borneo.......... .. 86,87 92
Broken Ridge . .. ... 62
Burma .... 79
Buru.............. . 135
Buton.............. . 172,183
Cebu............... 210
India, southeast shelf ................... 63
Java ... 39
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Malay Peninsula........................ 71
Mariana Arc System .. 274
Misool ...ttt 245
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e 210

239, 249, 251, 252, 268

Ninetyeast Ridge . . 52
Obi................ 191
Ontong Java Plateau .. 283
PacificPlate............................ 285
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Scott Plateau, Indian Ocean ............. 58
Seram .........c.coviiieiniiiiieiiiiiees 133
Solomon Islands ..................oooee. 284, 293
Sula and Banggai Islands................ 181
Sulawesi
Sumatra
Sumba .....
Tanimbar
TIMOr . ..ot

Wharton Basin, Indian Ocean . 44
Crustal structure, Australia, northeast ....... 226
Banda Arc.............c.oenne 116, 138, 144, 145
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Daly River Basin, Australia ................. 221, 223
Damar Islands . 114, 115
Dangerous Ground, South China Sea . 111
Davao Lowlands and Gulf, Mindanao . . 207
Davao Peninsula, Mindanao ............. 157, 196, 207
Deep Sea Drilling Project (DSDP), holes 53, 54 271, 273

holes 55-58.............cvununn 271, 276, 282, 283

.. 271, 284, 285

hole263 .........coviiviiiiiiiiiiiins 47,49
holes 265-267 ...........oivuiiiiiinnnnn 60
hole 287 ........ccoveviiiiiinniinns 228, 229, 289
holes 288,289 ........c0vvveinennnns 283, 286, 289
holes290-294 .........covuiviiiannnn 271,274, 276
holes295-298 ..........c.cevviinenenn 271, 273, 276
holedd47 .........covviiiiiiiiiiiinin, 274
holes 448-4560 ............cooiuniiiannn 273
holedB1 ....ooiuiniiniiiiiinniiiniinnns 273
Deep-seaterrace............ccooevuvniinnnnn. 9

See also Outer-arc basin.
Dent Peninsula, Borneo ............ 85, 94, 157, 206, 214
D’Entrecasteaux Islands........... 228, 232, 237, 268,
269, 270, 289, 298

Devonian igneous rocks, Australia........... 226
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Devonian sedimentary rocks, Australia....... 224, 226
Borneo...............ciieinn . 88
Indochina ..... . 83,84
Malay Peninsula . 68, 75, 76
New Guinea ..............coevvivniinnnn 234
Diapirs. See Anticlines, shale-cored or diapiric.
Djawa. See Java.
E
Earthquakes and seismicity ........... 9, 10, 12, 17, 30
Alaska, 1964 ... e 30
Banda Arc .... . 116, 154
Bismarck Sea . .. 292, 296, 301
Cotabato Trench, Mi 207
Luzon, 1978 ............... N 215
New Britain ... .. 288, 301
New Guinea, 1970...........coeievnnnns 256, 296
NewlIreland ..............ccoovvniian... 291, 301
Solomon Islands . 293, 296, 301
Sulawesi ...........coiiiiiiiiiii 175, 176
Sumatra ..........ciiiiiiiiiiiiiea 37
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218
Yap, 1931 ....oooviiiniiiiiiiii e 275
See also Benioff seismic zones.
East Basin, AndamanSea................... 67

East Caroline Basin . 271, 276, 280, 281 286, 287,292, 294
East Malaysia (Sarawak and Sabah). See

Borneo.

East MarianaBasin.............ooooviennnn 271

East Sangihe Trench........ 157, 158, 183, 185, 192, 194

Eastern Highlands, New Guinea ............. 232

Eauripik Rise (Eauripik-New Guinea Rise) . ... 271, 276,

279, 286, 289

Eclogite................. 39,79, 94, 161, 234, 249, 299

Emperorof China ..................... .o

Enggano........c.ociiviiiiiiiiiiiiiiiii.

Eocene correlation .............ovviieninn..

Eocene igneous rocks, Bismarck Arc
Borneo...........iiiiieiiieiiiieniiien
Christmas Island .......................
CoralSea...........covvnviiiiinninninn
Jawa..............le
Mariana Arc System . .

Mariana Trench..........ooovvveniennen,
New Britain Arc...........cooviivnns
New Guinea ............cooociiieinnnn.
Ninetyeast ..........ccooveiviiininnns
Palau ..........cooviiiniiiiiiinnnn.
E di tary rocks, And and Nico-
bar Islands ..........c.ccovennnn 66
Australia, northwest shelf ............... 60
Borneo..............ociiiiiiiiiiinien 88, 187
Burma ............ciiiiieeiiiiea 79, 80
Cebu.......cooviiiiiiiiiii i 210
Christmas Island ....................... 57
Java ... e 39

Ninetyeast Ridge ....................... 52
PacificPlate .............coovvivnninn. 285
Raijua ..........coii 132
Roti ..o 132
Sarawak Basin ...............o0iiel 108
Seram ...........cieiiiiiiiiiieiiia 133
Sulawesi..........ocoviiinnnnnn 162, 169, 172, 187
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Ertsberg, New Guinea ...................... 233, 254
Eugeosyncline .............ccoiiniieaiinn. 14
Eurasian (Asian)plate..................... 8, 303, 308
Exmouth Plateau, Indian Ocean............. 59
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Faults, strike-slip (and transform)... .. 17,8917
Andaman-Nicobar...... . 65, 66,67
Australia ....... 223
Banda Arc... 116
Bismarck Sea ... 258, 290, 291, 292, 293, 300, 304
Burma ........cociiiieieiiiiiieine. 65, 81
China ........ccoocviiiiniiiinininn,
Gulf of Thailand .
Indian Ocean .............. .
Indochina-Malaya-Sumatra region.... 38,84
Investigator Ridge
Java ...
Java Sea .......oiiiiiiiiiiiiiiienn
Malacca Strait . .
MalayBasin...........coovvuvnnnnns 105
Malay Peninsula ............coocu.en 77,78
Mariana Trench . . 275
Mergui Terrace 78
NewBritain................. 160, 290, 291, 304
New Guinea............ 1186, 234, 238, 244, 245,
246, 248, 253, 261, 264
New Ireland............ 160, 290, 291, 292, 304
Ninetyeast Ridge . .................. 50, 51,64
Philippines ..................... 212 213, 215
Sorol, Caroline Ridge ........ 272, 276, 283, 288
Sorong ............ ... 158,181, 191
South China Sea ...............oovnt 113
149, 158, 181
...... 160, 175
20, 37,38, 84

thrust. For thrusting in accretionary
dges, see Melange and mel

wedges.
Borneo .........
Java, foreland basin ..
New Guinea............
Sulawesi................

West Natuna Basin
transform. See Faults, strike-slip.

Fergusson Island, New Guinea ...............
Finisterre Mountains, New Guinea ... 232, 251, 252, 300
Fitzroy Trough, Australia ................... 220, 223
Flores.................. 21, 114, 114, 118, 120, 189
Flores Basin .............ccvvieiiniiiinn, 21, 114
Flores Sea......... 115, 1186, 121, 122, 123, 126, 156, 189
FloresSeaTrench................... 114, 122, 126, 156
Folding, Borneo, northwest . . 92,93
Java, foreland basin . . . 43, 44
JavaSea ........oiiiiiiiiiiiiiiiiiin, 100
New Guinea ..........covvevinnenniinns 240
Sumatra, foreland basin ................. 35, 36
Foreland basins, Java ................... 20, 42, 43,43
Java Sea
New Guinea
Sulawesi
Sumatra
Taiwan...............
Frieda fault, New Guinea
G
GAZ . oiivniin i i 191
Gagil Tomil, YapIslands.................... 275, 276
Ganges-Brahmaputradelta................. 65, 80, 81
Gas, natural. See Petroleum and natural gas.
Gascoyne Abyssal Plain, Indian Ocean........ 20, 54
Gauttier Mountains, New Guinea ............ 233
Geelvink Bay, New Guinea .. 233, 234, 251, 253, 261, 262
Geographicnames .............ccocvevuennns 2,4
See also Index maps.
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Geothermal gradients, Borneo ............ 92, 95, 96, 97
Gulf of Thailand ....................c.es 105
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Java-Sumatra outer-arcbasin ............ 28
South China Sea .................c..ov0s 107, 109
Sumatra .........ccoiiiiiieiiiiiiiiine, 36
See also Heat flow.
Glaucophane schist. See Metamorphic rocks,
high-pressure.
Gondwanaland ..............ccooiiiiiiiine,

Antarctica-Africa relationships
Australia-Antarctica separation .
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Indian Ocean fragments

Mesozoic Gondwanaland .

paleobotany ............civiiiiiiiinnn
paleoclimatology’................oouut
paleomagnetism .
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Gravitational plate drives ...................

Gravity surveys and anomalies, Australia ... . 218
Banda Arc................. 131, 132, 137, 148, 195
Bismarck Sea . . 288
Borneo. ... 97
Java ...... .. 44
Molucca Sea . 192,185
New Britain .............ocoociiiiiinnnnn 291
New Guinea 232, 245, 249, 259, 262, 265
Seram . 137
Solomon Sea 293
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malies” ................. 31,132, 148, 195
West Melanesian Trench ................ 292

Guam.........coiiiiiiiinnn 270, 271, 276

Gumai Mountains, Sumatra . . 33

Gunung Api............. .. 115,149

Guredalsland..............cocovoviiuiann 195
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Hainan, China . .........ocovviiiiiiiiininnns 13

Halls Creek Mobile Zone, Australia . 219, 223
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192, 196, 197, 206

Halmaheraplate.............coviiiieiinnnns 193

Heat flow, Banda Sea 149
Celebes (Sulawesi Sea) 192
Coral Sefl.......covvuniinnieniinaiinnines 229
Eauripik Rise.........covvvviiniiinainn 279
Indian Ocean ..........cooovinaiiiinanns 49
Mariana Trough ........coovvivieniennns 273
North of Caroline Ridge ................. 283
Philippine Basin .........cooveiiiiiinnn 277
Solomon Sea........ocovverneniiinrnnens 298
Sulu Sea .......cooviiiiiiiriiereeiiaas 205
West CarolineBasin.............coouvenn 279
Woodlark Basin ..........ocoeiveiinens 298
See also Geothermal gradients.

Himalayas .........ccoieivenieiennencnnns 8, 64, 81,82

Holocene. See Quaternary entries.

Hot spots (plumes) . ..........ocoovniiiieies 3056

Hunstein Range, New Guinea ................ 282, 250

Hunstein terrain, New Guinea....... 236, 249, 263, 270

Huon Gulf, New Guinea ....... .. 232, 262, 300, 302

Huon Peninsula, New Guinea ................ 232, 302

I
Iloilo Basin, Panay ....c...coeevvniiuienacnncns 209, 216
Index maps, Andaman-Nicobar region...... . 65
65, 82, 108, 271
.............. 221
Banda Arc .......cvceveniveniiniennaenns 21, 115
BOMMNEO ...vevvuiiniiniiecnnannncnacaras 85, 103
CoralSea......covvveninirirnineeiinnens 228
Indian Ocean .........c.c.ovveeeenennnanss 20, 45

Indonesia .............. e e, 4
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Philippine Sea .......................... 271
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Sulu-Palawan region .................... 157
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rifting of east margin.................... 63
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Indian-Australian lithosphere plate .......... 8 303
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Irian Barat, IrianJaya...................... 232

See also New Guinea and Vogelkop.
Irrawaddy Delta and Lowlands, Burma... 65, 79, 80, 81
Island arcs. See Magmatic arcs, Subduction
systems, Trenches, and individual
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Isotopes. See Lead isotopes and Strontium
isotopes.
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Jadeite. See Metamorphic rocks, high pressure.
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Japen Island. See Yapen Island.
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basement geology . .. 100, 101
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Jurassic igneous rocks, Borneo 88
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Wharton Basin, Indian Ocean.. .. 47

Jurassic sedimentary rocks, Australia and
shelves...................... 63, 224, 227
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Malay Peninsula ....... . 71
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Roti
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See also Borneo.
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Karkar Island . . 232, 256, 257, 288, 289
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L t-Doherty Geological Observatory of
Columbia University {acknowledg-
ments and credits)...... 3,23, 24, 46, 50, 52,
54, 55, 56, 58, 66, 80, 105, 110, 122,
139, 144, 146, 150, 158, 182, 184, 186,
201, 203, 230, 278, 280, 284, 287, 300
Land Slip Range, New Guinea
Lariang Basin, Sulawesi.............. .
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Mariana Ridge...........c..covveiiinnen 273
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Madagascar .. ... .c..ovvveniuirarnirarienass 59, 63
Madura Basin.........oooiiiiiiiiiiiiiin 21, 43
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Andaman-Nicobar arc . 65, 66, 66,79
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BUIMA ... oeoiniiineiiiiieiaanans 65, 69, 79, 80
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JapaNn ... i 272
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Leyte ...ovvvneiiiiiiie e 211,213
| T2, 213, 218
magmagenesis
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Mussau
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New Guinea 241, 242, 243, 251, 269
Obi......... 191
Philippines ...........cciiiiiiiiiii 217
potassium-silicon ratios ............. 9,11, 73,118
Sangihe.................... 181, 182, 183, 185, 193
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Sulawesi............... 160, 162, 175, 181, 188, 192
Sulu.....ooiviiiiiniiiiiin 157, 192, 205, 206, 217

Bismarck Sea ................... 292
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Tasman S8 ........ocvievneieriennivinnes 227, 229
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Majau (Mayau Island)........ PR 157, 196
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Malacca Strait.........covviiiiieiiiiannn. 32,82 84
Malaita, Solomon Islands
Malawali, Palawan Ridge
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Cenozoic basalt
graniticrocks ... ...viiiiiiienaia,,
paleomagnetism
Paleozoic and Mesozoic stratified rocks . .. 68
strike-slip faults ........................ 77,78
subduction history ................... ... 80
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Malaya ....oovvriniininninrneraraniaraenias 68
See also Malay Peninsula.
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Matano fault, Sulawesi . 160, 166, 175, 180, 181
Mayau(Majau)Island . ...................... 195
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26, 28,29, 130, 204
Andaman-Nicobar arc................... 66, 80
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Bohol ......ccooivvieiiiiiiiiiiie 210
Borneo .. 85, 88, 89, 90, 93, 101, 185, 205
BUurma ........ooivvviiinenieniniinenans 79, 80
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BEMeSIS ..ot 28, 29, 91
Halmahera .............cvvneuiinennanss 190
Java, Upper Cretaceous and Paleogene .. 39, 40, 101
Java Sea .......ccoiiiiiiiiiieiiiiiae 100, 101
Java-Sumatra, offshore........ 19, 23, 24, 26, 28, 29
Leyte ..oooviiiiiiiniiiiiiniiii e 210
Malay Peninsula ...................0ae 76,77
Mindanao .............civieiiiiiaiiiinn 207
Mindoro ..........eovniiiiiiiianiiiiae 209
MoluccaSea............... 157, 158, 159, 183, 185,
192, 193, 195, 195
New Guinea........ 238, 249, 252, 255, 261, 265, 268
NiBS .ooviiiiieii i 20, 24
Nicobar-Andaman arc................... 66
(07 159, 191
Palawan .............ccciiviiiianienns 197, 204
Panay ..........oeeeiiniiiiniiiiiniaines 197, 209
SAMAT ....iveiiiiiiiiiii s 211
Seram...........cooiiiinnen 133,134, 136, 136, 139
Sulawesi ... 157, 160, 161,164, 167,169, 175, 185, 192
Sulu .. e e 205, 206
Sumatra, pre-Tertiary ................... 33
Talaud Ridge .............c.covevvnvninnen 195
Timeor.......... 121, 125, 126, 127, 128, 129, 142, 143
WERIBEO ... oviiiiriiniiineniinaiinns 191
See also Outer-arc ridge.
Melville Island, Australia ...................
Mendoke M. tains, Sul :

Mengkoka Mountains, Sulawesi
Meratus Mountains, Borneo . . .. 85, 87, 96, 100, 101, 188

Mergui Terrace, AndamanSea............... 65, 78

Mesozoic geology. See listings for each system.

Metamorphic rocks, high-pressure ........... 13, 30
BOMNeo.......covvvveuninnenn . 87,88,93,94
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California .............. . 1

Wharton Basin
Metamorphism beneath ophiolite, D’Entrecas-
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Mid-Bismarck fault system.......... 257, 290, 292, 293

Mid-siope basement high .................... 9
See also Outer-arc ridge.
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Bismarck ............0ooiiiiiiiiiienn.n 300, 301
BOrneo........oviiuieiriniieiieninenans 96, 189
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New Britain ..............covveiieniinn 300, 301
North New Guinea ...................... 253, 254
Palau .........cooovvniiiiiiniiiiiinain. 277
Palawan .............cccieiiiiieieannn, 204, 218
Papuan Peninsula ....................... 269, 270
Pocklington-Woodlark .................. 299
Solomon .............iiiiiiiiiii 300
Sulawesi . . ... 181, 185, 188, 189
Sulu........oovnenn . 204, 206, 216, 218
Sumbawa and Flores . .. 189
Tonga-Kermadec .................c\.... 274
YaD .ot 217
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213, 214, 215, 216,217
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Mindanao Trench, See Philippine Trench.
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Miocene igneous rocks, Bali ................. 118
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New Britain Arc
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Sulawesi .. . 162, 188
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Borneo................ cee. 92,187
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Caroline Plate . . 280
Caroline Ridge . . . 282, 285
Christmas lsland ... . 57
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Java Sea ... .. 100, 101
Malay Basin........ .. 104
Mariana Arc System .. 273
Misool ............. .. 245, 249
Natuna .. 102
Negros .. 210
New Britain 291
New Guinea........ 239, 252, 253, 259, 260, 261, 269
Nigs ..ot 21,24
Palau .............. .. 217
Panay ............. .. 210
Sarawak Basin ........... 108, 109
Solomon Islands 298
Sulawesi................00s 162, 169, 172, 187, 188
Sumatra .........iiiiieiiiie e 35
Sumba ....iiiiii e 148
Thai B&asin .........coovvviveiinninnnnn 106
TIMOr .. vvviveinviienierannen 121, 129, 130, 130

Timor Trough
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Misool (Misol), New Guinea shelf ........ 115, 133, 135,

233, 245, 249
Mississippian. See Carboniferous entries.
0 A 115, 133
Molucca Sea....... 157, 158, 183, 185, 191, 192, 194, 216
Molucca Seaplate ............c....ovuvnnnn.
Money Shoals, Australian shelf
Mongolia ...........ccoviiiiiiiiiiainin..
Mount Kinabalu, Borneo ....................

Mount Lamington, New Guinea
Mud volcanoes ..................

Muna.......oooiviiiiiiiiiiiiiici

Mussau Arc, Ridge, and Trench.. ... 271, 272, 283, 286,
287, 288, 289, 290, 292, 294, 301, 303

N

Naga Hills (or Ranges), Burma .............. 65, 79, 80

Nankai Trench (Trough), Japan.......... 271. 272, 218

Nanusalslands....................cooeenne, 157, 195

Nassau Range, New Guinea................. 233

Natuna (Bunguran) Islands.............. 34,102, 103,113

Naturaliste Plateau, Indian Ocean .. .. 59, 59, 60, 62, 220
Negros, Philippines 157, 202, 210, 211, 214, 217
Negros Trench 157, 202, 210, 214, 216, 217
Neogene correlation......................... 18
Neogene igneous rocks (major listings only).

Ambon

Kerguelen

Mindanao

Yap oo e
See also Miocene igneous rocks, Pliocene ig-
neous rocks, and Quaternary igneous rocks.
Neogene sedimentary rocks (major listings

only).

79
43
62
104
285
Roti ...ooovniiiiiiii e 132
Sumatra ..........ociiiiiiieiiiiiiiea 36

See also Miocene sedimentary rocks,

Pliocene sedimentary rocks, and Quaternary

sedimentary rocks.

New Britain............... 232, 237, 252, 256, 257, 259,
288, 289, 290, 299, 300
New Britain Trench................ 232, 237, 257, 259,
288, 299, 300, 302
New Guinea............ 230, 232, 233, 236, 289, 290, 304
Cenozoic geology .......ovvvvviveiiennnn 238, 249
Mesozoic geology .. 235, 237, 239, 249
MiSOOL ....veviviiiiiiii i 245, 249
Paleozoic geology ...... ... 238,234,237, 239
relationship to Australia..... 227, 229, 239, 245, 263

relationship to Banda Arc... 116, 121, 133, 151, 249
New Guinea Trench . 232, 237, 256, 258, 258, 286, 289, 290
NewHanover...................o.0. 232, 237, 289, 290
New Ireland........ 232, 237, 289, 290, 291, 292, 300, 301
301
. 227,229, 270
.. 20,24, 34 45
.. 174,174, 191
.............. 19, 60, 64,
65,79, 80, 81

Ninetyeast Ridge . . ... 48 50, 51, 52, 54, 55, 56, 60, 61, 69

basement roCKS ........ooviiiniiiniin.ns 52, 65
igi . 55, 61, 64, 81
paleobotany ..................iieilln, 53




342

Ninetyeast Ridge—Continued

sediments . ...
Norfolk Island Ridge . .
North Banda Basin ...
North Bismarck Arc..

See also Bismarck Arc.
North Bismarck Plate....... 290, 291, 292,
North Luzon Trough ..
North Makassar Basin . .
North Solomon Trench..............
North Sulawesi Trench .. 157, 160, 175, 181, 184, 186, 194
Northern Divide Ranges, New Guinea . ... 233, 251, 260
Northwest Borneo Trench........... 103, 105, 111, 112
Nullaginian Period (Australia), definition..... 219

See also Precambrian and Precambrian(?)

geology.

ObilIslands .............cccoviiieeininnnens, 159, 191
Ocean-floor basalts and other rocks. See Ophio-
lite for occurrences on land, Deep
Sea Drilling Project, and entries for
individual oceanic basins.
Ocean-floor spreading. See Migration of island
arcs and Spreading, ocean-floor.

Oenake Range, New Guinea ................. 232, 252

Oil. See Petroleum and natural gas.

Oligocene correlation ....................... 17

Olig ig rocks, Bi ck Arc....... 291
Borneo.........civeiiiiiainns
Caroline Plate ...........coocivivninnnnn
Caroline Ridge .........ooovvviiiiiinnns
Christmas Island
JaVA oo
Mariana Arc System ........c.coouvinenas 273, 274
New Britain Arc... 290
NewGuinea.................... 251, 252, 253, 269
Ninetyeast Ridge 52
Panay .. 210
Solomon Islands ................... ... 293
Sulawesi ..........iiiiiiiiiiiiiiiie 162
Sumatra ........c.iiiiiiiiiei e 36

Oligocene sedimentary rocks, Andaman and

Nicobar Islands ................. 66

CarolineRidge..........cooovinivninnines 282
Christmas Island ...............cooee 57
CoralSea.......covvvviiieiniiininnn. 229
JaVA o e 39
Java S8 ... .iiiiiii et 100
Mariana Arc System ........coveevirnnn. 273
Mindanao ........c..coviiiiiiiiieiiiiea 207

Ninetyeast Ridge ....................... 52
Pangay .......iiiiiiiiiiiiiiiiiiiieeas 210
Sarawak Basin ..............0coiiiainn 108, 109
Sulawesi................oooinlt 162, 169, 172, 187
Sumatra ........oiiiiiiiiiiiii 35
Sumba .......iiiiiiii e 148
Thai Basin .......coocvviiineiiiiiinnn, 105
Waigeo ..... o 191
Olistostromes ............cooouuves .. 30,92,94
Ontong Java Plateau........ 174, 283, 284, 287, 289, 299
Ophiolite ........cooviiiiiiiiiiiiiiiiiins 13,17
Andaman-Nicobar ................o.o00e 66
Borneo..........coiiiiiiiiinnnn 85, 87, 88, 93, 96
Burma ,....ooviiiiiiiiiiiiiieiiiianias 79
Buton........oiiiiiiiiiiiiiiiiiee 172
California .........cooviviiiiiiiiiinas 1
D’Entrecasteaux Islands ................ 299
Halmahera ..........coooiiiiviiiinnn 190
Indochina ..........ccviiiivviinininnnns 83
Java .o e 39, 40

INDEX
Page
Ophiolite—Continued
Mindanao 207
Moa ..... 133

Natuna ..

283, 284, 293

32,33

Waigeo ......oveiviiiiiiniiiiiniiinan, 191

275

Ordovician sedimentary rocks, Australia ... .. 223, 224

Malay Peninsula............c.co0vennnns 68
Oroclinal folding and crustal rotation, Banda

N N 154, 189

Malay Peninsula

Sulawesi...................0el 164, 181, 188, 197

Sumatra .. 37,76,81
Sumbawa ..........iciiiiiiiin 189
Vogelkop, New Guinea.......... 154, 254, 262, 263
Outer-arcbasin..............ccovvvniiun..s 9,29
Andaman-Nicobar-Burma............ 68, 66, 67, 80
Banda Arc................. 114, 115, 139, 140, 144,
146, 147, 154, 157

Bismarck .........oiiiiiiiiiiiiiiiiien 292, 297
Borneo, middle Tertiary ..... 88, 92,94
Paleogene .. 92

79

Java-Sumatra ... 19, 20, 21, 23, 24, 25, 26, 28, 29, 122
. 213, 218

Mariana o 270
Negros...... 202 210, 217
North Sulawesi . .. .. 181, 186
Palawan system . 157,199,217
Panay ......... . 202, 217
Sarawak Basin .............c0iiiiiiienn 108
SavuBasin....... .. 114, 115, 144, 146, 154
Sulu..oiiiiiii i i i 157, 200, 206
Weber Deep, Weber Basin........... 115, 139, 140,
142, 147,154
Quter-arc ridge .......ocvviriviiiiniiiienn 9,29
Andaman-Nicobar-Burma . . . ...... 66,66 80
Banda............. 114, 115, 121, 139, 140, 142, 146,
147, 151, 155, 189
See also Babar, Buru, Kai Islands, Leti,
Roti, Savu, Seram, Tanim-
bar Islands, and Timor.
Bismarck .........ciiiiiiiiiiiiiiens 292, 297
Borneo, middle Tertiary . 92, 94
Paleogene ........ 91
Burma ........... 79
Java......ooiieiiiiie 18, 20, 23, 24, 26, 58, 122
Manila . 213, 218
Negros ...

North Sulawesi ...
Palawan ....... .. 114, 204
Sulu...ooviiiiiiiiiiii 157, 200, 217
Sumatra........cooiiiiiiaenns 19, 23, 24, 29, 34, 50
Owen Stanley Range and terrain, New Guinea . 232, 237,
238, 251, 264, 266

P

Pacific Cordillera, Mindanao ............ 157, 196, 197,
207, 209, 216
Pacificplate................ 8 270, 275, 279, 285, 287,
287, 290, 301, 303, 304
Pakistan syntaxis . ...........ccevevnenenen 37,81,8
Palau Islands and Ridge............. 271, 275, 276, 2T7

Page
Palau-Kyushu Ridge. See Palau Islands and
Ridge and Kyushu-Palau Ridge.
PalauTrench...............cooouve 271, 274, 276, 2T7
Palawan, island and ridge.. . ..... 85, 103, 112, 114, 157,
197, 198, 206, 209, 214, 216,217
Palawan Trench . ... 103, 110, 112, 201, 203, 204, 214, 217
Paleobotany, Cenozoic, New Guinea and

Australia ..ol 254
Cretaceous, Borneo ..................... 86
Cret and Pal Ninetyeast

Ridge 53

Permian, global 235
Tertiary, Kerguelen 62
Upper Paleozoic, New Guinea ............ 234, 235
SuMALra. . .o.vvivii i 32
Paleocene correlation 17
Paleocene igneous rocks, Cebu............... 210
Java ... 39

Sulawesi ... 162
Paleocene sedimentary rocks, Andaman and
Nicobar Islands ................. 66
Australia northwest shelf . . 60
Borneo................... 88, 89, 92
Java ......... . 39
New Guinea . ... 239, 261
Ninetyeast Ridge .............voeivuann 52
Pacific Plate . . .. 285
Sulawesi ......... 162
Paleoclimates, Australia .................... 125
Gondwanaland............
India ..........
Malay Peninsula

New Guinea ....

Ninetyeast Ridge . 53
Southeast Asia ..... 81, 235
Timor .......... 126
Paleogene correlation ......... 18
Paleogene igneous rocks, Borneo . 92
Burma . 79
Java . 41
Palau 217
Sulawesi 162
Sumatra 36
Sumba ...........cooeenn e 148
See also Eocene igneous rocks, Oligoce:
igneous rocks, and Paleocene
igneous rocks.
Paleogene sedimentary rocks, Borneo....... 86, 89, 89,
90, 91, 93,97
Burma .....o.eviiiiiiieiniiirieiieaas 9
Buru... 136
Malay Basin . . 104
Natuna ...... .. 102
New Guinea .. 238, 239, 249
S . 191
....... 133
284
148
122
191
See also Eocene sedimentary rocks,
Oligocene sedimentary rocks,
and Paleocene sedimentary
rocks.
Paleomagnetism, Africa...................0e 59
Australia..............cooieen 59, 60, 75, 228, 228
BOrneo ........oooeiiiiiiiiniacieinnes 86, 113

.. 49

75,81, 113
New Guinea ........oovvveineneennuninns %
Pacific Ocean ... 285
Philippine Basin 274
South America . 59
Thailand ..... 76, 84
T 125, 126
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Paleontology, vertebrate, Timor and Flores,
Cenozoic.........coevievininnans 132, 189

Paleozoic geology. See listings for each system.
Paleozoic igneous rocks, Ambon ............. 134, 135
Batian (Bacan)........... 191
Buru........oooviiiinin 136, 137
Seram .........ciiiiiienns 134
Sula and Banggai Islands 156, 158
Palu fault, Sulawesi ............. 160, 175, 176, 177, 181
Panay, Philippines. .... 197, 202 204, 209, 210, 211, 216
Pandai 124

Pantar

Papua, Gulfof................. 228, 229, 239, 240, 255,
265, 266, 267, 269, 289
Papua, New Guinea..............oovevuennnn 232

See also New Guinea and entries for other

islands.

Papuan Basin, New Guinea. See Aure Trough.
Papuan Peninsula, New Guinea ..... 228, 229, 230, 239,
240, 252, 256, 263, 264, 266, 267
Papuan Plateau..................... 266, 269, 270, 289

Parece Vela Basin .. 270, 271, 272, 273, 274, 276, 277, 280

Pelagic sediments, abyssal. See Ophiolite for
occurrences on land, and entries for
individual oceanic basins.

Peleng ......oovvviiiiiiiiiiiiiniiniiiians 157, 172

Pennsylvanian. See Carboniferous entries.

Penyu Basin, South ChinaSea............... 108

Permian igneous rocks, Australia............ 226, 227
Malay Peninsula ....................000 70
New Guinea. .. 234, 235, 237
Roti ...... 132
Savu . 132
Sumatra ........oiiiiiiiiiiiiii 32
Timor . ...... . 121, 125, 125,126
TinIslands ........covvvuveiinneninnnnn, 38

Permian paleobiogeography, Asia . 235
Australia............ 123, 125
Gondwanaland 62, 235
India ......... 123, 125
Malay Peninsula . . 76
Mindoro ...... .. 209
New Guinea 235
Sumatra . 32,235
33107 P 123,125

Permian sedimentary rocks, Australia north-

westandshelf................ 63, 123, 126
Australia and shelves .. . 224, 225, 227
Babar.......... . 133
Borneo ... 86
Carabao, Philippines 197, 210
India and shelf .. 63
Indochina .. 83
Leti.... 132
Luang . 133
Malay Peninsula .. 68,77
New Guinea ...... .. 234, 235
Palawan ..... 197
27 132
SAVU .. ttiie et 132
Sumatra ...........iieiiieiiiiiiaes 32
Timor............. 121, 122, 123, 125, 125, 128, 129
Tinlslands ...............cooiiiinn, 38

Petrog is. See Magmag;

Petroleum and natural gas, Bangladesh....... 80
Borneo............coiiiiiinnn 92, 93, 96, 97, 99, 99
Gulf of Thailand . ....................0e 105, 106
JAVA .. i e 43
Javaouter-arcbasin..................... 28
Java Sea .......iiiiiiiiiiiei i 101
Malay Peninsula, western continental shelf . 79
New Guinea ..........oovvviuiiiniinnnns 261
Panay ........c.oiiieiiiiiieiieiieiia 210
Seram ........ociiiiiiiiiiiiiiiiiiii 137
South ChinaSea ................ 105, 107, 108, 109
Sumatra ........oiiiiiiieiie e 36

outer-arcbasin...................... 28

Philippine (West Philippine) Basin ....... 183, 270, 271,

272, 274,276, 271, 284

Philippine fault ...............oocoiiin, 213

INDEX
Page
Philippine Islands .............ccoceiinn. 197
See also entries for individual islands and
topics.
Philippine Seaplate................... 8 2170, 272,277
Philippine (Mindanao) Trench....... 183, 189, 190, 194,

196, 197, 203, 2086, 213, 214, 217, 271, 272, 276
Pine Creek Geosyncline, Australia . ... 219, 220, 221, 222
Plate-motion mechanism

Plate tectonics .......o.vvuveiiniieiiiiaens

Pleistocene. See Quaternary entries.

Pliocene correlation...............coooiine 17

Pliocene igneous rocks, Banda Arc........... 118
Bismarck Arc

Pliocene sedimentary rocks, Australia and

shelves ..........cooiviieniinin, 225
Bismarck Arc. . 291
Borneo ...... 93, 95, 97
Caroline Plate . 280
Coral Sea. ... . 229
L 43
Mariana Arc System ............c.co..0un 273
Misool . 249
New Guinea............ 240, 253, 259, 260, 261, 269
Panay 210
Sarawak Basin . 108, 109
SAVU ..ttt 132
Seram ...........iiiiiieiiiiieiiiiiei 137

West Natuna Basin ..................... 107

Wharton Basin, Indian Ocean . . 4
Plumes (hot spots) ..........ccocvvinenieinnnns 305
Pocklington Rise ................... 228, 299, 300, 300
Pocklington Trough (Trench)......... 289, 290, 298, 299
Pompangeo Mountains, Sulawesi ............ 168
Port Moresby Trench....... 236, 265, 266, 267, 270, 290
Precambrian and Precambrian(?) geology,

Ambon .......cviiiiiiiiiiiaiae 134, 135

Australia .

Buru.........

Malay Peninsula

New Guinea

Seram .....

time scale ........

T

Prince Alexander Mountains, New Guinea . ... 232 252
Profiles, reflection, location. See Index maps.

Proterozoic ............c.oiiiiiiiiiiiiiine, 218
See also Precambrian and Precambrian(?)
geology.
Q
Quaternary correlation.............. Cereeeas 17
Quaternary ig rocks, And Nicobar
N PR 66
Banda Arc ........coiiiiiiiiiiiniienes 118
Bismarck Arc.........oocovvvenenniiinins 291, 292
Borneo............cooiiiiiiiien 94, 95, 96, 206
BUrma ... ....ooiiiiiiiiiiiiiiiiiaees 79
D’Entrecasteaux Islands ................ 293
Halmahera ...........cooovviininiiiennns 190
Indian Ocean sediments ................. 47
S N 41
Malay Peninsula ...............cooc0inuin 79
Mindanao ...........c..coiiiiiiiiiieiae 207, 209
NEZIOS ..o iiienetaeinenenseniaanacnons 210
New Britain ............coviiieiiiinns 292
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Quarternary ig rocks—Continued
New Guinea . .. ... 243, 254, 255, 269
Sangihe .......ooiiiiiiiiiin i 194
Solomon Islands ...........ccoovuniune. 293
Sulawesi .. .. 162, 164, 188
Sulu ..... s 205
Sumatra ..........cciiiiiiiiiieieneaaenn 35, 37
‘Q nary sed. tary deposits, Australia
225
Borneo........... 95, 97
Caroline Plate .. 280
Coral Sea..... 229
Java ......... 41
Mariana Trough 273
Misool ........coviviiiiiiiiiiie 249
New Guinea . .. 240, 253, 259, 260, 261
Sarawak Basin . . 108, 109
Seram ....... 137
Sulawesi ..... 162
Sumba ......... 148
Thai Basin e 106
Timor......... 128, 130, 131
Timor Trough ................cociiaen 144
West Natuna Basin ......... . 107
Wharton Basin, Indian Ocean............ 4
Queensland (Coral Sea) Plateau .. 221, 228, 229, 230, 289
Queensland Trough................. 221, 228, 228, 250
R
Radiolaria, Cretaceous, Sulawesi (list) ........ 162
Raijua (Raidjua) ............cooivuieeeninnn 115, 133
Ramu Basin, New Guinea ................... 259, 262
Ramu fault, New Guinea. See Markham-Ramu
fault zone.
Ransiki fault, New Guinea............... 253, 262, 263
Recent. See Quaternary entries.
Reed Bank, South ChinaSea................. 103, 110
Renjuva. See Raijua.
Reversal of island-arc subduction polarity . .. .. 305
AlOr. . . it 115, 149,164

New Guinea .
New Ireland ..
North Sulawesi-Sangihe......... 181, 194,
Philippine Islands ....... 206,
Solomon Islands................ 284, 298,
Sulu......coiiiiiiiiiii 96, 201,
213,

254,

F 8 5 1
Australia from Antarctica .
Australia from India .......... 62, 63, 223,
Batjan (Bacan) from New Guinea....... .
Borneo and Southeast Asia..............
Borneo from Sulawesi........ 96, 114, 161,
Buru from New Guinea . . .
Buton from New Guinea ... ..
Coral Sea Plateau from Australia .
Flores from Java shelf and Sulawesi
Gondwanaland c ts
Gulf of Thailand.......
India ..............

India and Southeast Asia........
Indian Ocean continental fragments
Malay Basin . ...
Malay Peninsula
Mergui Terrace .........
New Zealand from Australia .
North Palawan from Asia......
Papuan Peninsula from Australia .
South China Sea .

84,

Sulawesi arms ..............
Sumatra from New Guinea. .
159, 227, 235,
Sumba from Australiaor JavaSea........
Sumbawa from Java shelf and Sulawesi . . .

.. 82,38,72,75,83,

291, 300
269, 270
292, 300
196, 216
213, 272
299, 300
204, 206
218, 272

224,225
191

13

162, 185
137

174, 183
229

189

59, 60
105, 112
63

238,239
114, 148
189
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Page
Rifting of continental masses—Continued
Tibet from Malay Peninsula........... 81, 235, 237
Vogelkop from Australia ................ 263
Rifting of island arcs. See Migration of island
arcs.
ROMA....ovvriiieirennninirennnnnnnnnns 115, 118, 1566
Roo Rise, IndianOcean ..................... 20
Rotational platedrives...................... 305
Roti(Rotti).........ooveevunen.. e 114, 115,132
Rouffaer Mountains, New Guinea............. 233
Rum Jungle complex, Australia.............. 219
Rumbia Mountains, Sulaweei................ 166
Rumong, YapIslands....................... 275, 276
Ryukyu Island Arc...................... 214, 271, 272
S
Sabah...........ooiiiiiii 84,8593
See also Borneo.
Sadang fault, Sulawesi ...................... 160, 175
Salawati Basin, New Guinea................. 260, 261
Salawatilsland............................. 233, 263
Salayar Island and Trench........... 115, 160, 164, 188
Samar, Philippines...................... 211, 212, 213
Sandakan Basin, Borneo.................... 85, 95
Sangihe (Sangi, Sangir) Island Arc....... 157, 160, 164,
181, 182, 183, 185, 192, 192,
194, 206, 207, 214, 217
Sangihe plate .................oeiiiniann., 193
Sarawak ..........cciiiiiieeiiiiee 84,85
See also Borneo.
Sarawak Basin ....... .... 108, 104, 108, 108
Savu ..ot 21, 114, 115, 132, 142
SavuBasin............. 21, 114, 115, 144, 146, 147, 155
Sawoe, Sawu. See Savu.
Scaly clay. See Melange and melange wedges.
Schouten Islands and arc . .......... 232, 266, 257, 258,
259, 260, 288, 289, 292, 300
Schrader Range, New Guinea ................ 232
Scotia Arc ..., e 118, 305
Scott Plateau, Indian Ocean . 21, 57, 68, 58
Sea-floor spreading. See Migration of island
arcs and Spreading, ocean-floor.
Seismicity. See Earthquakes and seismicity.
Selayar (Salayar) ............cccoevveinennnn. 164
Semporna Peninsula, Borneo . ...... 85, 94, 96, 157, 206
Sepik Basin and Lowlands, New Guinea.. 249, 250, 251,
252, 259, 263
Seram (Seran).............. 115, 133, 134, 135, 139, 141
Seram Trough (Trench). See Banda Trench.
Seribu Platform, Java Sea............ PP 20
Sermata ................. .. 115, 133
Serud ...ovviiiiii e .. 115, 118
Seychelles Plateau, Indian Ocean............ 59, 62,63
Shan Plateau, Burma. ........ ves ... 657981
Siberut ...........ciiiiiiii 34
Silurian igneous rocks, Australia............. 226
Silurian sedimentary rocks, Australia and
shelves ..............ovvvnvnnn. 225, 226

Soemba. See Sumba.

Soepiori. See Supiori Island.

Solomon Islands and Arc................ 284, 289, 290,
293, 298, 299, 300

Solomon Rise, See Ontong Java Plateau.

Solomon Sea ............... 237, 289, 298, 298, 300, 303

Solomon Sea Plate .. 290, 304
Solor .... 115 118
Sorol Trough and fault system, Caroline Ridge 271, 276,
283, 288

Sorong av4 Sula-Sorong fault systems, Banda-
Molucca region....... 115, 137, 141, 157, 158,
158, 159, 174, 181, 183,

185, 191, 192, 253, 261

INDEX

Page
Sorong and Sula-Sorong fault systems—Continued
New Guinea. . .. 234, 253, 260, 261, 262, 263

South Banda Basin......... 115, 140, 149, 150, 151, 164
South Bismarck Arc. See New Britain.

South Bismarck Plate........... 288, 290, 292, 301, 304
South China platform....................... 69
SouthChinaSea.................. 69, 82, 102, 103, 110

continental fragments, foundered .. 69, 110, 112, 114
islands between Borneo and Malay Penin-

sula.......ccoviiiiiiiiiieeen . 102
Northwest Borneo Trench .. 111,112,190
[ T N 113
Palawan Trench ................cco0vnnn 110, 112
shelfbasing............ccovuvniiniiannns 103, 112
South ChinaBasin.................0vnne 109, 190
tect: correlati bet Borneo and

mainland Asig ...........c0.00n 69, 113

South Makassar Basin...................... 114, 122

South Solomon Trench......... ceeven... 290, 293,303

Southeast Sulawesi Trench.............. 115, 149, 150

Southern Foothills, New Guinea ............. 232

Spreading, ocean-floor......... 1,8, 306
Andaman Sea. 65, 66, 67
Banda Sea...... 149, 154
Bismarck Sea...... e, 292
Caroline Plate ..............c..cvvuunnnn 281
Indian Ocean ..............ccoovvvnnnnen 49, 60, 61
Makagsar Strait ........... ..... 114, 160, 185, 188
Mariana Trough ........................ 273, 274
PacificOcean ..........c.ovvvnieiinannnn 283
Palau Ridge .................cco0vvinet 217
Parece Vela Basin . .. .. 274,277
Philippine Basin .............. .. 274, 217
South China Basin ............ . 113
Southern Ocean............. 60, 61

Strike-slip faults. See Faults, strike-slip.

Strontium iS0topes .........ccoiiiiiiiiiaan 307
Africa, volcanic rocks 73
Ambon, volcanic rocks .................. 135
Antarctica, Jurassic diabase ............. 73
Australia, graniticrocks................. 72, 227
Bali, Cenozoic volcanicrocks ............. 43
Banda Arc, volcanic rocks . 118
Banggai Islands, granitic rocks .......... 156
Bismarck Arc, volcanic rocks ............ 291, 292
California, granitic rocks ................ 73
Idaho, volcanicrocks..............couuus 73
Java, Cenozoic volcanic rocks ............ 43
Karimata Island, granitic rocks .. .. .. 86
Kerguelen, Cenozoic volcanic rocks ....... 62
Malay Peninsula, graniticrocks.......... 71,74, 75
Mariana Ridge................ . 213
Mariana Trough, basalt ......... - 273
New Britain Arc, volcanic rocks. . 291
New Guinea, volcanic rocks . ... 2556
Palau, volcanic rocks............ 277
Sula Islands, granitic rocks...... 156
Sumatra, C ic volcani 37
Thailand, granitic rocks ....... 73
Tin Islands, granitic rocks . 38
Yap, greenschist ........ 275

Structural stage...... 15

Sturt Block, Australia .. . . 224

Subduction processes............... 28, 29, 88, 95, 144,

151, 174, 194, 196, 204, 216, 218,
263, 254, 259, 270, 274, 275, 303
See also Benioff seismic zones, Magma-

g and Melange and mel

wedges.

Subduction systems ................. 7,11, 28, 29, 155
Andaman-Nicobar-Burma ...,........... 79
Australia . .. 227
BandaArc............... . 161, 155, 189, 263
Bismarck-West Melanesian ............. 292, 301
Borneo, Cenozoic................ 88, 112, 188, 190

... 85,188
79
11

Page
Quihd syst Contined
JBVR o iveeriet e 18, 102, 190
Java Sea, Late Cretaceous and Paleogene . 100, 102,
188, 190
Leyte .ociiiiiiiiiii i 213
Malay Peninsula ............c..ccvvunees 80
Manila-Taiwan ...........c.oevvninennenn 218
Mindanao ............. N 209, 216
Mussau .......... P 287
Negros......coovviiiniiiininennanns 204, 213, 216
New Britain-Schouten ................ .. 288
New Guinea................ 229, 237, 253, 254, 269
Palawan .........c.ocoviiiiiinninninnn, 197, 216
Philippines ........c..ooviviiiieiininnn, 213, 216
Philippine Sea boundaries ............... 278,279
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