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Abstract
Gold and copper deposits in Southeast Asia and the west Pacific occur largely in middle to late Cenozoic

(25–1 Ma) magmatic arcs. The region contains more than 160 deposits, including porphyry, skarn, high-, in-
termediate- and low-sulfidation epithermal, volcanic-associated massive sulfide and disseminated sedimentary
rock-hosted deposit styles. The combined past production and current resources of these deposits totals about
15,000 tonnes (t) Au and 115 million tonnes (Mt) Cu. The majority of the gold and copper are contained in
porphyry (8,742 t Au, 97.1 Mt Cu), intermediate-sulfidation epithermal (2,659 t Au), low-sulfidation epither-
mal (1,837 t Au), and skarn (983 t Au, 9.2 Mt Cu) deposits. 

Twenty major magmatic arcs and several less extensive arcs of Cenozoic age form a complex border to
the Sundaland core of the Eurasian plate in Southeast Asia and the northern margin of the Australian con-
tinent. The volcano-plutonic chain extends >17,000 km from Japan in the northeast, through Taiwan,
Philippines, Indonesia, Malaysian Borneo, and Papua New Guinea, to Myanmar in the northwest. The arcs
are constructed on continental and oceanic crust. The geometries of individual arc segments are complex
and typically the product of subduction, locally involving polarity reversals, seamount subduction, obduc-
tion, arc-arc and arc-continent collisions, rifting, and transcurrent faulting. Three major episodes of plate
reorganization, at ~45, 25, and 5 Ma, have contributed to the present configuration of the arcs. These re-
organizations are characterized by collisional events that changed plate boundaries and motions. 

Most of the deposits developed during episodes of plate reorganization and local variations in arc stress
regimes during the early Miocene, middle Miocene, and the Plio-Pleistocene. Hydrothermal systems were ac-
tive for durations of <100,000 years. Arc-continent collisions and the subduction of buoyant aseismic ridges
vary the orientation of predominantly arc-orthogonal stress fields and induce episodic reactivation of crustal-
scale fault systems in transpressional to transtensional settings. In both continental and oceanic arcs, subduc-
tion hinge retreat, kinks or tears in the downgoing slab, or instabilities in the mantle localize asthenospheric
upwelling. The spatial coincidence of kinks in the downgoing slab with arc-transverse fault zones in the over-
lying arc provides a link between the mantle and upper levels of the crust, which promotes rapid magma as-
cent and high heat flow. The zone of enhanced permeability creates channels for hydrothermal fluids and the
efficient release of metal-bearing volatiles exsolved from melts at high levels in the overlying arc (e.g., <4 km
beneath paleosurface). 

The distribution of deposits reflects differences in structural and tectonic setting and composition of the
underlying crust. Many of the deposits are spatially and temporally related to intrusions and volcanic centers
in calc-alkaline to alkaline andesitic-dacitic arcs. Porphyry, skarn, and high- and intermediate-sulfidation ep-
ithermal deposits occur typically in contractional to neutral arc settings and are closely related to shallow in-
trusions, volcanic centers, and, locally, diatremes. Disseminated sedimentary rock-hosted (Carlin-like) deposits
occur in calcareous rocks both proximal and distal to intrusive centers in neutral to mildly extensional arc set-
tings. Low-sulfidation epithermal systems are associated with intra-arc and backarc grabens and extensional
settings that control bimodal basaltic-rhyolitic volcanism in Japan and K-alkaline magmatism in Papua New
Guinea. Volcanic-associated massive sulfide and related deposits are developed in sea floor extensional settings,
sharing similarities with onland, low-sulfidation epithermal systems. 

The abundance and large size of Plio-Pleistocene deposits are not only related to collisional tectonic
events but are also a function of erosion, given the high uplift and exhumation rates (~0.5 mm/yr) of their
host arcs. In late Quaternary arcs, uplift and erosion have not exposed mineralized systems concealed
beneath coeval or younger rock sequences. In contrast, erosion has mainly removed potentially economic
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Introduction
THE CENOZOIC magmatic arcs of Southeast Asia and the west
Pacific form a complex border to the Eurasian and Australian
continents. This volcano-plutonic chain includes more than
20,000 islands and part of the Southeast Asian mainland that
extends >17,000 km from Japan in the northeast, through
Taiwan, Philippines, Indonesia, Malaysian Borneo, and
Papua New Guinea, to Myanmar in the northwest (Figs.

1–2). The magmatic arcs of the region are endowed with
abundant precious and base metal resources and have been
a source of gold and copper for regional and global societies
for centuries.

Historic mining and prospecting activities

Mining of placer and lode gold deposits has occurred since
ancient time in the majority of the countries in the region. In

892 GARWIN ET AL.

0361-0128/98/000/000-00 $6.00 892

deposits in Cretaceous and Paleogene arcs. Changes in the local stress regime and structural setting may fa-
cilitate arc and deposit preservation through the development of extensional basins and concealment be-
neath younger rock sequences. Hence, the dynamic tectonic environments of Southeast Asia and the west
Pacific not only play a part in the formation of hypogene gold and copper deposits but also in their erosion
and local preservation.

FIG. 1.  Principal tectonic and bathymetric features of Southeast Asia and the west Pacific. The light-shaded areas are the
continental shelves of Eurasia and Australia drawn at the 200-m isobath. Thin black lines in ocean basins are marine mag-
netic anomalies and sea-floor fractures. The small black triangles are volcanoes from the Smithsonian database
(http://www.nmnh.si.edu/grp).



Japan, base and precious metal production was enhanced
from 1900 to 1945 by the introduction of modern mining
techniques and facilities from abroad (Uchida, 1992). After
World War II, base metal production was mainly from
Kuroko-type deposits. The introduction of a floating ex-
change rate for the yen in 1967, and the subsequent increase
in the value of the currency, diminished the competitive
power of Japan’s domestic mining industry and led to exten-
sive mine closure (Ishihara, 1992). The discovery of the high-
grade Hishikari epithermal gold vein deposit was made in
1981.

In Taiwan, the Chinkuashih gold-copper district in the
northern part of the island produced 92 t Au from 1898 to

1987 (Fig. 2; Tan, 1991). In the Philippines, significant pro-
duction was achieved before World War II from gold districts
in Baguio, Paracale, Masbate, and Surigao. The Baguio dis-
trict has produced >800 t Au from lode gold and porphyry
copper deposits (Mitchell and Balce, 1990). Significant
amounts of copper and gold have been produced from nu-
merous porphyry copper deposits since 1955, the most note-
worthy of which are Lutopan (Atlas) in Cebu and Sto.
Thomas II (Philex) near Baguio (Sillitoe and Gappe, 1984).

In Indonesia, historic production is >90 t Au, mainly
from epithermal lodes, such as Lebong Tandai and Lebong
Donok in the Bengkulu district of Sumatra (1896–1941; van
Bemmelen, 1949) and Paleleh, east of Gunung Pani, and
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FIG. 2.  Major Cenozoic magmatic arcs and contained gold and copper ± gold deposits of Southeast Asia and the west Pa-
cific. The locations of the magmatic arcs are modified from Hamilton (1979), Hutchison (1989), Yamada et al. (1990),
Mitchell and Leach (1991), Carlile and Mitchell (1994), and Garwin (1996, 2000). Most of these deposits contain >1 Moz
Au. Descriptions of the geologic settings of the magmatic arcs and details of deposit type, size, and age are included in the
text, Table 1, and Appendices 1 to 6. 



Ratatotok, near Mesel, in northern Sulawesi (1900–1921; van
der Ploeg, 1945). Significant amounts of copper and gold
were recovered from the Erstberg skarn in Papua (formerly
known as Irian Jaya), which commenced production in 1972.
In the Bau district of Sarawak, 31 t Au were produced from
primary and eluvial deposits between 1899 and 1921 (Wil-
ford, 1955). The Mamut porphyry copper mine in Sabah
began production in 1975. 

Mining in Papua New Guinea commenced in 1888 with the
discovery of alluvial gold on Sudest Island (Welsh, 1990). The
resulting gold rush led to many subsequent discoveries, in-
cluding the discovery of the Morobe goldfield, where about
105 t Au were recovered from placers during 1932 to 1942.
Copper and gold were discovered at Panguna on Bougainville
Island in 1962, Frieda River in 1966, and Ok Tedi in 1968.

In Myanmar, about 2 t Au were recovered from the My-
itkyina district in the upper Irrawady River during 1903 to
1918 (Goosens, 1978). Copper mineralization has been
known in the Monywa area for centuries. At Monywa, explo-
ration in the 1950s to 1970s led to mine development and the
production of copper concentrate in 1985.

Recent activities

There has been a marked increase in the exploration and de-
velopment of mineral resources in the region during the past
two decades, which has led to the discovery of many large gold
and copper ± gold deposits (Fig. 2). These activities were un-
dertaken by national and foreign companies and on a small
scale by local miners. Significant technical work was accom-
plished by national geological survey groups and bureaus of
mines, the United Nations, the Metal Mining Agency of Japan,
and overseas geological survey organizations.

Recent annual production of copper and gold from mines
in Japan is 900 to 1,000 t Cu and 10 t Au, almost entirely con-
tributed by the Toyoha and Hishikari deposits, respectively.
The total copper and gold production and reserve in Japan
are estimated to be about 6 Mt Cu and 1,250 t Au (Geologi-
cal Survey of Japan, 2003). No significant metal mining activ-
ities have been undertaken in Taiwan since the closure of
Chinkuashih in 1987. 

In the Philippines, mineral exploration and development
proceeded slowly throughout much of the 1980s, reflecting
difficulties in obtaining claims, conflicts with small-scale min-
ers, and the reduced budgets of local mining companies. Sig-
nificant exploration discoveries included the Co-O, Diwalwal,
and Compestela gold vein systems and the Dinkidi porphyry
copper-gold deposit (Fig. 2). The passing into law of a new
minerals code in 1995 stimulated investment and a rush to
stake claims that led to subsequent discoveries of porphyry
deposits in Mindanao, Tampakan, and more recently, Boyon-
gan, Bayugo and Baguio. 

Extensive exploration in Indonesia since the mid-1980s has
led to significant discoveries. Several large mines have been
developed, including the Grasberg and Batu Hijau copper-
gold deposits, and the Kelian, Mesel, Mount Muro, Gunung
Pongkor, Gosowong, and Wetar gold ± silver deposits (Fig. 2).
The history of minerals exploration and development in In-
donesia during this era is documented by van Leeuwen
(1994). The fraudulent claim of a large gold resource at
Busang, nearly 150 km northeast of Kelian (Danielson and

Whyte, 1998), the Asian economic crisis of 1997, and recent
political changes have led to a drastic reduction in exploration
expenditure in Indonesia and neighboring countries. More
recent discoveries include the Martabe gold deposit in Suma-
tra and the Kencana gold deposit in the Halmaheras. 

In Papua New Guinea, the 1980s gold boom led to signifi-
cant discoveries. At Porgera, the gold-rich Zone VII was dis-
covered in 1983 and production began in 1992. Discoveries
were made at Morobe, which include Kerimenge, Hidden
Valley, and Hamata in the Bulolo district, and at Umuna on
Misima Island. The targeting of anomalies from previous por-
phyry exploration programs led to delineation of high-sulfida-
tion epithermal deposits at Wafi and, in 1989, discovery of a
concealed porphyry copper-gold deposit. The Ladolam de-
posit on Lihir Island was discovered in 1982 and production
commenced in 1998. 

In Myanmar, the return of private sector companies in the
1990s led to the discovery of new gold prospects and a sub-
stantial increase in the copper reserves at the Monywa copper
deposit. 

Gold and copper endowment and recent production 

The magmatic arcs in Southeast Asia and the west Pacific
are well endowed in gold and copper, reflected by combined
past production and present resource estimates (Fig. 3). The
metal endowments of Indonesia, Philippines, and Papua New
Guinea rank far above the other countries in the region. How-
ever, it is important to note that 47 percent of Indonesia’s gold
resources and 52 percent of its copper resources lie in the
Grasberg porphyry deposit. Gold in the Far South East por-
phyry system in the Philippines accounts for ~20 percent of
the gold endowment of the country, with epithermal lodes in
the Baguio district constituting an additional 12 percent. The
Tampakan porphyry system contains 16 percent of the coun-
try’s copper resources. In Papua New Guinea, the Ladolam
deposit constitutes 35 percent of the country’s gold, and the
premine resource at Panguna on Bougainville Island accounts
for 30 percent of the country’s copper. The Hishikari epither-
mal vein deposit contains 35 percent of the gold resources
compiled for Japan in this study. The deposit database from
which the country-wide resource figures are derived is in-
cluded in Appendices 1 to 6.

The official regional gold production for 1993 through 2002
is predominately from Indonesia (1,147 t), Papua New
Guinea (618 t), and Philippines (324 t), with lesser production
from Japan (88 t) and minor contributions from the remain-
ing countries (Gold Fields Mineral Services, 2003). In 2002,
gold production from the countries in the study region totaled
~270 tons (Fig. 3). Regional copper production for 1998
through 2002 is mostly from Indonesia (4.8 Mt), Papua New
Guinea (0.97 Mt), Philippines (0.15 Mt), and Myanmar (0.12
Mt; Edelstein, 2004). In 2002, Indonesia and Papua New
Guinea produced the majority of the copper in the region
(Fig. 3).

Previous studies

The tectonic setting and geology of Southeast Asia and the
west Pacific have been the focus of study by other workers for
decades. Hamilton (1979) and Hutchison (1989) provide
comprehensive reviews of the tectonic elements and
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processes that characterize the region. Noteworthy tectonic
reconstructions of specific areas have been undertaken by
Audley-Charles et al. (1972), Pigram and Davies (1987), Bur-
rett et al. (1991), and Lee and Lawver (1994). Regional-scale
tectonic plate models have been constructed by Jolivet et al.
(1989), Daly et al. (1991), Yan and Kroenke (1993), and Lee
and Lawver (1995). Hall (1996, 1998, 2002) presented plate
tectonic reconstructions for the Tertiary. Other workers relate
gold mineralization in Southeast Asian magmatic arcs to col-
lisional tectonic events (Barley et al., 2002) and subduction
hinge retreat and associated evolution of the mantle wedge
(Macpherson and Hall, 2002), on the basis of the reconstruc-
tions of Hall (1996, 1998). 

Sillitoe (1988, 1989) discusses the geotectonic settings and
magmatic connection for western Pacific island-arc gold
deposits. Summaries of the geologic setting and styles of

mineralization for Southeast Asian gold deposits are provided
by White et al. (1995), Garwin (1996), and Corbett and Leach
(1998). Previous descriptions of regional magmatic arcs in the
context of gold mineralization, and to a lesser extent copper,
include those of Mitchell and Leach (1991) for the Philip-
pines and Carlile and Mitchell (1994) for Indonesia. 

Objectives of paper

The primary aims of this paper are to (1) provide a sum-
mary of tectonic setting, geology, and gold and copper ± gold
deposit styles for the Cenozoic magmatic arcs in the region;
(2) highlight the relationships between regional tectonic
events, topology of subducting slabs, variations in local arc
stress fields, deformation style, and magmatism to deposit
genesis; and (3) relate uplift and exhumation rates for mag-
matic arcs to the development and preservation of hydrother-
mal ore deposits. We have attempted to accurately compile
the work of other geologists into a uniform base in the hope
that these data will be of use to research and exploration ge-
ologists working in Southeast Asia and the west Pacific. The
electronic appendices contain informative descriptions of the
geology and mineral deposit styles for mineralized magmatic
arcs in the region and additional references. 

Terminology 

Several styles of gold and copper ± gold deposits are de-
scribed in this paper. In general, the terms used follow ac-
cepted definitions for porphyry, skarn, disseminated sedi-
mentary rock-hosted (Carlin-like), and volcanic-associated
massive sulfide (VMS) deposits. Recent modifications to the
classification of epithermal deposits, discussed by Sillitoe and
Hedenquist (2003) and Einaudi et al. (2003), have also been
incorporated. These include high-, intermediate-, and low-
sulfidation classes as defined on the basis of sulfidation state
in fS2-T space, the former two potentially being related to one
other and to coeval intrusions (Einaudi et al., 2003). The in-
termediate-sulfidation epithermal classification as discussed
by Sillitoe and Hedenquist (2003) includes many of the ep-
ithermal deposits described previously by Corbett and Leach
(1998) as carbonate-base metal-gold systems.

The application of the classification scheme of Einaudi et
al. (2003) to epithermal gold deposits in Japan is problematic.
This is because sulfidation state estimates made by Shikazono
(1986) and Izawa (2004) for many of the deposits classified as
low sulfidation by other authors (e.g., White and Hedenquist,
1995; Sillitoe and Hedenquist, 2003), including Hishikari,
plot in the intermediate-sulfidation field on the fS2-T diagram
of Einaudi et al. (2003). In this paper, we classify Japanese ep-
ithermal gold deposits as low sulfidation for low total sulfide
Hishikari-like systems, and intermediate sulfidation for those
systems previously classified as low sulfidation, which contain
moderate amounts of total sulfides (5–>20%), base metal sul-
fide minerals, and/or advanced argillic alteration, and ac-
knowledge the inconsistencies described above. 

Tectonic Setting of Cenozoic Magmatic Arcs

Cenozoic evolution of magmatic arcs 

This outline covers the region between mainland Southeast
Asia and the west Pacific (Fig. 4) and synthesizes a range of
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FIG. 3.  Gold and copper endowment of countries and regions in Southeast
Asia and the west Pacific that host significant gold deposits in Cenozoic mag-
matic arcs. The cumulative endowment figures are derived from data presented
in Appendices 2 to 6 and include combined past production and present re-
source estimates. Country production of gold (Gold Fields Mineral Services,
2003) and copper (Edelstein, 2004) in 2002 is indicated by values in boxes.

Ta
iwan



data, from spreading histories obtained from small ocean
basins to information obtained from mainland geology. This
overview is based mainly on Hall (2002), in which there are

computer animations, detailed maps, and extensive details of
the background literature; more recent publications are cited
below.

896 GARWIN ET AL.

0361-0128/98/000/000-00 $6.00 896

FIG. 4.  Present-day tectonic features of Southeast Asia and the west Pacific. Thin white lines in ocean basins are marine
magnetic anomalies and sea-floor fractures. Red lines are active spreading centers. Thick white lines with triangles are sub-
duction zones and other thick white and black lines are strike-slip faults. The present extent of the Pacific plate is shown in
turquoise. Areas filled with green are mainly arc, ophiolitic, and accreted material formed at plate margins during the Ceno-
zoic. Areas filled in cyan and pale mauve are submarine arc regions, hot-spot volcanic products, and oceanic plateaus. Pale-
yellow areas represent submarine parts of the Eurasian continental margins. Deep yellow is used for deeper marine areas of
the South China Sea, the Okinawa trough, and the Japan Sea underlain by attenuated continental crust. Pale and deep pink
areas represent submarine parts of the Australian continental margins. The Rajang accretionary complex in northern Borneo
is shown in brown. Letters represent marginal basins and tectonic features as follows: Marginal basins: A1 = Kuril Sea, A =
Japan Sea, B = Okinawa trough, C = South China Sea, D = Sulu Sea, E = Celebes Sea, F = Molucca Sea, G = Banda Sea,
H = Andaman Sea, J = West Philippine Sea, K = Shikoku basin, L = Parece Vela basin, M = Mariana trough, N = Ayu trough,
P = Caroline Sea, Q = Bismarck Sea, R = Solomon Sea, S = Woodlark basin, T = Flores Sea, U = Scarborough Seamounts.
Tectonic features: Ba = Banda arc, BB = Burma block, Ca = Cagayan arc, Ha = Halmahera arc, IB = Izu-Bonin arc, In = In-
vestigator Ridge, Ja = Japan arc, Lu = Luzon arc, Mk = Makassar Strait, Ma = Manus Island, NB = New Britain arc, NH =
New Hebrides arc, NI = New Ireland, Nng = North New Guinea terranes, Pa = Papuan Ophiolite, PFB = Papuan fold belt,
Pk = Palau-Kyushu Ridge, Ry = Ryukyu arc, Sa = Sangihe arc, So = Solomons arc, Su = Sulu arc.



Paleocene to early Eocene (65–45 Ma): At the beginning of
the Cenozoic, Eurasia was bordered to the east by west-dip-
ping subduction zones and to the south by north-dipping sub-
duction zones that extended southeast from the Tethyan Sea
to the Pacific. Debate continues as to the timing of the earli-
est contact of India and Asia, and its effects on Southeast Asia,
with estimates ranging from latest Cretaceous to Eocene (e.g.
Dewey et al., 1989; Le Pichon et al., 1992; Rowley, 1996).
There was a spreading center between India and Australia
that extended northward to the Java trench (Fig. 5a). The
Australian and Indian plates were subducting to the north,
beneath the Southeast Asian margin and its continuation in
the west Pacific.

It is probable that all the active margins included marginal
basins. In the west Pacific, there were regions of thickened
crust formed in Mesozoic arcs, which now form parts of the
Philippines, Philippine Sea plate, and northern Australian
margin. Paleomagnetic data indicate that these arcs crossed
the equator, and there was probably a wide zone of arcs with
different orientations and polarities in the west Pacific.

At about 50 Ma, the west Pacific began to take on a form
that is recognizable today. Subduction was initiated at the
Palau-Kyushu ridge and the Philippine Sea plate came into
existence (Uyeda and Ben Avraham, 1972; Stern and Bloomer,
1992; Bloomer et al., 1995; Cosca et al., 1998; Macpherson
and Hall, 2001). Massive eruption of boninitic volcanic rocks
took place in what is now the eastern Philippine Sea plate mar-
gin, from the Izu-Bonin arc to the Mariana arc. Collisions be-
tween the intra-Pacific arcs and the northern Australian mar-
gin emplaced ophiolitic rocks between New Guinea and New
Caledonia. By 45 Ma, there was a well-developed arc at the
eastern margin of the Philippine Sea plate produced by sub-
duction of the Pacific plate which has continued to the pre-
sent, forming the the Izu-Bonin-Mariana Arc (Fig. 5a).

Eocene plate reorganization (ca. 45 Ma): At about 45 Ma,
there was a major plate reorganization extending from South-
east Asia through the west Pacific to the northern and eastern
margins of Australia (Figs. 4–5a). During this time, the rate of
northward motion of India was significantly reduced. India
and Australia became a single plate and the spreading center
between them ceased activity and new spreading centers in
the southern Indian Ocean were initiated. The rate of Aus-
tralia-Antarctica separation increased and Australia began to
move northward relatively rapidly.

The proto-South China Sea began southward subduction,
which caused formation of a volcanic arc built on Borneo con-
tinental crust to the southwest and oceanic crust to the north-
east toward Luzon (Hazebroek and Tan, 1993; Encarnacion
et al., 1995). From Sumatra to Sulawesi, oceanic lithosphere
of the Indian plate continued to be subducted northward. In
contrast to the earlier Cenozoic, there is a clear volcanic
record that marks the subduction. To the east, the Java trench
joined a new north-dipping subduction zone, initiated about
2,000 km north of Australia and which extended beneath the
East Philippines-Halmahera arc. North of the Papuan penin-
sula in eastern New Guniea, there was a change in subduction
polarity (Hall and Spakman, 2002). Southward subduction
began at about 45 Ma, along the northeastern and eastern
Australian margin, forming the Melanesian arc between New
Britain and New Hebrides. 

Eocene-Oligocene (45-25 Ma): During the Eocene and
Oligocene, subduction polarities and positions of subduction
zones remained broadly fixed surrounding Southeast Asia, al-
though in the west Pacific there were movements of subduc-
tion hinges as backarc basins grew. From Sumatra to Sulawesi,
volcanic activity accompanied northward subduction of the
Indian plate, whereas subduction at the Borneo-Luzon arc
margin continued to reduce the width of the proto-South
China Sea, developing a wide accretionary complex in northern
Borneo. The South China Sea opened (Taylor and Hayes, 1983;
Briais et al., 1993) behind this active margin as a result of pull
forces exerted by the slab dipping beneath Borneo. In the west
Pacific, backarc spreading related to westward subduction of
the Pacific plate, northward subduction of the Indian-Aus-
tralian plate, and southward subduction of the proto-South
China Sea, formed a wide ocean basin extending in a south-
westerly direction from the West Philippine basin into the
Celebes Sea. On the northern and eastern sides of the Philip-
pine Sea plate, a nearly continuous arc formed from North
Borneo, through Luzon, and into the Izu-Bonin-Marianas re-
gion (Fig. 5a). 

By 45 Ma, the Philippine Sea plate had rotated rapidly
clockwise, but between 45 and 25 Ma the East Philippines-
Halmahera arc remained at approximately the same latitude
above a north-dipping subduction zone north of Australia
(Hall et al., 1995a). However, beginning at about 40 Ma, the
Caroline Sea opened as a backarc basin due to rollback of the
Pacific subduction hinge at the eastern margin of the Philip-
pine Sea plate. The South Caroline arc was located south of
this backarc basin and was the site of formation of arc ter-
ranes now found in northern New Guinea. East of the Caro-
line plate, where subduction changed from north to south di-
rected, the Melanesian arc continued to separate from
Australia, leading to the formation of a wide backarc basin,
the Solomon Sea, as the Melanesian arc rotated to the north
and west (Fig. 5b). The history of this marginal basin is very
poorly known because so little of it remains. 

Late Oligocene–early Miocene plate reorganization (ca. 25
Ma): The most important change in plate boundaries in the
region during the Cenozoic occurred at ca. 25 Ma (Fig. 5b).
The earliest preserved gold and copper ± gold deposits
known in the region were formed during this event. Arc-con-
tinent collision in New Guinea, combined with collision of the
Ontong Java plateau and the Melanesian arc, led to the ces-
sation of subduction beneath the South Caroline and Melane-
sian arcs. After these collisions, the various arcs between the
Philippines and Melanesia became essentially a continuous
Miocene arc system that rotated clockwise at the edge of the
Pacific plate. Porphyry and high-sulfidation systems devel-
oped during this period in New Britain, which lay above the
junction of the South Caroline and Melanesian arcs.

The Sula Spur-Bird’s Head promontory of western New
Guinea began to collide with the Southeast Asian margin in
East Sulawesi at ca. 25 Ma. Arc-continent collision between
the East Philippines-Halmahera-South Caroline arc and the
New Guinea margin terminated northward subduction of the
Australian plate (Hall et al., 1995b) and a major left-lateral
strike-slip boundary developed in northern New Guinea, the
proto-Sorong fault system (Fig. 5b-c). The Halmahera and
South Caroline arc terranes were translated westward within
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FIG. 5.  Tectonic reconstructions. (a). Reconstruction at 45 Ma: This was a period of major plate reorganization. The Pa-
cific plate was moving broadly northwest and subducting beneath the eastern Asian margin and the eastern margin of the
Philippine Sea plate, forming the Izu-Bonin-Marianas arc. Spreading centers linked the West Philippine Sea basin and the
Celebes Sea. India and Australia were moving north on different plates separated by a spreading center and became a sin-
gle plate before 40 Ma. Their northward subduction produced the arc system of Sumatra, Java, Sulawesi, East Philippines,
and Halmahera. The proto-South China Sea was subducting beneath the northern Borneo-Luzon margin. The areas of the
Pacific, Indian, and Australian plates, shown in blue without sea-floor anomalies, have been subducted since 45 Ma. (b). Re-
construction at 25 Ma: Active spreading in the South China Sea was underway, driven by slab-pull forces caused by south-
ward subduction of the proto-South China Sea. The East Philippines-Halmahera-South Caroline arc collided with the Aus-
tralian plate at the northern New Guinea margin and the Ontong Java plateau began to collide with the Melanesian arc.
Collision between Australia and Southeast Asia began with initial contact of the Sula Spur, the continental promontory east
of the Bird’s Head of New Guinea, and East Sulawesi. These events caused major reorganization of plate boundaries and
clockwise rotation of the Philippine Sea plate. Hinge rollback at the eastern margin of the Philippine Sea plate led to oceanic
spreading in the Parece Vela basin. The proto-Sorong fault system (PSF) marks a major left-lateral strike-slip boundary in
northern New Guinea. 
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FIG. 5.  (Cont.) (c). Reconstruction at 15 Ma: Rotation of the Philippine Sea plate resulted in collision of Mindoro and
Luzon. Spreading in the Shikoku and Parece Vela basins ceased. Spreading ceased in the South China Sea and the Sulu Sea,
which had opened as a backarc basin behind the Cagayan Ridge, after it collided with Palawan eliminating the proto-South
China Sea. Movement on splays of the Sorong fault system (SF) caused collisions in eastern Sulawesi and locking of splays
induced eastward subduction of the Molucca Sea. The New Guinea terranes, formed in the South Caroline arc, collided with
New Guinea, but continued to move in a left-lateral strike-slip zone. Subduction of the Solomon Sea began at the eastern
New Guinea margin to form the Maramuni arc, southwest of the Maramuni trench. (d). Reconstruction at 5 Ma: At about
this time, there was a major change in plate motions. The rate of subduction increased at the Manila trench, followed by col-
lision of the Luzon arc and the China continental margin in Taiwan. The extinct spreading center of the South China Sea
(Scarborough Seamounts) approached collision with Luzon. Subduction began on the eastern side of the Philippines at the
Philippine trench. Bismarck Sea opening began. The remaining Solomon Sea was subducted northward beneath New He-
brides (NH) and New Britain (NB). Slab-pull forces caused formation of ocean crust in the Woodlark basin. In New Guinea,
there was further accretion of arc terranes and significant elevation of mountains. Hinge rollback at the western end of New
Guinea induced ocean floor spreading in the Banda Sea. The Australian craton approached eastern Indonesia, prior to col-
lision with the Banda arc, near Wetar-Timor at ~4 to 3 Ma. 



a major strike-slip system, and fragments of continental crust
were later sliced from the Bird’s Head promontory and
moved westward to collide in Sulawesi. At about the same
time, the Ontong Java plateau collided with the Melanesian
arc (Mann and Taira, 2004) causing termination of the south-
west-dipping subduction system. Pacific-Australia conver-
gence was accommodated by development of new subduction
zones: first, southwest-dipping subduction beneath east New
Guinea forming the Maramuni arc and later, northeast-dip-
ping subduction beneath the Melanesian arc (Fig. 5c). The
eastern edge of the Philippine Sea plate became an intra-
oceanic subduction zone at which there was rapid subduction
of the Pacific plate and rapid rollback of the trench hinge
from this time resulting in formation of new marginal basins
and rotation of the entire plate.

The proto-South China Sea was significantly reduced in
size by widening of the South China Sea north of Palawan and
subduction beneath Borneo, where subduction ceased in the
early to middle Miocene. Major uplift in Borneo began, in
part because of the initial underthrusting of the Borneo mar-
gin by extended continental crust of the South China Sea
(Tongkul, 1991; Hutchison et al. 2000), and in part because of
the counter-clockwise rotation of southern Sundaland caused
by the northerly impact of the Australian plate in eastern In-
donesia. Kelian and other intermediate-sulfidation epither-
mal deposits formed in central Borneo during the waning of
arc magmatism at this time.

Early to middle Miocene (25–15 Ma): In the Java-Sulawesi
sector of the Indonesian arc, volcanism greatly diminished
during the early and middle Miocene, although northward
subduction of the Indian Ocean continued. The subduction
hinge was advancing northward as a result of counterclock-
wise rotation of the Sundaland margin, and this is interpreted
to have led to termination of magmatism, despite continued
subduction, because of the absence of fresh material replen-
ishing the mantle wedge (Macpherson and Hall, 2002).

Between 25 and 15 Ma, the proto-South China Sea was di-
achronously closed. This occurred first north of Borneo,
where continental crust of the extended South China margin
was thrust beneath Borneo in the early Miocene. South of
Palawan, subduction and basin closure (Encarnacion et al.,
1995) was completed in the middle Miocene (Fig. 5c). South-
ward subduction of the remaining proto-South China Sea re-
sulted in the splitting of the Sulu-Cagayan arc and opening of
the Sulu Sea backarc basin (Rangin and Silver, 1991). The Ca-
gayan arc system collided with the Palawan margin causing
termination of spreading in the Sulu Sea by about 15 Ma. The
arc-continent collision initiated south-dipping subduction of
the Sulu Sea beneath the Sulu arc (Fig. 5c). The South China
Sea ceased spreading at about the same time.

Luzon became partly coupled to the western margin of the
Philippine Sea plate at ca. 25 Ma, nearly coeval with the de-
velopment of Dinkidi and other porphyry and intrusion-re-
lated systems in northeastern Luzon. In the Philippines, com-
plicated strike-slip motions can be inferred on the basis of
rotations interpreted from paleomagnetism, isotopic ages,
and volcanic activity (Fuller et al., 1983; Karig et al., 1986;
Yumul et al., 2003). Collision occurred between the Luzon
arc and the Mindoro margin at the eastern edge of Eurasia
(Rangin et al., 1989; Bird et al., 1992) at about 15 Ma (Fig.

5c). At the eastern edge of the Philippine Sea plate, complex
asymmetrical opening of the Shikoku and Parece Vela basins
began when the Pacific subduction hinge rolled back to the
east. The spreading in these basins was complete by 15 Ma.
However, at the southern edge of the plate, there was no sub-
duction under most of New Guinea. The arc terranes at the
southern edge of the Caroline and Philippine Sea plates
moved in a clockwise direction along the northern New
Guinea margin within the left-lateral Sorong strike-slip zone.
At the western end of the left-lateral fault system in northern
New Guinea, the Bird’s Head promentory began to fragment
along strike-slip faults resulting in convergence, shortening,
and uplift at the eastern margin of Sulawesi.

Subduction of the Pacific plate along the Tonga-Kermadec
trench occurred throughout the early and middle Miocene.
The Ontong Java plateau was accreted to the Melanesian arc
system in the Solomon Islands and subduction essentially
ceased at the North Solomon trench (Petterson et al., 1999;
Mann and Taira, 2004). There may also have been southward
subduction of the Solomon Sea to form the Maramuni arc in
eastern New Guinea, although this subduction zone is not
well studied or dated and no slab is seen in tomographic im-
ages (Hall and Spakman, 2002). The middle Miocene igneous
activity in eastern New Guinea has generally been interpreted
as subduction related and many workers suggest southwest-
dipping subduction beneath the island (e.g., Hamilton, 1979;
Cullen and Pigott, 1989; Francis, 1990; Hill and Raza, 1999).
However, some studies suggest an uncertain polarity (Cullen,
1996), others favor north-directed subduction (Abbott, 1995),
and there have also been suggestions that volcanic activity of
the Maramuni arc was not subduction-related (Mason and
MacDonald, 1978; Johnson and Jaques, 1980; Findlay et al.,
1997). Major porphyry and epithermal deposits formed in the
Maramuni arc during the middle Miocene include Freida,
Nena, and Wafi.

In western New Guinea, there is no evidence of significant
south-directed subduction in the Miocene; the Maramuni arc
does not appear to have extended into Papua (Irian Jaya). The
present-day slab extends little more than 100 km beneath
western New Guinea and would not have contributed to
Miocene magmatism. As noted by Carlile and Mitchell
(1994), the Miocene volcano-plutonic belt in the Bird’s Head
lacks documentation in published studies. More recent work
shows the Miocene volcanic rocks in Papua to have an un-
usual chemical character that is postcollisional and quite dif-
ferent from Miocene magmatic rocks in eastern New Guinea
(Housh and McMahon, 2000).

Middle to late Miocene (15–5 Ma): The Philippine Sea plate
moved northward as it rotated clockwise, which was accom-
panied by strike-slip faulting and limited subduction at its
western edge. South-dipping subduction of the Sulu Sea was
terminated by collision between Luzon and the Visayan Is-
lands, which caused a reversal of subduction polarity in the
Sulu arc. Initiation of northward subduction along the north-
ern Celebes Sea margin, beneath the Sulu arc and Sabah,
caused formation of the young Dent-Semporna-Sulu arc,
which extends from Sabah to Mindanao and ceased activity in
the last 1 or 2 m.y.

At the southern edge of the Philippine Sea plate, slow
spreading began in the Ayu trough (Weissel and Anderson,
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1978; Lee and Kim, 2004) as a result of a change in Philippine
Sea-Caroline plate relative motion about a pole in the region
of Palau. The Molucca Sea double subduction system was ini-
tiated at about 15 Ma (Fig. 5c). Subduction on the west side
of the Molucca Sea had begun soon after the 25 Ma plate re-
organization, but the oldest Neogene volcanic rocks in the
Halmahera arc have ages of about 11 Ma (Baker and Malai-
hollo, 1996). Initiation of subduction probably resulted from
locking of one of these strands of the left-lateral Sorong fault
zone at the southern edge of the Molucca Sea. 

Accretion of the Ontong Java plateau to the Melanesian arc
in the Solomons ultimately led to initiation of a new subduc-
tion zone on the northern and eastern sides of the Solomon
Sea. The east-dipping subduction produced the New He-
brides arc by 10 Ma. Slab-pull forces at the New Britain
trench subsequently led to the formation of the Woodlark
spreading center at the former Solomon Sea transform. 

At the western edge of Sundaland, the accretion of the
Burma block to India resulted in the initiation of spreading
at the northern end of the Sumatran fault system in the
Andaman Sea and, by 10 Ma, a spreading center had been es-
tablished in this ocean basin (Curray et al., 1979). Volcanic ac-
tivity in the late Miocene resumed in the Java-Sulawesi sector
of the Indonesian arc. Although the Indian plate had been
subducted continuously at the Java trench, the counterclock-
wise rotation of Borneo between 25 and 10 Ma caused a
diminution in volcanic activity. Magmatism began again with
increased vigor in this sector after the termination of rotation
at about 10 Ma. The Bau sedimentary rock-hosted gold de-
posit in northwestern Borneo and the Gunung Pongkor ep-
ithermal vein system in western Java formed during this pe-
riod of renewed arc activity.

Convergence in eastern Sulawesi could no longer be ac-
commodated by orogenic contraction at ca. 15 to 5 Ma. The
Jurassic oceanic lithosphere in the Indian Ocean, located off
the northwestern shelf of Australia and forming the proto-
Banda Sea, arrived at the eastern end of the Java trench at
this time. Because of its older age and greater thickness, this
dense ocean lithosphere descended rapidly. This caused the
rapid rollback of the subduction hinge to the south and east,
which induced massive extension in the overlying plate. Re-
sulting extensional magmatism began in western Sulawesi at
about 11 Ma and later led to formation of the Banda volcanic
arc and subsequent opening of the South Banda Sea (Hin-
schberger et al., 2001). 

Pliocene to Recent (5 Ma to present): At or soon after 5 Ma,
there were important changes in plate motions and bound-
aries. Arc-continent collision began in the Banda Sea between
the Banda arc and the Australian margin (Audley-Charles,
2004) and in Taiwan between the Luzon arc and the Asian
margin (Sibuet and Hsu, 1997; Fig. 5d). At about 5 Ma, the
Philippine Sea-Eurasia Euler pole of rotation moved to its
present position north of the Philippine Sea plate at the lati-
tude of Japan. New west-dipping subduction was initiated be-
neath the Philippines at the Philippine trench. These changes
in plate motions varied local subduction rates and established
dynamic tectonic settings that favored the development of
porphyry and epithermal deposits near sites of arc-continent
and arc-seamount collision in eastern Indonesia, Luzon, and
Taiwan. 

Arc-continent collision between the Philippine Sea plate
and Asia in Taiwan is characterized by a complex geometry of
slabs and rapid migration of plate boundaries caused by dif-
ferent polarities of subduction, variable ages of subducted
slabs, inducing different slab subduction angles, and tearing
of subducted slabs. Massive contraction and orogeny took
place in Taiwan and extension occurred in the Okinawa
trough, due to gravitational collapse of the Taiwan Orogen
(Teng, 1996; Clift et al., 2003). A young volcanic arc formed
in the Ryukyu Islands (Fig. 4). The extinct spreading center
of the South China Sea (Scarborough Seamounts) collided
with Luzon about 5 to 3 Ma (Fig. 5d; Yang et al., 1996;
Bautista et al., 2001). The nature of this collision and its effect
on metallogenesis will be discussed in subsequent parts of
this paper. At the eastern edge of the Philippine Sea plate,
spreading began in the Mariana trough and continues to the
present. At the southern edge of the Philippine Sea plate,
spreading continues at a very low rate in the Ayu trough, re-
flecting the small difference in plate motions between the
Caroline Sea and Philippine Sea plates. 

A seismically poorly defined zone beneath western New
Guinea suggests south-dipping subduction of about 100 km of
ocean crust at the relatively young New Guinea trench but
seismic tomography shows no slab (Hall and Spakman 2002).
Much of the present convergence between the Pacific and
Australia, as indicated by Global Positioning System (GPS)
vectors (Rangin et al., 1999; Kreemer et al., 2000; Bock et al.,
2003), is absorbed by deformation distributed over a very
wide zone. The Papuan fold belt, located along the northern-
most margin of the Australian craton (Fig. 4), accommodates
part of this deformation. In this orogenic belt, south-directed
thrusts have led to localized deformation, crustal thickening,
and block uplift during the Plio-Pleistocene to Recent
(Hamilton, 1979; Weiland and Cloos, 1996; Hill and Raza,
1999). Coeval magmatism led to the development of por-
phyry and epithermal deposits at high crustal levels in zones
of major uplift along south-propagating frontal thrusts (e.g.,
Grasberg and Ok Tedi; Davies, 1991; Hill et al., 2002).

At the eastern end of New Guinea, the conjunction of vol-
canic plumes (Macpherson et al., 2000) and strike-slip fault-
ing may have promoted rapid spreading in the Bismarck Sea
in a setting, which resembles a large pull-apart basin. The
Solomon Sea has almost completely disappeared. Subduction
at its northern side, beneath the New Britain arc, has induced
Woodlark basin spreading by slab-pull forces. The Woodlark
basin is notable for the rapid propagation of the spreading
center toward the west, tearing open the Papuan peninsula of
eastern New Guinea, and the formation of core complexes
and related epithermal systems in advance of the propagating
fracture zone (Fig. 5d). 

In eastern Indonesia, the Molucca Sea plate has been elim-
inated by subduction at both its eastern and western sides.
The Sangihe-North Sulawesi arc is now being thrust over the
Halmahera arc in the Molucca Sea (Fig. 4). The central
Molucca Sea melange wedge and underlying oceanic crust
represent the forearc basin and basement of the Sangihe arc,
which will soon have completely overridden the Halmahera
arc. South of the Bird’s Head promontory, rapid hinge roll-
back resulted in collision of the Banda volcanic arc at ~4 to 3
Ma with the Australian margin in the region of Timor and the

CENOZOIC MAGMATIC ARCS, SE ASIA & THE WEST PACIFIC 901

0361-0128/98/000/000-00 $6.00 901



cessation of volcanic activity in this segment of the arc (Hon-
thaas et al., 1998, 1999; Hinschberger et al., 2001). After arc-
continent collision, convergence ceased south of the volcanic
arc and new plate boundaries developed north of the arc in
the Flores Sea and Banda Sea (Fig. 4).

Subduction systems

The major subduction systems that extend through the re-
gion have been modeled by Gudmundsson and Sambridge
(1998), using seismic event data catalogs and three-dimen-
sional Delaunay tessellation to generate top of slab contours
at 50-km intervals. The geometries of these modeled slabs are
illustrated in Figure 6 and described briefly in Table 1. The
slabs form a nearly continuous subduction system that ex-
tends clockwise from the northeast of Japan through Taiwan,
the Philippines and Indonesia, and onward beneath Myan-
mar. The subduction zone beneath the Tabar-Feni and New

Britain arcs does not extend to the west beneath Papua (Irian
Jaya), and thus no coherent slab exists there. The following
discussion highlights the geometry and tectonic setting of
anomalous slab systems that are associated with regions of
significant Neogene to Pleistocene magmatism and related
gold and copper ± gold mineralization.

Subduction slab topology: Major changes in slab-dip occur
and define kink zones that range in plunge from oblique to
nearly orthogonal to the local strike direction of each slab.
Well-defined kink zones occur beneath southwestern
Hoikaido and southern Honshu in Japan, and define the mar-
gins of a zone of relatively shallow, westerly slab-dip (<30°).
Backarc spreading in this region, which is associated with sub-
duction hinge retreat that commenced in the late Oligocene,
greatly attenuated and rifted continental crust beneath the Sea
of Japan (Fig. 5b) and led to the development of Kuroko-type
VMS deposits in the middle Miocene (Ohmoto et al., 1983).
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FIG. 6.  Subduction slab topology model for Southeast Asia and the west Pacific, compiled from Gudmundsson and Sam-
bridge (1998), with minor modification in Japan from Baba et al. (2002). Digital topography and bathymetry models are from
the U.S. National Geophysical Data Center (http://www.ngdc.noaa.gov). Indicated magmatic arcs and sea-floor topographic
features are described in the text. Several buoyant aseismic ridges and oceanic plateaus are being subducted beneath over-
lying arcs, including the Palau-Kyushu Ridge in southwestern Japan, the Scarborough Seamounts in Luzon, the Roo Rise
near Sumbawa, and the Investigator Ridge in Sumatra.



Kyushu Island lies at the junction of the southwestern part
of the Japan arc and the Ryukyu arc, about 150 to 200 km
above the subducting slab of the Philippines Sea plate. The
slab-dip increases from ~30° beneath the southwestern Japan
arc to ~50° beneath the Ryukyu arc along an axis that coin-
cides with the arc-ward extension of the subducting Palau-
Kyushu oceanic ridge. The difference in age of the oceanic
crust of the Philippine Sea plate to the northeast (27–15 Ma)
and southwest (55–45 Ma) of the buoyant Palau-Kyushu
ridge contributes to this slab geometry (Watanabe, 2004).
The forearc part of the southwestern Japan arc in northern
Kyushu moves westward due to strong coupling between the
younger, less dense slab and the overriding arc. In contrast,
the forearc of the Ryukyu arc in southern Kyushu has mi-
grated eastward due to subduction hinge retreat, or slab roll-
back, of older and denser crust. These opposing movements
have resulted in the counterclockwise rotation of Kyushu Is-
land (Kodama et al., 1995; Watanabe, 2004). Ridge subduc-
tion beneath southern Kyushu is inferred to have occurred
from at least the Pliocene to Recent, with a major change in
the subduction direction of the Philippine Sea plate from
north to northwest at about 2 to 1 Ma (Yamaji, 2003). Slab
rollback in the late Pliocene and Pleistocene led to backarc
extension and the northeasterly propagation of the Okinawa
trough and related rift basins (e.g., Kagoshima graben) in
southern Kyushu (Yamaji, 2003). The timing of these tectonic
events coincides with extension-related gold mineralization at
Hishikari and other low-sulfidation epithermal deposits in
southern Kyushu (~2.9–0.7 Ma; Apps. 1–2). 

Northern Taiwan lies at the junction of the Ryukyu and
Luzon arcs, where a west northwest-trending oblique-slip,
north-side down, tear fault, which was active during the Pleis-
tocene to Recent, partly controls basin sedimentation (Lalle-
mand et al., 1997; Sibuet and Hsu, 1997). This tear fault is in-
ferred by Lallemand et al. (1997) to separate subducting parts
of the Philippine Sea plate to the northeast from obducted
parts of the plate to the southwest. Pleistocene to Recent
magmatism and related epithermal mineralization in north-
ernmost Taiwan lies above the western edge of the subducted
Philippine Sea slab, within 30 km of this inferred tear in the
slab (Fig. 6). Pliocene to Recent rifting in the Ryukyu backarc
and the westward propagation of the Okinawa trough occur
above the sinking Philippine Sea slab.

The slab beneath the Luzon arc dips steeply eastward
(60°–80°) beneath the Manila trench, underlying two parallel
island arcs that extend between Taiwan and Luzon (Fig. 7).
The arcs are separated by a distance of ~50 km in northern-
most Luzon and converge to the north at about 20° N lati-
tude, with the western arc active from the Miocene to the mid
Pliocene (~4–3 Ma) and the eastern arc active from the late
Pliocene (~2 Ma) to Recent (Yang et al, 1996). This eastward
migration in magmatism has been attributed to the accretion
of the extinct spreading center of the South China Sea (Scar-
borough Seamounts) and a buoyant oceanic plateau at the
Manila trench at about 5 to 3 Ma (Yang et al., 1996; Bautista
et al., 2001). The mid-Pliocene accretion of these buoyant
sea-floor features stalled subduction, and magmatism ceased
in the western arc. The dip of the Luzon slab flattens to about
30° at the site of collision (16°–18° N), which partly under-
lies the Stewart Bank and Vigan High, uplifted parts of the
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FIG. 7.  Tectonic framework of the Luzon arc and elements relevant to the
eastward subduction of the South China Sea plate, modified from Yang et al.
(1996). The Scarborough Seamounts (SS), the extinct spreading center of the
South China Sea, subducts below Luzon. A buoyant oceanic plateau, to the
north of this aseismic ridge, is also inferred to have accreted to the base of
the Luzon Central Cordillera (the LCC; Bautista et al., 2001). This accre-
tionary process has led to the uplift of the Stewart Bank (SB) and Vigan High
(VH), which segment the fore arc to form the North Luzon trough (NLT)
and West Luzon trough (WLT). The Baguio and Mankayan districts under-
went extensive uplift in the Plio-Pleistocene and lie along the subducted
trace of the Scarborough Seamounts (Knittel et al., 1995). Two parallel island
arcs extend between Luzon and Taiwan. In the Luzon Central Cordillera and
toward the north, volcanic activity was focused in the western arc (WVC)
from the Miocene to middle Pliocene (~4–3 Ma) and migrated to the eastern
arc (EVC) in the late Pliocene (~2 Ma), which remains active to the present.
COB = margins of the South China Sea plate, PSF = Philippine fault system.
The relative motion between the Philippine Sea plate and Eurasia (86
km/m.y.) is from McCaffrey (1996). 
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TABLE 1.  Characteristics of Major Cenozoic Magmatics Arcs in Southeast Asia and the West Pacific

Magmatic arc Length (km) Age of magmatism Crust type Basement rocks (exposed or sampled)

Kuril (SW) 2200 Miocene-Recent Continental Mesozoic-Paleogene sedimentary rocks

Japan 1800 Miocene-Recent Continental Permo-Triassic gneiss and schist, 
Jurassic flysch sedimentary rocks

Izu-Bonin 1200 Eocene-Recent Oceanic Eocene basalt and rhyolite

Ryukyu 1200 Eocene, Miocene-Recent Continental Permian-Cretaceous ophiolitic melange
Cretaceous-Paleogene flysch sedimentary rocks

Luzon 1200 Oligocene-Recent Oceanic Cretaceous ophiolite

Cordon ~200 Oligocene-Miocene Oceanic Cretaceous-Paleogene
volcanic and sedimentary rocks

Philippine 1000 Oligocene-Recent Oceanic Cretaceous ophiolite,
Paleogene volcanic and sedimentary rocks

Masbate-Negros 400 1. Eocene-Miocene (W) Oceanic Cretaceous ophiolite and sedimentary rocks
(west and east) 2. Miocene-Recent (E)

Sulu-Zamboanga 400 Miocene-Recent 1. Continental (SW) 1.Mesozoic metasedimentary rocks, granitoids
(SW and NE) 2. Oceanic (NE) 2. Cretaceous ophiolite, metasedimentary rocks

Cotobato 300 Miocene-Recent Continental (?) Paleogene metavolcanics, metasedimentary rocks

Central Mindanao ~350 Miocene-Recent Oceanic Cretaceous ophiolite

North Sulawesi- 1200 Miocene-Recent 1. Oceanic (NE) 1. Eocene-Oligocene basalts, sedimentary rocks
Sangihe 2. Continental (SW) 2. Cretaceous-Eocene metamorphic rocks

Halmahera 400 Neogene-Recent 1. Oceanic (north) 1. Cretaceous-Paleocene ophiolite
2. Continental (south) 2. Mesozoic and ?Precambrian metasedimentary rocks

Medial New Guinea 1800 Late Miocene-Pleistocene, Continental Paleozoic sedimentary and metamorphic rocks; 
Recent (Papuan Peninsula) Permo-Triassic granite

Maramuni 1000 Miocene Continental and Pre-Triassic metavolcanic rocks and granite; 
accreted oceanic accreted Cretaceous ophiolite
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TABLE 1.  (Cont.)

Metal endowment
Topology of subduction slab1 Au (t) Cu (000s t) Deposit age and style Deposit examples

>600 km deep; ~40° NW dip (50–400 km) 85 Negligible Late Miocene-Pliocene LS Konomai, Sanrui
with kink beneath SW Hoikkado, where slab 
flattens to 23° W at junction with Japan arc

>600 km deep; ~30° W dip (50–400 km) 234 2575 Middle Miocene VMS Hokuroku district
with kink beneath central Honshu, where slab Miocene IS Sado
dips ~30° N (50–150 km) near junction with Late Mio.-Plio. IS, HS ± LS Chitose, Takatama, Taio
Izu-Bonin arc

>600 km deep; >70° W dip (50–400 km) in 38 Negligible Middle Miocene VMS Sunrise (Myojin Knoll) 
south part, slab flattens to ~45° W near Plio-Pleistocene IS/LS Seigoshi, Toi 
junction with Japan arc

~350 km deep; ~50° NW dip (50–350 km), 485 119 Pliocene IS, HS; Pleistocene LS Kushikino, Iwato; Hishikari (Kyushu)
forms junctions with Japan arc beneath Kyushu 
and Luzon arc beneath northern Taiwain Pleistocene HS Chinkuashih (Taiwan)

~150–300 km deep; >60° E dip with kink 2769 17566 Miocene PC Black Mountain, Chemei
beneath N. Luzon to dip 45° SE, slab flattens Plio-Pleistocene PC, HS, IS FSE, Lepanto, Victoria, 
to the south to dip 30° E near Baguio Acupan-Itogon, Antamok
(16°–18°N lat), slab dip abruptly steepens 
farther to south to dip ~80° E (13°–14°N lat.)2

Possibly linked to E Luzon trench with relict 162 720 Early Miocene PC, IS, HS Dinkidi, Marian, Pao
slab that is ~150 km deep; ~60° NW dip

150–250 km deep; ~50° SW dip (50–150 km) 633 4198 Early Miocene PCM Larap
beneath SE Luzon (13° N lat), slab steepens to Late Miocene-Pliocene PC, Boyongun, Nalesbitan, Placer, Siana 
~70° SW (50–250 km) beneath SE Mindanao HS, IS, DS
(7° N lat)

Active arc has slab to ~100 km depth; ~60° E 280 6750 Late Miocene IS Masbate, Bulawan
dip (50–100 km) with a kink beneath 
northern Panay (12° N lat)

~100 km deep; ~50° SE dip (50–100 km), forms 30 44 Plio-Pleistocene IS, HS, VMS Sibutad, Nagos, Canatuan
junction with Negros slab beneath NW Zambo-
anga; slab not recognized in Sulu archipelago

~100 km deep; ~65° NE dip 283 6750 Pliocene PC/HS, IS Tampakan, T'Boli

Possibly linked to northern portion of Unknown Negligible Neogene IS (?) Small Bukidnon vein prospects
Molucca slab that is >650 km deep; 
~75° W dip (50–400 km) beneath northern 
Mindanao (9° N lat) with kink beneath 
SW Mindanao (6° N lat), where slab 
flattens to 60° W (50–400 km) 

Molucca slab >650 km deep; 55°–60° W dip 344 2153 Late Miocene-Pliocene DS Mesel;
(50–400 km) with kink beneath 0.5° N lat., Pliocene PC, HS Tumbulilato district, 
124° E long., where dip changes from Motomboto, North Lanut
55° NW to 65° N; N. Sulawesi lies above two Pliocene IS Gunung Pani, Toka Tindung
slabs, Moluccu and N. Sulawesi; the latter 
extends to 200 km deep and dips ~55° S 
(50–200 km)

250 km deep; ~60° E dip with slab segmented 53 210 Neogene PC Kaputusan
by NW- to WNW-trending zones of varying Pliocene IS Gosowong
seismicity, as observed for the Molucca slab3

Lacks coherent slab; earthquake hypocenters 4818 38340 Late Miocene IS and ?LS Porgera open pit and Zone VII
(Mw >5) to 150 km deep with NE-trending Pliocene PC, SK, IS Grasberg, Ertsberg, Wabu, Hidden 
zones of varying seismicity; potential remnant Valley, Misima, Tolukuma 
slabs at depths of 500–1,000 km from ancient Pleistocene PC, SK Ok Tedi
subduction systems4

Inferred SW-dipping Miocene slab not 525 9356 Miocene PC, HS Freida River, Nena, Wafi
detected by mantle tomography4 Miocene SK Mt. Victor



fore-arc basin (Hayes and Lewis, 1984; Pautot and Rangin,
1989). The Baguio-Mankayan region, where Miocene
coralline limestone has been uplifted to >1,500 m above sea
level, lies near the southern margin of the subducted
seamounts, above an abrupt change in slab-dip from ~30° to
the north to >60° to the south (Yang et al., 1996, fig. 4;
Bautista et al., 2001, fig. 20). The subducting slab is suggested
to have torn along the trace of the Scarborough Seamounts at
about 2 Ma, which led to the upwelling of underlying as-
thenosphere through the torn slab and a migration in mag-
matism toward the east (Yang et al., 1996; Bautista et al.,
2001). The timing of this second magmatic pulse correlates
with the formation of porphyry and epithermal deposits in the
Mankayan district (1.4–1.15 Ma; Hedenquist et al., 1998,
2001) and the Baguio region (~1.5 and 0.65 Ma; Sillitoe,
1989; Cooke et al., 1996). 

The possible link between the upper crust and the mantle in
northern Luzon, due to a tear in the subducting slab, is sup-
ported by the composition of the Kias Creek dike complex in
Baguio (Mitchell and Leach, 1991). The complex includes py-
roxene-hornblende-phyric diabases, lamprophyres, and ap-
pinites that contain amphibolite xenoliths of inferred arc base-
ment (P.J. Waters, writ. commun., 2004). The dikes have Ar-Ar

ages that range from 4.6 to 4.0 Ma (P.J. Waters, writ. com-
mun., 2004), which suggests that the mantle link could have
been established early in the process of seamount collision.

The Molucca Sea slab dips steeply west and extends about
1,400 km from beneath northern Mindanao to the western
part of the northern arm of Sulawesi. The Molucca Sea slab
also dips to the east, beneath Halmahera, where it extends to
a depth of about 250 km. The distribution and depth of earth-
quake hypocenters in the Celebes-Molucca Sea region define
a series of northwest-trending lineaments that extend from
Sulawesi to Halmahera (Fig. 8). These lineaments coincide
with deflections in the Benioff zone and are inferred to rep-
resent possible tears in the subducting slab (Garwin, 2000).
The central part of the northern arm of Sulawesi, host to sev-
eral porphyry and epithermal deposits, is underlain by slabs of
opposing dip—the Molucca slab that dips north and the
North Sulawesi slab that dips south.

The subducting slab beneath the Sunda-Banda arc indicates
a pronounced curve from Sumatra, where it dips ~30° to 45°
NE, through Java and Nusa Tenggara, where it dips ~50° to 70°
N, to the Banda Islands, where it forms a concave spoon-
shaped structure with an axis that plunges ~40° toward the
west. In northern Sumatra, where the Investigator Ridge is
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Inner Melanesian 1000 Late Oligocene-Recent Oceanic Cretaceous ophiolite, sedimentary rocks
(Finisterre-New Britain)

Outer Melanesian >800 Eocene-Recent (Bougainville) Oceanic Eocene basalt and volcaniclastic rocks; 
(New Ireland- Pliocene-Recent (Tabar-Feni) minor limestone and gabbro
Bougainvillle)

Sunda-Banda 3800 Eocene-Recent 1. Oceanic (east) 1. Cretaceous ophiolite, sedimentary rocks
2. Continental (west) 2. Paleozoic-Mesozoic sedimentary and 

metasedimentary rocks

Central Kalimantan 1200 ?Eocene-Miocene Continental Paleozoic metasedimentary rocks and
Mesozoic granitoids

Burman 1200 Miocene-Recent Continental Mesozoic metasedimentary rocks

1 Based on present-day subduction slab model of Gudmundsson and Sambridge (1998) illustrated in Figure 6; reported slab dip amounts are typically for
slab at depths >50 km

2 Based on Yang et al. (1996)
3 Based on Garwin (2000), refer to Figure 8
4 Based on Hall and Spakman (2002)
5 Based on Barberi et al. (1987)
6 Based on Widiyantoro and van der Hilst (1996, 1997);
Notes: Deposit styles: DS = disseminated sedimentary rock-hosted, HS = high-sulfidation epithermal, IS = intermediate-sulfidation epithermal, LS =

low-sulfidation epithermal, VMS = volcanic-associated massive sulfide, PC = porphyry copper-gold, PCM = porphyry copper-molybdenum, SK = skarn

TABLE 1.  (Cont.)

Magmatic arc Length (km) Age of magmatism Crust type Basement rocks (exposed or sampled)



being subducted, a northerly oriented linear zone of hypocen-
ters (<200 km deep) coincides with the trace of the ridge be-
neath the arc (Figs. 4, 7). This relationship is inferred to indi-
cate the seismic reactivation of a leaky transform fault,
previously active in the Late Cretaceous to early Paleogene
(Hamilton, 1979). The age of the Indian Ocean crust, which is
currently being subducted beneath Sumatra, changes across
this transform fault, from ~53 to 43 Ma to the west to ~76 to
63 Ma to the east (Hamilton, 1979, fig. 19; Berggren et al.,
1995). The dip of the Benioff zone changes from ~30° NE to
the west of this structure to ~40° NE to the east, which is con-
sistent with the relative rollback of the older and denser slab on
the eastern side of the Investigator Ridge. Such a disruption in
the slab beneath northern Sumatra is confirmed by the tomo-
graphic mapping results of Puspito et al. (1993). The Late Qua-
ternary Lake Toba volcano-tectonic depression, the largest
resurgent caldera in the world, and the Pliocene(?) Martabe
gold deposit near Sibolga, lie above this discontinuity. 

The Richter magnitude 9.0 earthquake of 26 December,
2004, that occurred off the west coast of northern Sumatra is
located <400 km to the west of the subducted trace of the In-
vestigator Ridge, near the trace of a parallel subsidiary paleo-
transform fault (Fig. 8). The megathrust earthquake occurred

at a depth of ~30 km and was produced by southwest-di-
rected reverse-slip along the top of the subducting Indian
Ocean slab. Aftershock locations to the north of the epicenter
show that ~1,200 km of the plate boundary slipped as a result
of the earthquake (writ. commun., U.S. Geological Survey,
2004, National Earthquake Information Center, website:
<http://neic.usgs.gov/neis/eq_depot/2004/eq_041226>).

The tomographic images of Widiyantoro and van der
Hilst (1996, 1997) indicate that in Sumatra an aseismic slab
has detached from the seismically active slab at a depth of
about 300 km, which explains the lack of hypocenters at
depths of >300 km. The tear in the slab beneath Sumatra is
subhorizontal, with its southeasterly propagating crack-tip lo-
cated beneath the Sunda Strait between Java and Sumatra.
The heat flow in the backarc region of Sumatra is one of the
highest of any region in Indonesia, with values >100 mW/m2

(Pollack et al., 1993). The anomalously high heat flow in this
region, which lies directly above the inferred tear in the slab,
is probably the expression of a slab window to the upper man-
tle created by slab detachment. The Pliocene to Recent al-
kali-gabbro intrusions intersected in oil and gas wells in this
region may also contribute to high heat flow (P.J. Waters, writ.
commun., 2004).
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250 km (northern New Guniea) to 600 km 6 528 Miocene PC, HS Esis, Plesyumi, Arie, 
deep (New Britain); ~70° to 65° N dip, Wild Dog
decrease in dip to east as slab meets 
Outer Melanesian arc slab

600 km deep; slab dip changes from >80° NE 2152 6426 Pliocene PC Panguna
(Bougainville) to ~60°N (Lihir), where slab Pleistocene ?LS Ladolam
meets Inner Melanesian arc slab; Tabar-Fini 
Is. lie ~450 km above slab; remnant slab at a 
500- to 700-km depth, related to paleo-
Melanesian arc4

250 km (N. Sumatra) to >650 km deep (Java 1197 10216 Neogene PCM, HS, IS Tangse, Martabe, Lebong Tandai, 
through Banda); ~30° E dip (N. Sumatra) Gunung Pongkor
through 55° N dip6 (W. Sumbawa) to Pliocene PC, IS, VMS/HS Batu Hijau, Elang, Soripesa, Wetar
>70° N dip (Wetar) and 40° W dip (E. Banda 
Sea); kinks in slab beneath Lake Toba, 
W. Sumbawa, E. Banda Sea; slab detached 
below 300 km in Sumatra5

No slab recognized; arc is 277 Negligible Miocene IS, DS Kelian, Mt. Muro, 
aseismic for earthquakes Mw >5 Masupa Ria, Bau

~200 km deep; concave toward east with 15 4525 Miocene PC, HS Shangalon, Monywa
dips that range from 37°–43° E (50–200 km); Miocene (?) DS/IS Kyaukphato (backarc setting)
maximum arc curvature associated with 
reduced slab dips

TABLE 1.  (Cont.)

Metal endowment
Topology of subduction slab1 Au (t) Cu (000s t) Deposit age and style Deposit examples
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Epicenter for M = 9.0 event Dec 26, 2004
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In the Sunda arc east of Sumatra, a series of northeast-
trending tear or kink zones within the downgoing slab are in-
ferred on the basis of the distribution and depths of earth-
quake hypocenters (Fig. 8; Garwin, 2000). These zones
coincide with variations in the dip of the subducting slab and
the segmentation of the slab into seismic and aseismic re-
gions. Cardwell and Isacks (1978) document a similar rela-
tionship in the easternmost part of the Banda arc, where a
sinistral strike-slip fault penetrates the descending slab to a
depth of more than 50 km. This fault coincides with the axis
of maximum curvature in the arc. Inferred tear zones coin-
cide with the margins of the Roo Rise, Scott plateau, and the
Australian craton. The northerly dip of the subducting slab in-
creases from ~55° to 65° N from west to east across the Roo
Rise-Argo basin margin, near Sumbawa, and dips even more
steeply (>70° N) farther to the east (Barberi et al., 1987, figs.
27–28). The Pliocene Batu Hijau and Elang copper-gold de-
posits lie above the northeastern extension of the subducted
margin of the Roo Rise oceanic plateau, which is inferred to
have collided with the arc-trench in the late Pliocene (van der
Werff et al., 1994; Garwin, 2002a). 

Papua in Indonesia and western Papua New Guinea lack
association with a coherent subduction zone (Figs. 6, 8b). The
hypocenter data for most of New Guinea, east of the Bird’s
Head, indicate northeast-trending lineaments that bound re-
gions of varying seismic activity to depths of ~150 km, far be-
neath the base of the continental margin crust. This relation-
ship and the results of tomographic models for the region
(Hall and Spakman, 2002) are consistent with the presence of
ancient slabs beneath the Australian continental margin, pre-
sumably subducted prior to the middle- to late-Miocene ac-
cretion of allochtonous arc terranes (Johnson et al, 1978; Hall,
2002). Possible proto-subduction systems responsible for
remnant slabs in the mantle at depths of 500 to 1,000 km in-
clude north-dipping zones formed beneath the east Philip-
pines-Halmahera arc between 45 and 25 Ma and/or a pre-45
Ma (Cretaceous?) zone related to southeast-dipping subduc-
tion beneath the Australian margin (Hall and Spakman,
2002). 

The north-dipping New Britain slab extends from northern
New Guinea beneath the Inner and Outer Melanesian arcs of
eastern Papua New Guinea and the Solomon Islands. The
slab dips from ~75° in New Guinea through about 60° be-
neath the Pleistocene Ladolam (Lihir) gold deposit in the
Tabar-Feni Island chain, which lies ~450 km above the slab,
to >80° beneath Bougainville Island. The strike of the New
Britain slab changes by about 90°, from northwest below New

Britain Island, to east-west beneath Tabar-Feni, to northeast
beneath Bougainville. Mantle tomography indicates a rem-
nant slab that lies at a 500- to 700-km depth beneath the
Outer Melanesian arc, inferred to reflect south-dipping sub-
duction beneath the Melanesian arc between 45 and 25 Ma
(Hall and Spakman, 2002). 

Subduction hinge advance and retreat, seamount subduc-
tion, and seismic coupling: Subducting slabs form a hinge
characterized by a gentle bend of the downgoing plate be-
tween depths of ~30 and 100 km beneath the overriding arc
(Hamilton, 1995). Increased upwelling of asthenosphere oc-
curs in arcs characterized by subduction hinge retreat, filling
the gap created between the overriding plate and the sinking
slab (Hamilton, 1995; Tatsumi and Eggins, 1995; Gvirtzman
and Nur, 1999). Slab hinge retreat or slab rollback enhances
extension in the arc and backarc rifting (Hamilton, 1988). In
contrast, hinge advance or seamount subduction may lead to
arc compression, uplift of the forearc, and backarc thrusting
(Hamilton, 1995). The Cenozoic magmatic arcs of Southeast
Asia and the west Pacific have undergone both hinge advance
and retreat from 25 Ma to the present (Macpherson and Hall,
1999, 2002). During the Miocene, slab-hinge retreat oc-
curred near Hokkaido, Izu-Bonin, Honshu, Halmahera, west-
ern Java, and Sumatra, with only minor hinge movement in-
ferred for the arcs in North Sulawesi and much of the
Philippines. However, in Luzon, the apparent westward mi-
gration of magmatism from the Eocene-Oligocene Sierra
Madre arc to the Neogene Luzon Central Cordillera is con-
sistent with retreat of the slab hinge along the proto-Manila
trench. In the Miocene, hinge advance was limited to the
eastern part of the Sunda-Banda arc. In contrast, during the
Plio-Pleistocene, hinge retreat characterized most of the sub-
duction systems in the region, with the exception of the
Philippine and Izu-Bonin arcs, where hinge advance took
place (Fig. 9). This regional episode of hinge retreat is pre-
dicted on the basis of tectonic reconstructions of Hall (1998)
and generally supported by the trenchward-younging of sub-
duction-related, calc-alkaline magmatism for many arcs in the
area. However, exceptions do occur, such as in the Java-Lom-
bok portion of the Sunda arc, where Pleistocene to Recent
volcanoes lie north of the Neogene magmatic arc. 

The subduction of buoyant, aseismic oceanic ridges (sea-
mounts) enhances the coupling of the subducting slab with
the overriding arc crust and increases the normal stress
across this interface (Scholz and Small, 1997). A present-day
example of this is the subduction of the Louisville Seamount
hot-spot chain beneath the Tonga-Kermadec trench. This
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FIG. 8.  Interpretation of tectonic elements and earthquake hypocenters for the Indonesian region, after Garwin (2000).
(a). Tectonic elements and lineaments are interpreted from digital topography models, satellite gravity and bathymetry, and
Radarsat (ERS) data described by Garwin (2000) and reflect compilation and modification of the results of Hamilton (1979),
McCaffrey (1988, 1996), Hutchison (1989), Garwin (1996), Hall (1996), Simandjuntuk and Barber (1996), and Snyder et al.
(1996). The magmatic arcs and orogenic belts are modified from Hamilton (1979), Hutchison (1989), Carlile and Mitchell
(1994), and Garwin (1996, 2000). Selected gold and copper-gold deposits are indicated for geographic reference; a compre-
hensive depiction of deposits is included in Figure 14. Regional-scale strike-slip fault abbreviations: PF = Palu fault, PFS =
Philippine fault system, SF = Sorong fault system. (b). Hypocenter data for earthquakes of Richter magnitude ≥5.0
(1973–1999) and location of M = 9.0 megathrust event that occurred west of northern Sumatra on 26 December, 2004. Lin-
eaments represent the alignment and discontinuity in the distribution of hypocenters and are inferred to locally correspond
to major disruptions in subducting oceanic plates and regional-scale faults in the overlying arcs. The seismic data were ob-
tained from the U.S. Geological Survey National Earthquake Information Center <http://earthquake.usgs.gov>. 



collision has caused the indentation of the forearc and seg-
mentation and uplift of the backarc basin (Leat and Larter,
2003). There is a marked decrease in small to moderate plate-
interface earthquakes for a ~100-km arc segment adjacent to
the intersection between the arc and the seamount chain, in-
dicating that the subduction zone is locked (Scholz and Small,
1997). However, this mechanism is capable of generating in-
termittent large-scale events (e.g., Mw ≥7.5; Christensen and
Lay, 1988). The increased coupling of the arc-slab interface
near the rigid seamount is inferred to focus stress and form a
tear in the subducting plate marginal to the seamount chain
(Small and Abbott, 1998), which would create a slab window,
or zone of asthenospheric upwelling, and increased heat flow. 

This modern example serves as a model for the tectonic set-
ting of the Neogene-Pleistocene subduction of other buoyant,
aseismic seamount chains in the region, including the Palau-
Kyushu Ridge, Scarborough Seamounts, Roo Rise, and the
Investigator Ridge, the margins of which locally define seg-
ments of varying slab dip or inferred tears in the subducting
plate. This mechanism has been hypothesized to contribute
to the localization of arc-transverse, intrusion-related mineral
belts in the Central Andes, northern Luzon, and in western
Sumbawa (Sasso and Clark, 1998; Sillitoe, 1998; Kerrich et
al., 2000; Garwin, 2002a) and is illustrated schematically in
Figure 10. 

Regional-scale faults and lineaments, and 
relationship to topology of the subducting slab

Major strike-slip fault systems extend for hundreds of kilo-
meters to 2,000 km across the magmatic arcs of the region.
These regional-scale faults include the Itoigawa-Shizuoka
tectonic line and the medial tectonic lineament in Japan (Fig.
11); Philippine and Cotobato fault zones in the Philippines
(Figs. 12–13); Sumatra, Palu, and Sorong fault systems in In-
donesia (Figs. 7, 14); Ramu-Markham fault in Papua New
Guinea (Fig. 15) and Sagaing fault in Myanmar (Fig. 4). Tran-
scurrent movements along these faults are typically on the
order of 0.5 to 4.0 cm/yr, as indicated by GPS measurements
and geologic estimates (McCaffrey, 1996; Tsutsumi and

Okada, 1996; Bertrand et al., 1998; Walpersdorf et al. 1998;
Beaudouin et al., 2003). Estimates of total displacements in-
dicate about 200 km of sinistral movement since 5 Ma for the
Palau fault in Sulawesi (Beaudouin et al., 2003) and more
than 370 km of left-lateral displacement since the late
Miocene for the Sorong fault system in Papua (Dow and
Sukamto, 1984). Neogene movements along both these fault
systems have contributed to the complexity of Indonesian
arcs by facilitating the westward transport and collision of sev-
eral exotic microplates, which separated from New Guinea. 

Arc-transverse oblique- to strike-slip faults extend on the
order of 100 to 400 km across many of the magmatic arcs in
Southeast Asia and the west Pacific and indicate arc-parallel
extension on the order of about 3 mm/yr locally (e.g., near
Timor, Indonesia), as determined from fault-plane solutions
of recent earthquake hypocenters (<20-km depth; McCaffrey,
1988). In many of the arcs in the region, magmatic-hy-
drothermal systems and upper-crustal fault zones are inferred
to lie above kinks or tears in the subducting slabs (Fig. 10;
Kerrich et al., 2000). These kinks define arc-parallel segments
of varying slab-dip that locally coincide with the margins of
the subducted buoyant ridges, as discussed. Indonesia pro-
vides a good case study to illustrate this spatial coincidence
between upper-crustal fault zones and variations in the topol-
ogy of the subducting slab. The description that follows is
based on the work of Garwin (2000).

Crustal-scale lineaments, inferred from digital topography,
satellite gravity, bathymetry, and Radarsat (ERS-coarse
mode) data, extend at angles of about 45° to 70° across the In-
donesian arcs (Fig. 8a). Many of these lineaments coincide
with clusters of shallow (<30-km depth) earthquake hypocen-
ters along major faults in the arc and backarc and coincide
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FIG. 9.  Regions of significant advance and retreat of subduction zone
hinges since 5 Ma based on the reconstructions of Hall (1998), after
Macpherson and Hall (2002). Hinge retreat is responsible, in part, for the de-
velopment of young, extensional oceanic basins. Major continental outlines at
5 Ma are shown for reference. FIG. 10.  Schematic block diagrams illustrating the subduction of a buoy-

ant oceanic plateau and the relationship of the topology of the downgoing
slab to the style of deformation and localization of magmatism in the overly-
ing continental or oceanic plate. (a). Generalized geometry: Upwelling of as-
thenosphere and arc-transverse magmatic trends (symbolized by darker vol-
canoes) are localized by tears in the slab; note reduced magmatism above
plateau-slab region. (b). Deformation styles in overlying plate: note arc-par-
allel and arc-transverse fault and fracture systems and localized extension
along cross-arc oblique-slip faults. Diagrams adapted from Garwin (2000)
and Kerrich et al. (2000). 
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FIG. 11.  Tectonic framework of Japan showing gold and copper deposits. Distributions of late Cenozoic volcanic rocks
and submarine seamounts and volcanic ridges are compiled from Inoue and Honza (1983) and Yamada et al. (1990); loca-
tions of the Miocene spreading centers and rifted graben are from Yamazaki and Yuasa (1998). The Itoigawa-Shizuoka tec-
tonic line marks the boundary between the North American plate and Eurasian plate (Uyeda, 1991). The medial tectonic
line (MTL) is a right-lateral strike-slip fault zone activated by oblique subduction of the Philippine Sea plate during the Qua-
ternary (Tsutsumi and Okada, 1996; Itoh et al., 2002). Deposit metal contents and ages are summarized in Appendix 2. 



with segments of varying earthquake activity in the underly-
ing Benioff zone (Fig. 8b). Arc-transverse fault zones localize
Neogene porphyry and epithermal mineralization in the
North Sulawesi arc, where many deposits lie <10 to 20 km
from major northwest-trending oblique-slip fault zones
(Carlile et al., 1990; Garwin, 2000) and in New Guinea, where
deposits are typically localized by northeast-trending strike-
slip faults (Corbett, 1994; Hill et al., 2002). Northeast-trend-
ing oblique strike-slip faults influence the morphology of the
islands forming the Sunda-Banda arc from Bali to Wetar,
whereas northwest-striking faults control variations in the
coastline and geometry of the northern arm of Sulawesi.
These fault zones are seismically active and well expressed by
the distribution of earthquake hypocenters. In contrast, in

Papua (Irian Jaya) the northeast-oriented arc-transverse
structures, inferred on the basis of mapped geology and geo-
physical data, are only moderately well expressed by the dis-
tribution of earthquake hypocenters. 

Throughout Indonesia, the distribution of Neogene to Re-
cent magmatic activity and the structure of middle to late Ter-
tiary sedimentary basins indicate that arc-transverse oblique
strike-slip faults play a large role in arc tectonics. The trans-
form faults that link the relict spreading centers responsible
for the Eocene rifting of Sundaland beneath the Makassar
Strait form part of a major northwest-trending zone of strike-
slip faults and lineaments (Wood, 1985; Hutchison, 1989).
This zone extends more than 2,000 km from Borneo to the
southern Banda Sea. In Borneo, this deformation zone is no
longer seismically active for events of Mw ≥5.0 (Fig. 8b).

The north-trending Investigator Ridge and other parallel
transform faults on the Indian plate are being subducted be-
neath northern Sumatra. The trace of these transform faults
beneath Sundaland coincides with a north-trending seismic
zone, the Toba tectono-depression, margins of backarc sedi-
mentary basins, and major dextral strike-slip faults in peninsu-
lar Malaysia-Thailand (Fig. 8; Garwin, 2000). Several of the
arc-transverse faults and earthquake hypocenter lineaments
from Sumbawa to Wetar coincide with the surface projection of
the boundaries between the Roo Rise, Argo basin, Scott
plateau, and Australian craton on the subducting plate. The
general absence of earthquake hypocenters in the Timor-Wetar
region coincides with the collision zone between the Australian
craton and the arc. Subduction beneath the fore-arc region is
inferred to have locked up, with the transference of tectonic
stress to the overlying plate (e.g., backarc thrusts north of
Wetar). The coincidence of surface features, seismic zones, hy-
drothermal mineral deposits, and upper-crustal faults with
structural elements of the subducting slab indicates that the
rheology and topology of the downgoing slab exert a control on
the style of deformation and mineralization in the overlying arc.

Geologic Settings and Mineral Deposit Styles of 
Cenozoic Magmatic Arcs 

Twenty major magmatic arcs and several less extensive arcs
of Cenozoic age form a complex border to the Sundaland core
of the Eurasian plate in Southeast Asia and the northern mar-
gin of the Australian continent (Fig. 2, Table 1). The arcs are
constructed on basement formed from oceanic and continen-
tal crust. The geometries of individual arc segments are
complex and the product of subduction, locally involving po-
larity reversals, seamount subduction, obduction, arc-arc and
arc-continent collisions, rifting, and transcurrent faulting. 

This region includes more than 160 gold and copper ± gold
deposits, with combined past production and current re-
sources of about 15,000 t Au and 115 Mt Cu. The largest gold
and copper deposits in the region form clusters within Plio-
Pleistocene calc-alkaline to alkaline andesitic-dacitic arcs
(Fig. 2). Many of the deposits are spatially and temporally re-
lated to individual intrusions and volcanic centers. Regional
transcurrent faults localized mineral deposits in oblique- and
orthogonal-convergent tectonic settings. Porphyry, skarn, and
high-sulfidation and intermediate-sulfidation epithermal de-
posits occur typically in contractional to neutral arc settings
and are closely related to shallow intrusions, volcanic centers,
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Mineralized magmatic arc
Secondary magmatic arc
Trench - teeth on overriding plate

Spreading center, inactive

Strike - slip fault, arrows indicate
sense of displacement

FIG. 12.  Cenozoic magmatic arcs and major tectonic elements of the
Philippines, modified from Cardwell et al. (1980), Bureau of Mines and Geo-
Sciences (1982), Mitchell and Leach (1991), Pubellier et al. (1991), and Gar-
win (1996). The Scarborough Seamounts, the extinct spreading center for the
South China Sea, forms a buoyant aseismic ridge that is inferred to be ac-
creted to the overlying arc in northern Luzon and caused the uplift of the
fore-arc basin beneath the Stewart Bank (SB; Pautot and Rangin, 1989; Yang
et al., 1996; Bautista et al., 2001). Regional-scale strike-slip faults include the
Philippine fault system and the Cotobato fault zone (CFZ). Structure: solid
line where active, dashed line where inactive.



and, locally, diatremes. Disseminated sedimentary rock-
hosted (Carlin-like) deposits occur in calcareous rocks both
proximal to and distal from intrusive centers in arcs under
neutral to mildly extensional stress. Low-sulfidation epither-
mal systems are associated with intra- and backarc grabens
and extensional settings that control bimodal basaltic-rhyolitic
volcanism in Japan and K-alkaline magmatism in Papua New
Guinea. Volcanic-associated massive sulfide deposits are
developed in sea-floor extensional settings, sharing similari-
ties with onland low-sulfidation epithermal systems. 

The major mineralized magmatic arcs of Southeast Asia
and the west Pacific include (1) Southwest Kuril and Izu-
Bonin in Japan, and Ryukyu in Japan and northern Taiwan;
(2) Luzon (Central Cordillera and western Luzon), Cordon,
Philippine, Masbate-Negros, Sulu-Zamboanga, and Cotobato
in the Philippines; (3) North Sulawesi-Sangihe, Halmahera,
medial New Guinea (Central Range-Papuan fold and thrust
belt), Sunda-Banda, and Central Kalimantan in Indonesia
and New Guinea; (4) Maramuni and Inner and Outer
Melanesian arcs in Papua New Guinea; and (5) Burman in
Myanmar. Other magmatic arcs in the Philippines, Indonesia,
and eastern Malaysia also host gold mineralization but to a

lesser extent than the major arcs listed. The geologic settings
and the styles of major gold and copper ± gold districts and
deposits of the mineralized magmatic arcs are summarized in
Table 1, with comprehensive descriptions included in Appen-
dix 1. These descriptions are complemented by a wealth of
data, including the geology, age, and grade-tonnage charac-
teristics of the major deposits in the region (Apps. 2–6).

District and deposit locations are indicated in Figures 2 and
11 to 15. Porphyry and epithermal deposit types predomi-
nate, whereas skarn, disseminated sedimentary rock-hosted,
VMS, and other deposit styles are less abundant. Most of the
gold and copper is contained in porphyry (8,742 t Au, 97.1 Mt
Cu), intermediate-sulfidation epithermal (2,659 t Au), low-
sulfidation epithermal (1,837 t Au), and skarn (983 t Au, 9.2
Mt Cu) deposits (Fig. 16). For all major and some minor de-
posits, the total size and contained gold and copper contents
(metric tonnes), grades (g/t Au and wt % Cu), and age of for-
mation (Ma) are reported in Appendices 2 to 6. These include
conservative resource figures for the deposits and combined
reserves and/or resources and past production for the mines,
except where indicated otherwise. Figure 17 illustrates the
grade-tonnage characteristics of most of the compiled
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FIG. 13.  (a). Major gold districts, deposits, and prospects of the Philippines, compiled primarily from the Bureau of
Mines and Geo-Sciences (1986), Mitchell and Leach (1991), United Nations Development Program (1992), Garwin
(1996), and Jimenez et al. (2002). (b). Major porphyry copper-gold deposits and districts, modified from Sillitoe and
Gappe (1984), Bureau of Mines and Geo-Sciences (1986), and Garwin (1996). Deposit metal contents and ages are sum-
marized in Appendix 3. Abbreviations and symbols are as described in Figure 12.



deposits. The references cited in Appendix 1 refer mainly to
the geologic descriptions, rather than to the grade-tonnage
estimates. 

Tectonic and Structural Controls on Mineralization

Subduction, collisional, and rifting events

A series of complex Cenozoic tectonic events have led to
the present configuration of the magmatic arcs of Southeast
Asia and the west Pacific (Hall 2002; this study). These events
include inter-arc, arc-continent, and arc-seamount collisions,
and the advance and retreat of subduction slab hinges with
respect to the arcs. Slab-hinge retreat favors the formation of
marginal basins and intra-arc and backarc rift zones. How-
ever, hinge retreat is not the only mechanism to form rifts in
magmatic arcs, as changes in the rate and direction of plate
convergence may also contribute to extensional tectonics
(e.g., Watanabe, 1995). The spatial and temporal distribution
of gold and copper ± gold deposits in the region led Rak
(1999) and Barley et al. (2002) to interpret the tectonic re-
constructions of Hall (1996, 1998) in light of major tectonic
reorganizations related to three distinct periods of gold met-
allogeny: early Miocene, middle Miocene, and Plio-Pleis-
tocene. The following discussion of ore deposits and tectonic
events interprets recently compiled data (Hall 2002; this
study) and acknowledges that the distribution of deposits is
not only related to large-scale tectonics but is also dependent

on local variations in the stress state of the arc and on deposit
exhumation and preservation history, which are the subject of
the following two subsections.

The ages of gold and copper ± gold deposits indicate a
pseudo-logarithmic distribution with respect to metal endow-
ment, particularly gold, with the vast majority of metal con-
tained in Plio-Pleistocene deposits (Fig. 18, Apps. 1–6). Three
major age clusters are evident, ~25 to 20, 15 to 11, and 6 Ma
to Recent, which are similar to those cited by Barley et al.
(2002). The early Miocene deposit group consists of porphyry
deposits near Cordon in Luzon, Philippines, and on New
Britain Island, and, to a lesser extent, intermediate-sulfidation
epithermal deposits in Borneo. The older Cretaceous Atlas
porphyry deposits on Cebu and Oligocene porphyry systems
in southwest Negros, Philippines, are not indicated in Figure
18 but are listed in Appendix 3. The early Miocene period was
characterized by the collision of island arcs with the northern
New Guinea margin of the Australian plate and the start of
collision of the Ontong Java plateau with the Melanesian arc,
which could have contributed to porphyry deposit develop-
ment at the junction of two subduction zones beneath New
Britain (Fig. 5b). These and other collisional events led to
major plate reorganization and the clockwise rotation of the
Philippine Sea plate, which probably affected neighboring re-
gions. However, the relationship of this event to formation of
the K-alkaline Dinkidi porphyry deposit in Luzon is uncer-
tain. The collision of continental crust of the South China Sea
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FIG. 14.  Major gold and copper districts, deposits, and prospects of the Indonesian region, modified from Carlile and
Mitchell (1994) and Garwin (1996, 2000). The magmatic arcs and orogenic belts are from the sources indicated in Figure 8a.
Regional-scale strike-slip fault abbreviations: CFZ = Cotobato fault zone, PF = Palu fault, SF = Sorong fault system, SFZ =
Sumatra fault zone. Deposit metal contents and ages are summarized in Appendix 4.
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FIG. 15.  (a). Present-day tectonic setting of Papua New Guniea, modified from Dow (1977), Hamilton (1979), Rogerson
and McKee (1990), McDowell et al. (1996), and Gow et al. (2002). Regional-scale fault abbreviations: MFTB = Mamberano
fold and thrust belt, RMF = Ramu-Markham fault zone, SF = Sorong fault system. Structure: solid line where active; dashed
line where inactive. (b). Distribution of major gold and copper-gold deposits and districts, compiled primarily from Roger-
son and McKee (1990). The locations of ophiolitic sutures are from Hill et al. (2002) and the orogen-transverse lineaments
are compiled from Fischer and Warburton (1996), Corbett and Leach (1998), Garwin (2000), Hill et al. (2002), and Pubel-
lier and Ego (2002). The distribution of Neogene igneous rocks in New Guinea is from McDowell et al. (1996). Some of the
largest deposits in medial New Guniea and Maramuni igneous belts are associated with high-level intrusions that lie near the
intersection of orogen-transverse fault zones and orogen-parallel frontal thrusts. Deposit metal contents and ages are sum-
marized in Appendix 5. 



margin in Borneo led to slab flattening, waning of arc mag-
matism, and increased uplift rates, which we infer to have
contributed to the development of Kelian and nearby inter-
mediate-sulfidation epithermal deposits (Fig. 5b-c). 

The middle Miocene population contains Kuruko-type
VMS and low-sulfidation epithermal deposits in northern

Japan, porphyry and epithermal deposits in the Maramuni arc
of New Guinea, and the Carlin-like Bau deposit in north-
western Borneo (Fig. 18). Early to middle Miocene rifting in
northern Japan produced middle Miocene Kuroko deposits in
the northern segment of the Northeast Japan arc and low-sul-
fidation deposits in the Southwest Kuril arc (e.g., Konomai).
The deposits in both regions are associated with bimodal
basaltic-rhyolitic volcanism, related to backarc extensional
zones adjacent to the opening of the Japan and Kuril Seas
(Fig. 5c). In New Guinea, docking of exotic arcs derived from
the east and jamming of the North Solomon trench by the
Ontong Java plateau, led to a western jump in subduction to
the Maramuni trench (Fig. 5c) and probable formation of the
Maramuni arc and related porphyry and epithermal deposits
(e.g., Freida, Nena, and Wafi). The Bau district, characterized
by Carlin-like, sedimentary rock-hosted deposits, which flank
felsic intrusions in the absence of coeval volcanic rocks,
formed late during a period of counterclockwise rotation of
Borneo in a time of diminished volcanic activity. 

The Plio-Pleistocene deposits include many types, but the
largest consist of porphyry ± skarn and intermediate-sulfidation
epithermal deposits in medial New Guinea and in northern
Luzon (Fig. 18). At about 5 Ma, there was a major change in
plate motions, causing an increased rate of subduction at the
Manila trench, which was followed by collision of the Philip-
pine Sea plate and the China continental margin in Taiwan
(Fig. 5d). This collision and the resultant subduction of the
Scarborough Seamounts at the Manila trench (Fig. 7) led to
crustal thickening, uplift, and formation of Pleistocene min-
eral deposits in the Mankayan and Baguio districts in north-
ern Luzon (e.g., Lepanto-Victoria-Far South East, Sto.
Thomas II, and Antamok-Acupan; Sillitoe, 1998; Kerrich et
al., 2000). West-directed subduction and subduction-hinge
advance commenced beneath the Philippine trench by the
earliest Pliocene, which may signify the inception of a sub-
duction polarity reversal (Fig. 5d). In northeastern Mindanao,
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FIG. 16.  Classification of gold and copper ± gold resources by deposit
style, including past production. (a). Gold endowment totals 14,908 t with the
majority contained in porphyry deposits and ~17 percent of the total hosted
by the Grasberg porphyry deposit. (b). Copper endowment totals 115.4 Mt
with more than 21 percent contained in Grasberg. Abbreviations: DS = dis-
seminated sedimentary rock-hosted, HS = high sulfidation, IS = intermedi-
ate sulfidation, LS = low sulfidation, PM = polymetallic epithermal vein, PO
= porphyry, SK = skarn, VMS = volcanic-associated massive sulfide. 

FIG. 17.  Grade and size characteristics for gold and copper ± gold deposits by mineralization style, compiled from data
in Appendices 2 to 6. (a). Gold deposits show two major clusters of data: porphyry deposits, which are low grade and high
tonnage, and low- and intermediate-sulfidation epithermal deposits, which are medium- to high-grade and low to medium
tonnage. Skarn and high-sulfidation epithermal deposits are of varying size and moderate in grade and form an intermediate
population. All major mineralization types include deposits that contain >100 t Au, with the exception of disseminated sed-
imentary rock-hosted, VMS, and polymetallic deposits. (b). Copper deposits show two major populations, porphyry, which is
low grade, and skarn, which is moderate grade. Both mineralization types include deposits that contain >1 Mt Cu.



the westward-younging and progressive compositional
changes of intrusive centers from ~4.5 Ma to Recent (Sajona
et al., 1997), and the formation of porphyry deposits at ~2.5
Ma, could be related to west-directed subduction, if initiated
at 6 to 5.5 Ma (P.J. Waters, writ. commun., 2004). This in-
ferred relationship between Pliocene mineralization and sub-
duction polarity reversal in eastern Mindanao, however, is not
consistent with the interpretation of Hall (2002) that the slab
in this region had yet to reach depths of >100 km by this time. 

The collision of the Australian craton and the adjacent Roo
Rise and Argo basin with the eastern Banda arc at about 4 to
3 Ma (Figs. 4–5d) led to rapid subduction-hinge retreat, the
opening of the Banda Sea, and porphyry copper-gold devel-
opment (e.g., Batu Hijau; Garwin, 2002a). Subduction rever-
sal from southwest- to northeast-directed polarity beneath
the Bougainville area and the Solomon Islands is inferred to
have controlled Pliocene mineralization processes at Panguna
and Koloula, Guadalcanal (Solomon, 1990). Pliocene gold
and copper-gold deposits in the North Sulawesi arc (e.g.,
Gunung Pani, Tombulilato district, and Toka Tindung) also
overlie an area subjected to coeval subduction polarity rever-
sal. The late Pliocene to Recent opening of the Woodlark
basin (Figs. 4–5d) and isostatic uplift of subducted continen-
tal crust through overlying Solomon Sea oceanic crust are in-
terpreted to have caused formation of metamorphic core
complexes and related intermediate-sulfidation epithermal
deposits on Fergusson Island (e.g., Wapola; Chapple and Ibil,
1998). Pleistocene K-alkaline magmatism and related low-
sulfidation epithermal mineralization at Ladolam on Lihir
could originate from subduction-modified mantle related to
subduction-hinge retreat and rifting of the Outer Melanesian
arc during the opening of the Bismarck Sea (Johnson, 1979;
Wallace et al., 1983; McInnes and Cameron, 1994). 

The tectonic trigger for the high K calc-alkaline to K-alka-
line magmatism and related Plio-Pleistocene mineralization in
medial New Guinea is not clear. Southerly directed subduc-
tion beneath the New Guinea trench is too young to explain
this magmatic-hydrothermal event, and subduction related to
the calc-alkaline Maramuni arc ceased by ~10 Ma (Fig. 15).
However, the spatial and temporal correlation between
large porphyry and epithermal deposits (e.g., Grasberg, Ok
Tedi, and Porgera) and the southward progression of fold-and-
thrust belt deformation (Davies, 1991) suggest that crustal
thickening and block uplift played a critical role in metalloge-
nesis. Rapid convergence between New Guinea and the Car-
oline plate in the late Miocene caused compression through-
out the island and uplift of the Papuan fold belt (Hill et al.,
2002). In the Pliocene, compressional stresses were reduced
and transpression characterized the New Guinea margin,
which is inferred to have facilitated dilation about the inter-
sections between frontal thrusts and orogen-transverse faults
(Hill et al., 2002). These dilatent zones served as the loci for
the emplacement of mantle-derived, potassium-rich magmas
and the generation of large hydrothermal systems at shallow
crustal levels. In contrast, there is no clear relationship be-
tween thrust faults and the Pliocene (3.2–2.8 Ma) calc-alka-
line intrusions that occur south of the Sorong fault system in
the Bird’s Head at Aisasjur, Papua (Fig. 14; Bladon, 1988; P.J.
Waters, writ. commun., 2004). 

Since the late Pliocene, the forearc of Kyushu Island in
Japan has rotated counterclockwise due to slab rollback be-
neath southern Kyushu and the collision of Shikoku Island
with northern Kyushu (Fig. 11; Watanabe, 2004). This rota-
tion and collision led to development of compressional fea-
tures in northern Kyushu and cessation of volcanism in the
Pleistocene. In contrast, east-west–directed extension, graben
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FIG. 18.  Metal endowment, including past production, and age characteristics for gold and copper ± gold deposits by min-
eralization style, compiled from data in Appendices 2 to 6. (a). Three major episodes of gold deposit formation are recog-
nized, including early Miocene, middle Miocene, and Plio-Pleistocene. These epochs may reflect plate tectonic collisions and
reorganization, with the youngest episode related to collisions in Taiwan (5 Ma) and the Banda arc (4–3 Ma), as speculated
by Rak (1999), Garwin (2000, 2002b), and Barley et al. (2002). However, uplift and erosion of pre-Pliocene deposits may also
contribute to the relative abundance of young deposits, as discussed in the text. (b). Copper deposits indicate a similar rela-
tionship between copper content and age to that shown by gold deposits, which reflects the close spatial and temporal rela-
tionships between copper and gold in the magmatic arcs of the region. Note: middle Miocene Kuroko-type VMS (Ohmoto
et al., 1983) and other deposits lacking reliable and accurate age data are not illustrated.



development, and bimodal volcanism in southern Kyushu
commenced at about 2 Ma. These differences correlate with
cessation of hydrothermal activity in low-sulfidation epither-
mal gold provinces in northern Kyushu and the initiation of
significant low-sulfidation epithermal gold formation in
southern Kyushu, respectively. In southern Kyushu, the dras-
tic change of deposit style from high-sulfidation (Kasuga,
Iwato, and Akeshi) and intermediate-sulfidation (Kushikino)
epithermal types to low-sulfidation epithermal type (Hishikari,
Yamagano, and Ohkuchi) at about 2 Ma is ascribed to a
change in stress state of the arc from neutral to extensional.
This reflects slab rollback of relatively old Philippine Sea
plate crust that lies southwest of the subducting Palau-
Kyushu Ridge (Fig. 11; Watanabe, 2004).

Variation in arc stress fields and styles of magmatism

The tectonic regime and its related stress state exert an im-
portant control on the metallogeny of hydrothermal deposits
in magmatic arcs. Metallogenic epochs of hydrothermal de-
posits are typically relatively short (e.g., <0.3 m.y., Marsh et
al., 1997; Hedenquist et al., 1998; Garwin, 2002a) and related
to changes in tectonic regime and stress field in a long-lasting
arc magmatic history. This section discusses the link between
changes in subduction style, tectonic regime, and related
stress field, and resulting magmatic systems and hydrother-
mal deposits in the northeastern segment of the Japan arc and
the Central Cordillera of the Luzon arc. Periods of arc relax-
ation, characterized by a flip in stress directions of the local
arc, can also focus mineralization, as will be illustrated for
Batu Hijau, Sumbawa, in the eastern Sunda arc. 

Northern Japan and Luzon: The tectonic regime and stress
field of the northeastern segment of the Japan arc (Fig. 11) is
related to the orthogonal convergence rate between the arc
and the Pacific plate since the middle Miocene (Watanabe,
2002). The orthogonal convergence rate has fluctuated
mainly as the result of changing subduction direction of the
Pacific plate (Jackson et al., 1975) but also due to the change
of relative convergence rate (Engebretson et al., 1985). The
tectonic regime of the northeastern Japan arc was extensional
during the middle Miocene, neutral during the Pliocene, and
in a transitional state, between extensional and neutral, dur-
ing the late Miocene. During these periods, the orthogonal
convergence rate was 5 to 8 cm/yr in the middle Miocene, 8
to 10 cm/yr in the late Miocene, and 10 to 11 cm/yr in the
Pliocene (Fig. 19; Watanabe, 2002).

The middle Miocene (15–12 Ma) low-orthogonal conver-
gence rate period is characterized by (1) migration of the
volcanic front toward the Northeast Japan trench (Ohki et
al., 1993; Watanabe, 2002), (2) formation of arc-parallel
grabens and rift basins (Sato, 1994), and (3) paired volcanism
of andesitic composition at the volcanic front and bimodal
basalt and rhyolite composition in the backarc (Ohki et al.,
1993). The andesite commonly forms polygenetic volcanoes,
whereas rhyolite and basalt tend to form monogenetic lava
domes. The estimated directions of the maximum-, interme-
diate-, and minimum-compressional principal stresses (σ1,
σ2, and σ3) during this period were vertical, north-northeast,
and west-northwest, respectively, based on the predominantly
northeast trend of igneous dikes and north northeast-striking
normal faults (Watanabe, 2002). The basalts consist mainly of

island-arc tholeiite and lesser amounts of calc-alkaline and
low potassium basalt, intermediate in composition between
island-arc tholeiite and backarc basin basalt (Tsuchiya, 1995).
Kuroko-type VMS deposits and low- or intermediate-sulfida-
tion epithermal gold deposits are associated with the rhyolitic
volcanism of the backarc (Sato, 1974; Watanabe, 2002).

The late Miocene intermediate-orthogonal convergence
rate period and Pliocene high-orthogonal convergence rate
period were characterized by (1) retreat of the volcanic front
toward the backarc, (2) succession of the middle Miocene
backarc bimodal volcanism by calc-alkaline andesitic and
dacitic volcanism, and (3) abundant polygenetic volcanoes
(Watanabe, 2002). No significant faulting and folding oc-
curred during the late Miocene (Sato, 1994; Watanabe, 2002),
whereas conjugate strike-slip faults were active during the
Pliocene (Watanabe, 2002). Intermediate- and high-sulfida-
tion epithermal gold deposits and polymetallic base metal de-
posits were associated with the Pliocene andesitic volcanism.
In particular, economically important deposits (e.g., Toyoha)
formed during the Pliocene in vein arrays related to strike-
slip faulting (Watanabe, 2002). The state of the stress field
during the Pliocene is estimated to be northwest-trending σ1,
vertical σ2, and northeast-trending σ3, based on the abundance
of northwest-oriented dikes and conjugate sets of strike-slip
faults (Fig. 19). The stress field during the late Miocene is in-
ferred to have been of low differential stress, as reflected by
the radial distribution of igneous dikes and lack of significant
faulting and folding. No significant VMS or epithermal de-
posits formed in northern Japan during the late Miocene.

The Central Cordillera segment of the Luzon arc
(~16°–18° N) lies above the subducted trace of the aseismic
Scarborough Seamounts (Figs. 7, 12). This ridge subduction
is believed to have started at ~5 to 3 Ma (Yang et al., 1996;
Bautista et al., 2001). The Luzon Central Cordillera is char-
acterized by (1) a relatively low-angle (~30º) subduction; (2) a
jump in volcanism from the western volcanic arc to the east-
ern backarc at the northern edge of the Luzon Central
Cordillera from 4 to 2 Ma (Yang et al., 1996); (3) a change in
the chemical composition of igneous rocks through time to
more enriched bodies that are characterized by lower εNd and
relatively high K, La, and La/Yb values (Yang et al., 1996); (4)
the formation of a volcanic gap that extends ~220 km to the
north of the the Luzon Central Cordillera, which separates
the Quaternary calc-alkaline polygenetic volcanoes of the
Luzon arc into two parallel segments, including Mt Pinatubo
in the west and Mt Cagua in the east; and (5) Pliocene-
Pleistocene uplift of the arc segment (Fig. 7; Knittel et al.,
1995; Yang et al., 1996). Plio-Pleistocene hypabyssal intru-
sions occur in the the Luzon Central Cordillera and are asso-
ciated locally with porphyry and intrusion-related high- and
intermediate-sulfidation-epithermal mineral deposits (e.g.,
Baguio and Mankayan districts; Knittel et al., 1995). 

Changes in the tectonic regime and stress field of north-
ern Japan and the Luzon Central Cordillera are two of the
major factors that contribute to the relatively low angle
geometry of subducting slabs (Cross and Pilger, 1982).
Shallowly dipping slab subduction strengthens the degree
of coupling between the slab and overriding plate, resulting
in neutral or contractional regimes and an arc-normal com-
pressional stress field in the overriding plate (Cross and
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Pilger, 1982). In northern Japan, the change from an exten-
sional regime to a neutral stress regime is conductive to
forming polygenetic volcanoes and associated porphyry
stocks, because polygenetic volcanoes occur in regions of
small differential stress or large input rate of magma, whereas
less complex volcanoes and domes occur in areas of large dif-
ferential stress or small magma input rate (Takada, 1994). 

Batu Hijau, western Sumbawa: The Batu Hijau porphyry
copper-gold district lies in the eastern Sunda arc, near the site
of the mid-Pliocene collision of the buoyant aseismic Roo
Rise with the arc (Figs. 8, 14; App. 1; Garwin, 2000, 2002a).
The associated subducting slab dips less steeply in this part of
the arc (~50°) than toward the east (~70°), where the slab
consists of the relatively dense and old oceanic crust that
floors the Argo basin (Fig. 8). The boundary zone between
these two domains of slab-dip coincides with the subducted
eastern margin of the Roo Rise and is overlain by a major
transtensional fault zone in an uplifted part of the oceanic arc,
as illustrated schematically in Figure 10. The relatively low

angle slab geometry beneath western Sumbawa is inferred to
have caused a mildly contractional stress state in the overly-
ing arc.

The orientation of pre-, syn- and postmineralization elongate
intrusions, dikes and related vein systems in the four major
porphyry copper centers in the district, with ages from 5.9 to
3.7 Ma, are consistent with intrusion-related mineralization re-
lated to a series of arc-relaxation events (Garwin, 2000, 2002a).
The north northeast-directed subduction of the Indian Ocean
plate beneath the Banda arc (DeMets et al., 1994) is inferred
to impose a similarly oriented, subhorizontal σ1 throughout
Sumbawa. Predominantly north-northeast– to northeast-trend-
ing quartz diorite to tonalite intrusions and A- and B-type
quartz veins (terminology of Gustafson and Hunt, 1975) that
occur in the porphyry centers coincide with this regional σ1 di-
rection and are inferred to have formed along tension fractures
(Anderson, 1951; Pollard, 1987). The steep dips of the intru-
sions and veins suggest that σ3 was subhorizontal and oriented
west-northwest, and thus perpendicular to the strike of the
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FIG. 19.  Relationship among orthogonal convergence rate (OCR), longitudinal location of volcanic front, volcanic rock
type and series, pattern of dike orientation in polygenetic andesite volcanoes, faulting and folding, stress field and tectonic
regime, and major mineral deposits in southwestern Hokkaido in the northeastern Japan arc, after Watanabe (2002). The ori-
entations of dikes, faults, and fold patterns, and regional stress fields are indicated with respect to north, drawn vertically up
the page. 
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dikes and veins. The general trend of the intrusions and quartz
veins is slightly (±30°) more to the east than the convergence
direction of the subducting slab and may indicate that the ef-
fective σ1 imposed on the district was partly affected by the re-
activation of preexisting faults or fractures, or another style of
structural anisotropy in the geologic basement (Garwin,
2002a). Other strike directions for synmineralization intrusions
and quartz veins occur locally (e.g., northwest and north-north-
east trends at Batu Hijau) but are probably related to local,
rather than regional, stress orientations (Garwin, 2000). 

Steeply dipping andesite dikes, faults, comb quartz veins,
and pyritic D veinlets (Gustafson and Hunt, 1975) postdate
the causal intrusions and A- and B-type quartz veins in the
porphyry centers. The west-northwest trends of many of
these late dikes and veins near the Batu Hijau deposit are
consistent with a subhorizontal north-northeast–trending σ3,
subsequent to porphyry emplacement. This apparent flip be-
tween stress states, from early north-northeast–oriented com-
pression (σ1) to late east-northeast–oriented extension (σ3),

suggests arc relaxation events, the most significant of which
occurred late in the formation of Batu Hijau. This change in
arc stress state was rapid and constrained to a period of less
than 80 ± 80 (2σ) k.y., the duration of the Batu Hijau hy-
drothermal system (Garwin 2002a).

Discussion: The relationships between tectonic regime,
slab subduction, deformation, magmatism, and mineraliza-
tion in the Cenozoic magmatic arcs of Southeast Asia and the
west Pacific are summarized in Table 2. This summary and
the preceding discussions support the findings of other work-
ers who relate styles of gold and copper mineralization to arc
stress state and variations in this stress state through time
(Tosdal and Richards, 2001; Sillitoe and Hedenquist, 2003;
Kerrich et al., 2005). Tosdal and Richards (2001) favor the
formation of porphyry copper ± gold deposits in arc seg-
ments under low differential stress and low strain rate with
moderate to high input of magma. Such conditions exist in
magmatic zones that have a near-neutral stress state and
which are either distal from areas of active deformation or ex-
periencing stress relaxation, as is documented for Batu Hijau.
Many porphyry deposits in Southeast Asia and the west Pa-
cific, as is also the most common case for the largest deposits
in the central Andes, formed near the end of a long calc-alka-
line to K-alkaline magmatic cycle during a period of contrac-
tional or transpressional strain, increased plate convergence
rates, slab flattening, subduction of aseismic ridges, subduc-
tion reversals, and/or crustal thickening and uplift (Sillitoe,
1998; Kerrich et al., 2000; Tosdal and Richards, 2001). 

Sillitoe and Hedenquist (2003) document neutral to mildly
extensional arc stress states and calc-alkaline andesite-dacite
magmatism as being associated with the majority of high- and
intermediate-sulfidation epithermal deposits in the region
but acknowledge the occurrence of these mineralization
styles in the contractional settings of northern Luzon and me-
dial New Guinea. We infer that disseminated sedimentary
rock-hosted (Carlin-like) gold deposits in Southeast Asia may
also form in mildly extensional arc stress states. The sug-
gested depositional setting for the mixed siliciclastic-carbon-
ate host rocks to the Mesel gold deposit in the North Sulawesi
arc is that of a localized extensional basin (Turner et al., 1994;
Garwin et al., 1995). In contrast, the tectonic setting for other
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Carlin-like gold systems in the region is similar to the near-
neutral arc settings for intermediate-sulfidation epithermal
systems associated with calc-alkaline magmatism, as indicated
for Bau in Borneo and Siana in Mindanao. 

Low-sulfidation epithermal and VMS deposits in Southeast
Asia and the west Pacific are usually associated with felsic vol-
canic rocks related to bimodal rhyolite-basalt magmatism in
extensional settings. These include intra-arc and backarc
environments, which are favored by settings of relatively low
orthogonal convergence rate, oblique subduction, slab roll-
back, and slab windows (Watanabe, 2002; Sillitoe and Heden-
quist, 2003). Postcollisional rifts, where there is gravitational
collapse of crust thickened by contractional deformation,
could also create an extensional environment favorable for
low-sulfidation epithermal mineralization. The Ladolam de-
posit in Lihir and Zone VII at Porgera, both in New Guinea,
are associated with K-alkaline magmatism and have been
classified as low-sulfidation epithermal systems (Sillitoe and
Hedenquist, 2003). However, both deposits occur in unusual
environments for this style of mineralization. Extensional
stress states within and adjacent to Southeast Asian and west
Pacific arcs are favored in areas of subduction-hinge retreat
and related slab rollback, which has characterized many of
the arc systems from the Pliocene to Recent (Fig. 9;
Macpherson and Hall, 2002). 

Uplift and exhumation: Factors in deposit development 
and preservation

In this section, the definitions of surface uplift and ex-
humation correspond to those of England and Molnar (1990).
Surface uplift refers to the displacement of the Earth surface
with respect to the geoid or mean sea level. Exhumation
refers to the displacement of rocks with respect to the Earth
surface and the rate of exhumation is the rate of erosion or
rate of removal of overburden by tectonic processes. Many
authors use these two terms interchangeably, but in moun-
tainous areas that rise high above sea level, the difference be-
tween surface uplift and exhumation can be considerable. 

Tectonic-related surface uplift and exhumation are impor-
tant factors in orogenesis and metallogenesis of Cenozoic
magmatic belts in Southeast Asia and the west Pacific, as well
as elsewhere (e.g., central Andes). The cause of uplift and ex-
humation in these tectonically active regions is not well un-
derstood but is a result of far-field displacements and is prob-
ably related to at least three scenarios. Arc-continent and
arc-seamount collisions favor slab rollback, commonly with
slab tear and break-off, which facilitates buoyant exhumation
of subducted continental or oceanic seamount crust as a re-
sult of density contrast with peridotite in the overlying man-
tle wedge and in the underlying mantle (Ernst et al., 1997). In
this model, exhumation is driven by the rebound of sub-
ducted lithosphere due to the decoupling of denser oceanic
crust and/or buoyancy-driven ascent of the sialic, sedimentary
wedge back up the subduction channel (Ernst et al., 1997). A
second cause for exhumation includes gravity-driven collapse
of overthickened crust created by crustal-shortening events,
as inferred for orogenic belts in medial New Guinea, the Cen-
tral Cordillera of Luzon, Taiwan, and the Andes, regions that
range from 1,500 to >3,000 m in relief (Sillitoe, 1998; Kerrich
et al., 2000; Maksaev, 2000). A third possible mechanism con-

sists of intra-arc to backarc extension and related metamor-
phic core complex development, as discussed for Fergusson
Island, Papua New Guinea.

The large porphyry (±skarn, high- and intermediate-sulfi-
dation epithermal) deposits in medial New Guinea, northern
Luzon, the Batu Hijau district of Sumbawa, Tampakan in
Mindanao, and other major districts in Southeast Asia and the
west Pacific probably formed during, or immediately after,
crustal shortening and thickening events, and related uplift
and exhumation (Sillitoe, 1998; Kerrich et al., 2000; Garwin,
2002a, b). In contrast, the low-sulfidation epithermal and VMS
districts are typically associated with extensional deformation
and regions of low topographic relief that have undergone
lesser amounts of exhumation. However, noteworthy excep-
tions occur at Porgera, in medial New Guinea, formed in a
contractional setting in an uplifted block, and Ladolam on
Lihir Island, where ~700 m of overlying rock was removed by
sector collapse of the Luise caldera (Moyle et al., 1990; App.
1), which may indicate that the low-sulfidation epithermal
classification is not entirely suitable for these two deposits. 

Rates of uplift and exhumation: Uplift and exhumation
rates for orogenic belts and active island arcs in Southeast
Asia, the west Pacific, and elsewhere are illustrated in Figure
20 and Table 3. These rates are averaged over millions of
years; actual rates were probably at least 10 to 50 times higher
and related to relatively short-lived tectonism (e.g., periods of
<0.3 m.y.), based on uplift rates recorded in active seismic
zones in eastern Taiwan and the South Island of New Zealand
(Sutherland and Norris, 1995; Yu and Kuo, 2001). The aver-
age exhumation rates of 0.5 ± 0.2 mm/yr (3.7 Ma to present)
and 0.7 ± 0.3 mm/yr (2.3 Ma to present) for the Batu Hijau
district (Garwin, 2000) are similar to that estimated for the
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FIG. 20.  Average surface uplift and exhumation rates for orogenic regions
in eastern Indonesia, Papua New Guinea, Japan, and elsewhere, expressed as
a function of the period over which the exhumation estimates apply (millions
of years in the past to the present day), modified from Garwin (2000). Note
the similarities in exhumation rates for periods of similar duration and that
periods of extreme uplift are probably short lived, as inferred from data for
faults in New Zealand and Taiwan. The general location, analytical method of
determination, and reference for each estimate is indicated in Table 3. The
uncertainty for the Batu Hijau results (6) include ±0.5 km for depth of in-
trusion, or the depth of the 90°C isotherm (closure temperature for the (U-
Th)/He system at rates of cooling >100°C /m.y.; Wolf et al., 1996), and 2σ for
age (Garwin, 2000). 



Grasberg district (≤0.7 mm/yr since 3.0 Ma; Weiland and
Cloos, 1996). An exhumation rate of ~0.6 mm/yr is estimated
between 25 and 23 Ma in central Borneo, immediately before
and during the formation of Kelian and other intermediate-
sulfidation epithermal deposits (Moss et al., 1998). The Batu
Hijau and Grasberg regions remain seismically active to the
present day, whereas large earthquake activity (M ≥5.0) has
ceased in central Borneo (Fig. 8). 

These uplift and exhumation rates are similar to those esti-
mated for other tectonically active regions, many of which in-
dicate rates of ~0.3 to 0.7 mm/yr over periods of 0.5 to 4 m.y.
(Fig. 20, Table 3). In contrast, greater rates are estimated for
the southern flank of the Central Range in Papua (Irian Jaya),
1.7 mm/yr since 2.3 Ma (Weiland and Cloos, 1996), and the
Huon peninsula in Papua New Guinea, 0.7 to 3.5 mm/yr since
0.3 Ma (Chappell et al., 1994). Surface uplift rates exceed 7
mm/yr, where estimates are constrained to intervals <20,000
yrs (e.g., present-day uplift of 23 mm/yr along high-angle re-
verse faults in eastern Taiwan; Yu and Kuo, 2001). Recent
work in the Andes indicates surface uplift rates of 0.2 to 0.3
mm/yr for the Altiplano region from 11 Ma to present and 0.6
to 3.0 mm/yr for the Eastern Cordillera from 5 to 2 Ma (Gre-
gory-Wodzicki, 2000). 

Depth of deposit formation and duration of hydrothermal
systems: The depth beneath the synmineralization paleosur-
face for the well-studied porphyry ± skarn deposits in the re-
gion ranges from 1 to 2 km for the top of the ore zone to 1.5
to ≥3 km for the bottom of the ore zone (e.g., Sto. Thomas II:
Sillitoe and Gappe, 1984; Dizon: Malihan, 1987; Grasberg:
MacDonald and Arnold, 1994; Far South East: Hedenquist et
al., 1998; Batu Hijau: Garwin, 2002a). The causal intrusions
for these deposits cooled rapidly after emplacement, due to
conduction with adjacent colder wall rock and exhumation
(e.g., ~450°C/m.y. for Batu Hijau; Garwin, 2000; McInnes et
al., 2004). These depths of formation are similar to those doc-
umented for other porphyry systems in the Andes (e.g., El
Salvador; Gustafson and Hunt, 1975), western United States
(e.g., Bingham Canyon; Redmond et al., 2002), Canadian

Cordillera (Sutherland-Brown, 1976), and elsewhere (Cox
and Singer, 1988). By comparison, the Ann Mason porphyry
copper deposit in the Yerington district, Nevada, formed at
somewhat greater depths of 2.5 and 4 km for the top and bot-
tom of the ore zone, respectively (Dilles and Einaudi, 1992). 

In contrast to the porphyry ± skarn systems, most of the
high- and intermediate-sulfidation epithermal deposits in the
region and elsewhere are believed to have formed at depths
ranging from 0.5 to 1.5 km (White and Hedenquist, 1995;
White et al., 1995; Einaudi et al., 2003; Sillitoe and Heden-
quist, 2003). Low-sulfidation epithermal systems are inferred
to have formed at shallower depths, typically from the surface
to <0.5 km, particularly for those with evidence of paleosur-
face preservation (Berger and Eimon, 1983; White and
Hedenquist, 1995; Einaudi et al., 2003). Porgera is a notable
exception, considered to have formed at a paleodepth of ~2.5
km (Gunson et al., 1997; Ronacher et al., 2002).

The duration of well-studied hydrothermal systems in the
region is typically too short to be resolved by the precision of
the applied isotopic dating methods. Examples include the
late Miocene Porgera deposit (~100 k.y. by Ar-Ar; Ronacher
et al., 2002), the mid-Pliocene Batu Hijau deposit (80 ± 80
(2σ) k.y. by Ar-Ar; Garwin, 2002a) and the Pleistocene Far
South East-Lepanto-Victoria system (~250+80

–20 k.y. by K/Ar
and Ar-Ar; Hedenquist et al, 1998, 2001). These durations are
similar to those estimated for large hydrothermal systems
elsewhere, such as ~100 k.y. at Round Mountain, Nevada (Ar-
Ar, Henry et al., 1997), 230 ± 210 (1σ) k.y. at Cobre, Potreril-
los, in Chile (Ar-Ar, Marsh et al., 1997), and 250 to 300 k.y. for
two separate events at Koloula, Solomon Islands (K/Ar,
Chivas and McDougall, 1978).

Preservation and erosion of deposits: In an orogenic belt
undergoing surface uplift, high rates of exhumation, and hy-
drothermal activity, there exists a critical time window of
preservation for newly formed hypogene gold and copper ±
gold deposits. However, deposits may also be preserved if
there is a rapid shift in the local tectonic-structural regime to
reduce the rate of denudation and/or the deposit is concealed
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TABLE 3.  Explanation of Uplift and Exhumation Rate Estimates Illustrated in Figure 20

No. Location Type of Uplift Method Reference

1 Atauro Island, north of Timor, Indonesia Surface uplift K/Ar Nishimura and Suparka (1986)
2 Kupang, Timor, Indonesia Surface uplift 230Th/234U Jouannic et al. (1988)
3 Semau Island, Timor, Indonesia Surface uplift 230Th/234U Merritts et al. (1998)
4 Roti Island, west of Timor, Indonesia Surface uplift 230Th/234U Merritts et al. (1998)
5 Sumba Island, Indonesia Surface uplift 230Th/234U, ESR, O isotopes Pirazzoli et al. (1993a)
6 Batu Hijau district, Sumbawa, Indonesia Exhumation SHRIMP U-Pb, (U-Th)/He Garwin (2000)
7 Grasberg, Central Range, Irian Jaya, Indonesia Exhumation Fission-track Weiland and Cloos (1996)
8 South flank of Central Range, Irian Jaya Exhumation Fission-track Weiland and Cloos (1996)
9 Huon Peninsula, Papua New Guinea Surface uplift O isotope stages Chappell et al. (1994)
10 Boso Peninsula, Japan Surface uplift 14C Kuwabara et al. (1999)
11 Alpine fault, Paringa, New Zealand Surface uplift 14C Simpson et al. (1994)
12 Alpine fault, Hokuri Creek, New Zealand Surface uplift 14C Sutherland and Norris (1995)
13 Alpine fault, South Westland, New Zealand Surface uplift K/Ar Sutherland et al. (1995)
14 Pakarae River, North Island, New Zealand Surface uplift 14C Ota et al. (1991)
14 Longitudal Valley fault, eastern Taiwan Surface uplift GPS (1992-1999) Yu and Kuo (2001)
16 Tu-lan, eastern coast of Taiwan Surface uplift 14C? Pirazzoli et al. (1993b)
17 Northern Apennines - Italian Alps, Italy Exhumation Fission-track Abbate et al. (1994)

Notes: Additional details of the data are provided by Garwin (2000); ESR = electron spin resonance



beneath younger cover rocks. Given (1) an average exhuma-
tion rate of ~0.5 mm/yr, (2) common depths of formation that
range from 4 to 1 km for porphyry ± skarn deposits and 1.5 to
0.5 km for high- and intermediate-sulfidation epithermal de-
posits, and (3) relatively rapid deposit genesis (e.g., ~100–250
k.y.), it follows that newly formed porphyry ± skarn deposits
should be mostly eroded in <8 m.y. and high- and intermedi-
ate-sulfidation epithermal deposits in <3 m.y. On the basis of
a similar argument, deposits younger than 2 to 1 Ma should
be less commonly exposed at the present-day surface, except
where uplift and denudation rates are extremely high, major
volcano-tectonic events have removed overlying rocks, or the
deposits formed very close to the paleosurface. Low-sulfida-
tion epithermal deposits typically form in regions of lower
topographic relief that have undergone lesser exhumation but
at shallower depths than other deposit styles, as discussed.
Hence, low-sulfidation epithermal deposits are also at risk of
denudation in tectonically active zones.

Older deposits are preserved in more stable tectonic envi-
ronments, characterized by lesser rates of postmineralization
surface uplift and denudation, such as for early Miocene in-
termediate-sulfidation epithermal deposits in central Borneo
and middle Miocene Kuroko-type VMS and low-sulfidation
epithermal deposits in northern Japan. Miocene intermedi-
ate-sulfidation epithermal deposits are preserved in pull-
apart basins formed adjacent to the Sumatra fault, such as the
Lebong Tandai and Lebong Donok vein systems (App. 1). In
the Maramuni arc of New Guinea, where about 3 to 4 km of
uplift occurred after middle Miocene batholith emplacement
and related porphyry copper deposit formation, dilatent seg-
ments of orogen-transverse faults may have acted to preserve
districts, such as the ~12 Ma Freida-Nena porphyry high-sul-
fidation epithermal system, and localize Pliocene grabens and
related intermediate-sulfidation epithermal mineralization
(e.g., Wau-Bulolo Graben deposits; App. 1). Other deposits in
the region are preserved by younger cover rocks, such as the
late Pliocene (2.5–2.3 Ma) Boyongan and Bayugo porphyry
systems near Surigao in northeastern Mindanao (App. 1).
These deposits were uplifted in the late Pliocene to Pleis-
tocene and subsequently downdropped in a pull-apart basin,
which developed by movement along strands of the sinistral
Philippine fault system, before Quaternary volcanic products
concealed and preserved the deposits.

The dynamic tectonic environments of Southeast Asia and
the west Pacific not only play a part in the formation but also
in the erosion and local preservation of hypogene gold and
copper ± gold deposits. The seismicity plus high annual rain-
fall and humid climate of many parts of the region generally
do not act to preserve large zones of economic secondary en-
richment when compared to the arid Andes of South Amer-
ica. However, exceptions do occur, as indicated by the signif-
icant supergene profiles at Ok Tedi, Boyongan, and King King
(App. 1). 

Summary and Conclusions
The tectonic setting of the Cenozoic magmatic arcs of South-

east Asia and the west Pacific is complex. Three major episodes
of Tertiary plate reorganization have contributed to the present
geometry of the arcs in the region (Hall, 1996, 2002). The
Eocene (~45 Ma) reorganization is probably related to the

India-Asia collision. During this period, India and Australia be-
came a single plate. Southward-dipping subduction systems
were established beneath Borneo and to the north and north-
east of the Australian margin. In the early Miocene (~25 Ma),
arc-continent collision in New Guinea, combined with collision
of the Ontong Java plateau and the Melanesian arc, led to ces-
sation of subduction beneath the South Caroline and Melane-
sian arcs. Ultimately, subduction jumped toward the southwest
and the Marumuni arc formed along the New Guinea margin
in the middle Miocene. After these collisions, throughout the
Miocene, the arcs between the Philippines and Melanesia be-
came a continuous arc system.

There was a major change in plate motions in the early
Pliocene. The Luzon arc collided with the China continental
margin in Taiwan at ~5 Ma. The extinct spreading center of
the South China Sea (Scarborough Seamounts) and an adja-
cent oceanic plateau collided with Luzon at ~5 to 3 Ma (Yang
et al., 1996; Bautista et al., 2001). As subduction slowed at the
Manila trench, subduction began on the eastern side of the
Philippines at the Philippine trench. In New Guinea, there
was further accretion of arc terranes and major mountain
building related to the southward propagation of a foreland
fold and thrust belt. The Australian craton approached east-
ern Indonesia, before continental collision with the Banda arc
and subduction of the Roo Rise oceanic plateau at ~4 to 3 Ma.

Structural-tectonic and crustal basement controls 
on mineralization

Most of the discovered gold and copper ± gold deposits in
the region developed during episodes of plate reorganization
and local variations in arc stress states during the early and
middle Miocene and the Plio-Pleistocene. The distribution of
deposits reflects differences in structural-tectonic setting and
the composition of crustal basement. Many of the porphyry
(±skarn) deposits in the region formed near the end of a long
episode of calc-alkaline to K-alkaline magmatism and in tec-
tonic settings associated with contractional or transpressional
strain, increased plate convergence rates, flatter slab subduc-
tion angles, subduction of aseismic ridges, subduction rever-
sals, and/or crustal thickening and uplift (Sillitoe, 1998; Ker-
rich et al., 2000; Tosdal and Richards, 2001). In these settings,
periods of arc relaxation and related flip in local stress direc-
tions are indicative of a low differential stress and may have
localized deposits. The large intrusion-related Plio-Pleis-
tocene deposits along the medial uplift of New Guinea do not
lie above an active subduction zone, and the source of the
causal potassium-rich magmas is ambiguous. Pliocene mag-
matism in this region could be related to mantle instability
created by the presence of ancient (Cretaceous?) subduction
slabs at depths >500 km (Johnson et al., 1978; Hall and Spak-
man, 2002). 

The high- and intermediate-sulfidation epithermal deposits
typically formed in neutral to mildly extensional arc stress
states and calc-alkaline to K-alkaline andesite-dacite mag-
matic provinces but exceptions occur, such as in the contrac-
tional settings of Luzon and New Guinea (Sillitoe and Heden-
quist, 2003). The low-sulfidation epithermal and VMS
deposits are usually associated with felsic volcanic rocks re-
lated to bimodal rhyolite-basalt magmatism in extensional set-
tings, which are favored by reduced orthogonal convergence

CENOZOIC MAGMATIC ARCS, SE ASIA & THE WEST PACIFIC 923

0361-0128/98/000/000-00 $6.00 923



rate, oblique-subduction, slab rollback, slab windows, and
gravitational collapse of thickened crust after contractional de-
formation (Watanabe, 2002; Sillitoe and Hedenquist, 2003). 

Many of the porphyry, skarn, and high-sulfidation epither-
mal deposits in the region occur in the Philippines and east-
ern Indonesia in magmatic arcs built on oceanic crust. These
deposits formed within and adjacent to intrusions emplaced
at high crustal levels within Neogene volcanic or volcaniclas-
tic sequences. The porphyry and skarn deposits in New
Guinea occur in a foreland fold and thrust belt above conti-
nental crust. Crustal thickening and uplift of this region dur-
ing the Plio-Pleistocene led to the development of large
deposits (e.g., Ertsberg, Grasberg, Ok Tedi, and Porgera) in a
contractional environment similar to that which characterizes
the Miocene porphyry and epithermal deposits of the central
Andes (Sillitoe, 1998; Kerrich et al., 2000). However, the tec-
tonic settings of these two regions differ in that Miocene An-
dean magmatism is clearly located above an active subduction
zone and Plio-Pleistocene New Guinea magmatism is not. In
New Guinea, intrusion emplacement is probably localized by
the intersection between dilatent segments of orogen-trans-
verse strike-slip faults and frontal thrusts that have reacti-
vated Mesozoic extensional faults in underlying basement
rocks (Hill et al., 2002). 

The deposits that occur in arcs built on continental crust in
more passive settings consist predominantly of low- and in-
termediate-sulfidation epithermal gold vein systems located
in Japan and western Indonesia, where direct genetic links to
causative intrusions are less apparent. Many of the deposits
are hosted in the lower parts of the volcanic piles and locally
within underlying rock sequences and crystalline basement.
The host rocks and proximal intrusions, where present, are
significantly older than the vein deposits. The heat source re-
sponsible for the paleohydrothermal systems is confined to
deeper crustal levels than are presently exposed. In western
Indonesia, Carlile and Mitchell (1994) invoked the presence
of sills at depths of several kilometers in relatively thick con-
tinental crust to generate the hydrothermal systems responsi-
ble for gold mineralization. In contrast, the high-sulfidation
epithermal systems at Martabe in northern Sumatra and
Monywa in Mynamar are related to high-level intrusions and
dome complexes hosted by nearly coeval volcanic rocks. The
occurrence of these intrusion-related systems above conti-
nental crust is probably related to crustal-scale fault zones
that facilitate the rapid ascent of calc-alkaline magmas to high
crustal levels. At Martabe, an arc-transverse fault zone lies
above an inferred kink or tear in the subducting Indian plate,
which is localized by the trace of the Investigator Ridge. 

The setting of disseminated sedimentary rock-hosted (Carlin-
like) deposits in the region is less specific. This style of mineral-
ization occurs in calcareous rock sequences proximal and distal
to coeval calc-alkaline intrusions in both continental margin
(e.g., Bau) and island-arc (e.g., Mesel) settings, which are char-
acterized by near-neutral to mildly extensional stress states.

Subduction slab topology, regional-scale faults, 
and fluid-focusing in the overlying arc

Plio-Pleistocene collisional tectonic events and the subduc-
tion of seamounts are inferred to have affected local stress
fields and led to episodic dilation of arc-transverse strike-slip

fault arrays in continental and oceanic arcs. Subduction hinge
retreat, which characterized many of the subduction systems
during this time, led to replenishment of the mantle wedge
and asthenospheric upwelling in the overlying arc (Hamilton,
1995; Macpherson and Hall, 2002). Mantle instability, or a slab
window formed by a detachment or tear in the slab, may also
localize rising asthenosphere. The spatial coincidence of kinks
or tears in the downgoing slab with arc-transverse fault zones
in the overlying arc promotes rapid magma ascent and high
heat flow by providing a link between the mantle and upper
levels of the crust (Fig. 10; Garwin, 2002b). Arc-transverse
fault zones are inferred to control the distribution of many of
the intrusion-related deposits in medial New Guinea, Luzon,
Sunda-Banda, and in other magmatic arcs in Southeast Asia
and the west Pacific. Similar cross-arc distributions of de-
posits exist in the central Andes, where an easterly trending
tear in the subducting Nazca plate is inferred along the trace
of the buoyant, aseismic Juan Fernandez Ridge and margin of
the Chilean flat slab (Skewes and Stern, 1995; Sasso and
Clark, 1998; Sillitoe, 1998). 

Rapidly ascending magmas crystallize at a high crustal
level, which favors the development of the abundant volatiles
ascribed to the formation of many hydrothermal ore deposits
in such shallow environments (Burnham, 1979; Burnham
and Ohmoto, 1980; Candela, 1989; Hedenquist and Lowen-
stern, 1994). If release of metal-bearing volatile phases is fo-
cused in an area of well-developed local structures, reactive
host rocks are present, and there is a favorable geometry of
the causative intrusion, then ore deposition may occur. The
episodic reactivation of crustal-scale fault and fracture sys-
tems in transpressional to transtensional settings further en-
hances crustal permeability and porphyry and intrusion-re-
lated epithermal vein deposit formation in many of the arcs in
Southeast Asia and the west Pacific (Kerrich et al., 2000). 

In contrast, the largely extensional tectonic settings that
form intra-arc grabens and backarc rift basins in oblique-con-
vergence arc settings favor the earlier convection of sur-
rounding crustal fluids and/or exsolution of ore-bearing
volatile phases from ascending magmas and cooling intrusions
(Kerrich et al., 2000). The low-sulfidation epithermal and
VMS deposits, which typically show a less direct relationship
to causative intrusions, would be more common in these tec-
tonic settings (e.g., northern Japan). We also consider some
intermediate-sulfidation epithermal lodes which are located
in pull-apart basins generated by major arc-parallel strike-slip
faults active in oblique-convergent settings (e.g., Sumatra) to
have formed in a similar manner.

Deposit exhumation and preservation: 
Implications for exploration

Many of the largest gold and copper ± gold deposits in the
region formed relatively rapidly (during a period of ~100
k.y.) along short sectors of Plio-Pleistocene arcs. In addition
to the structural-tectonic controls discussed, the abundance
of discovered deposits of this age is probably related to ero-
sion, given the high local surface uplift and exhumation rates
(~500 m/m.y.). In late Quaternary arcs, uplift and erosion
have not exposed mineralized systems concealed beneath
coeval or younger rock sequences. In contrast, erosion has
mainly removed potentially economic deposits in Cretaceous
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and Paleogene arcs. The shallow depth of formation (0.5–4
km) of the hydrothermal systems necessitates that after a de-
posit forms during uplift, it will probably be eroded within 1
to 8 m.y. The local preservation of much older deposits indi-
cates regions that have been tectonically stable for relatively
long periods. Changes in the local stress state and structural
setting may facilitate deposit preservation through the devel-
opment of extensional basins and concealment beneath
younger rock sequences.

The understanding of the relationships between deposit type
and related depth of formation, structural-tectonic setting,
styles of deformation and magmatism, and exhumation
should assist in the future search for concealed deposits. Di-
agnostic indicators of stress-state inversions that may have led
to a shift in structural setting and enhanced the potential
preservation and concealment of deposits formed in active
uplifts include the presence of oxidized horizons and paleo-
surfaces that occur beneath the present-day water table as de-
termined from drilling, changes in the composition, orienta-
tion, and age of dike swarms (paleostress indicators), and the
presence of mineralized rock fragments in younger cover-
rock sequences. A more general exploration guide for con-
cealed deposits includes the delineation of relatively thin late
Quaternary cover sequences in arc-transverse belts charac-
terized by regional-scale fault zones and lineaments, volcano-
sedimentary basins, magmatic centers characterized by hy-
drothermal alteration and porphyritic hypabyssal intrusions,
and discontinuities in the underlying slab.
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