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Significance and innovation

Classic models of orogens involve a Wilson cycle of ocean opening and closing with oro-
genesis related to continent-continent collision. Such models fail to explain the geological his-
tory of a significant number of orogenic belts throughout the world in which deformation,
metamorphism and crustal growth took place in an environment of ongoing plate conver-
gence. These belts are termed accretionary orogens but have also been refereed to as non-
collisional or exterior orogens, Cordilleran-, Pacific-, Miyashiro-, and Turkic-type orogens
(Crook, 1974; Kusky et al., 1997a; Maruyama, 1997; Murphy and Nance, 1991; Sengor and
Natal'in, 1996; Windley, 1992).

Accretionary orogens have been active throughout Earth history. They constitute major
sites of continental growth and mineralization and include Archaean greenstone belts world-
wide, Proterozoic orogens (e.g., the Birimian of West Africa, Svecofennian of Finland and
Sweden, Cadomian of western Europe, Mazatzal-Yavapai in southwestern USA, and the Ara-
bian-Nubian shield), Neoproterozoic-Palaeozoic orogens in Central Asia (Altaids), as well as
Neoproterozoic to Recent orogens of the circum-Pacific and Caribbean. Accretionary orogens
form at sites of subduction of oceanic lithosphere. They consist of accretionary wedges con-
taining material accreted from the downgoing plate and eroded from the upper plate, island
arcs, ophiolites, oceanic plateaus, old continental blocks, post-accretion granitic rocks and
metamorphic products up to the granulite facies, exhumed high-pressure metamorphic rocks,
and clastic sedimentary basins. Accretionary orogens contain the bulk of the mineral deposits
formed throughout Earth history, and thus provide the mineralisation potential of many coun-
tries such as Australia, Canada, Zimbabwe, Saudi Arabia, Yemen, Nigeria, China, Kazakhstan
and Mongolia.

Our understanding of the processes for the initiation and development of accretionary oro-
gens is moderately well established in modern orogens such as Japan, Indonesia and Alaska,
the broad structure and evolution of which are constrained by seismic profiles, tomography,
field mapping, palaeontology and isotope geochemistry and geochronology. However, the
processes responsible for the cratonization and incorporation of accretionary orogens into
continental nuclei and the mechanisms of formation of pre-Mesozoic accretionary orogens are
poorly understood (e.g., Kusky and Polat, 1999). In a uniformitarian sense many of the fea-
tures of, and processes of, formation of modern accretionary orogens have been little applied
to pre-Mesozoic orogens. Resolution and understanding of these processes form the central
aim of this proposal.



We believe that an integrated, multi-disciplinary and comprehensive program in selected
accretionary orogens will provide a common framework to better understand their develop-
ment. We term this proposal ERAS (EaRth Accretionary Systems in space and time), and the
following is intended to provide a basis for discussion and to generate interest in the Earth
Science community. Ideas and a detailed work program will be further developed and refined
through meetings at international conferences. These will encourage interested scientists to
join in developing plans to implement components of the program, which we believe will ad-
vance our understanding of accretionary systems in particular and continental evolution in
general. The proposal will bring together scientists from many disciplines of the earth sci-
ences.

The common orogenic framework that this project will provide for accretionary belts is
seen as a major stimulus for the study of these highly significant orogenic systems. Recog-
nition of the importance of accretionary orogens has been hindered by the lack of a unifying
model, with different possible evolutionary paths, to explain their evolution, or recognition of
a common suite of processes that operate in many accretionary orogens. Thus, this program
has the potential to develop a new conceptual framework (paradigm) for accretionary orogens
and to stimulate research in the coming decade not only on orogenesis but on topics ranging
from basin analysis and mineralization to mantle flow and its controls on plate tectonics
within such systems, just as the models for geosynclines (Aubouin, 1965; Kay, 1951), plate
tectonics and mountain belts (Dewey, 1969; Wilson, 1966), terranes (Coney et al., 1980) and
supercontinents (Dalziel, 1991; Hoffman, 1991; Moores, 1991) provided a stimulus to oro-
genic and geological research in past decades.

Orogens in general

Orogens are divisible into two basic types: collisional and accretionary. Plate tectonic models
of orogenesis have been dominated by work on collisional orogens with deformation and
metamorphism related to ocean closure and subsequent collision of continental blocks to gen-
erate mountain belts (Dewey, 1969; Wilson, 1966). This in part reflects the historical influ-
ence of European and Eastern North American work on the Appalachian-Caledonian and Al-
pine-Himalayan systems. However, it has also long been recognized that the Palaeozoic to
Recent history of the Circum-Pacific region does not readily fit such a model (Coney, 1973;
Crook, 1974; Matsuda and Uyeda, 1971; Packham and Leitch, 1974) and that alternate
mechanisms for this type of orogenesis are required.

Accretionary and collisional orogens are the end members of a spectrum of orogens. For
example, the collisional western Himalayan orogen contains the accreted Kohistan island arc,
the Palaeoproterozoic Trans-Hudson orogen contains the Flin Flon-Snow Lake and La Ronge
island arcs, and the Neoprotereozoic to Palaeozoic Altaid accretionary orogen (Sengor et al.,
1993) contains a Himalayan-style belt where a continental block has collided with an island
arc. The Altaid orogen completed its history with a Himalayan-style collisional orogen in



northern China (Xiao et al., in press). Nevertheless, accretionary orogens stand out as an inte-
gral, well-defined group of orogens that are further characterized by juvenile crustal growth
(Sengdr and Natal’in, 1996).

Andean-type accretionary orogens develop where subduction beneath the front of an old
continental block has given rise to voluminous calc-alkaline magmatism, and they involve
considerable vertical accretion of the crust but relatively little lateral accretion. Andean-type
magmatic arcs form commonly during the evolution of collisional orogens like the Himalayas.
In accretionary orogens they may form on the margins of accreted continental blocks (Wind-
ley et al., 2002), when there is a pause in accretion as on the Ordovician Main Mongolian
Lineament in the Altaids, and towards the end of the life of an orogen, against accreted mate-
rial that had by then consolidated as in Inner Mongolia, China (Xiao et al., in press). One of
the first identifiable Andean-type arcs to develop in an accretionary orogen was in the Ar-
chaean Minto block of the Canadian Superior Province (Percival et al., 1994). These minor,
but important, Andean-type magmatic arcs in accretionary orogens have been little recog-
nized. In this project we plan to make the first detailed geochemical studies of this new type
of Andean arc, and make much-needed comparison with the well-documented magmatic arc
in the Andes.

Accretionary orogens

Still-evolving accretionary orogens, as around the Pacific, have long, narrow aspect ratios, but
completed orogens are typically as broad as long (e.g. Altaids, Arabian-Nubian Shield, and
Superior and Yilgarn provinces). They dominantly comprise juvenile mafic to silicic calc-
alkaline igneous rocks and their sedimentary products. They are variably deformed and meta-
morphosed by tectono-thermal events up to granulite- and occasionally to eclogite-facies. De-
formational features include structures formed in extensional and compressive environments
during steady-state convergence (arc/backarc vs. accretionary prism) that are overprinted by
short regional compressive orogenic events (Fig. 1; see review by Kusky and Bradley, 1999).
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Fig. 1. Complex extensional and contractional structures
forming in an accretionary wedge, reflecting kinematics
and coupling between upper and lower plates (from
Kusky and Bradley, 1999).
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Accretionary orogens can be broken into two end-member types (Fig. 2), namely retreating
and advancing, based on their contrasting geological character and modern examples from the
eastern and western Pacific which reflect a gross long-term kinematic framework with respect
to an asthenospheric reference frame. Retreating orogens are undergoing long-term extension
in response to a lower plate retreating with respect to the overriding plate, resulting in re-
peated cycles of forearc accretion that have created the Japanese Islands (Maruyama et al.,
1997) and of back arc basin opening as exemplified by the Tertiary history of the western Pa-
cific (Leitch, 1984; Taylor and Karner, 1983). Advancing orogens develop in an environment
in which the overriding plate is advancing towards the downgoing plate in an asthenospheric
reference frame. For the eastern Pacific this corresponds to westward motion of the North and
South American plates. This has resulted in accretion (and strike-slip motion) of previously
rifted-off arc and microcontinental ribbons and extensive retro-arc fold and thrust belts.

Retreating Accretionary Orogen Vr > Vo | Advancing Accretionary Orogen Vo > Vr
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Fig. 2. Accretionary orogen types — for the retreating-type the velocity of slab retreat (Vr) for the underriding
plate (Vu) is greater than that of the overriding plate (o), whereas for the advancing orogen the velocity of the
overriding plate is greater.

Retreating orogens
Japan is the longest-lived and best studied accretionary orogen in the western Pacific (Taira,
2001; Isozaki, 1996; Maruyama et al., 1997), and is the best modern analogue of an accre-
tionary orogen formed largely by rollback-forearc accretion. It is useful to outline the main
features of this orogen, because they are key criteria to look for in pre-Mesozoic orogens.
Relicts of the ocean floor are important components of collisional and accretionary oro-
gens, but they are very different in type. The definition of ophiolite stratigraphy (ultramafic
rocks, gabbro, sheeted dykes, basalt, sediments) by Anonymous (1972) was based largely on
knowledge of ophiolites in the collisional Alpine orogen of Europe, where ophiolites have
been obducted onto shelf sediments on continental margins, and at that time there was little or
no knowledge or recognition of accretionary orogens. In southern Japan there are over 1000
slices of ocean floor within the accretionary wedges, but they consist of just basalt overlain by
ocean floor sediments; the sheeted dykes, gabbros and ultramafic rocks have been subducted.
Therefore, when looking at pre-Mesozoic accretionary orogens, we should be looking for the
basalt-sediment slices not ophiolites (e.g. Cawood, 1982, 1984). The wrong question is some-



times asked ‘where are the ophiolites in the Archaean?’ In the Archaean there were very few
continents, therefore few collisional orogens and therefore few ophiolites, but there were
abundant accretionary orogens, where we should expect, on uniformitarian arguments, to find
just slices of basalt-sediment (e.g. Kusky and Bradley, 1999). This feature of modern accre-
tionary orogens, and its implications, has been largely missed by the ‘Archaean’ geological
community, and by those who try to calculate the thickness of the oceanic crust through geo-
logical time (e.g. Moores, 1993, 2002).

‘Ocean plate stratigraphy’ consists of the succession ‘MORB-type basalt, chert, hemi-
pelagic mudstone, turbidite or sandstone and conglomerate. It records the history of sedi-
mentation on the ocean floor as it travels from a ridge to a trench. The biostratigraphy, struc-
ture, and geochemistry of these offscraped sediments have been much studied in Japan (Iso-
zaki et al., 1990; Matsuda and Isozaki, 1991; Kimura and Hori, 1993; Kato et al., 2002). Be-
cause the sediments are very low-grade and well-preserved, the original thrusts were first rec-
ognized by micropalaentologists (Matsuda and Isozaki, 1991), not by structural geologists.

Biostratigraphic studies in chert-clastic lithologies in the Franciscan complex of California
and in Mexico demonstrated a comparable early accretionary history in the eastern and wes-
tern Pacific (Sedlock and Isozaki, 1990; Isozaki and Blake, 1994). In Australia Cawood,
(1982, 1984) and Cawood and Leitch (1985) recognized an imbricated basalt-chert-siltstone
succession consistent with the conveyor belt-type stratigraphy developed on upper oceanic
crust as it moves from spreading ridge to subduction zone in the Paleozoic accretionary com-
plex of the Terra Australis orogen, and Ferguson (2003) recorded early Palaeozoic ocean plate
stratigraphy in the Lachlan fold belt. In Alaska, Kusky and Bradley (1999) mapped an imbri-
cated oceanic plate stratigraphy where the greywacke-chert-basalt sequence is imbricated
many times across a 40 km wide outcrop width of mélange. Kato et al. (1998) and Kato and
Nakamura (2003) described chert-clastic sediments in the Archaean Pilbara craton, where
trace elements record a remarkably similar ridge-trench transition. In an extensive accretion-
ary orogen, one may expect that rivers would transport to the trench, not continental clastic
debris, but mafic debris derived from eroded arcs. The resultant stratigraphy of basalt-chert-
mafic sediment was recognized by Komiya et al. (1999) in the 3.8 Ga greenstone belt at Isua,
West Greenland, and was recently found for the first time in the 600 Ma Mona Complex of
Anglesey, North Wales (Maruyama, Windley, and Watanabe, unpubl. observations). Al-
though other examples of ocean plate stratigraphy are known throughout the geological re-
cord, particularly in accretionary orogens, they have been little recognized and poorly studied.

Accretionary wedges are a common ingredient in modern accretionary orogens. The Cre-
taceous-Tertiary Shimanto accretionary wedge in Japan and the southern Alaskan margin pro-
vide the best currently available records of accretionary processes in the circum-Pacific region
(Taira et al., 1988; Kusky and Bradley, 1999; Sisson et al., 2003). The Tertiary sediments of
Japan have been compared with Recent equivalents in the offshore Nankai Trough to provide
a coherent understanding of the structure and evolution of a trench wedge (Pickering and



Taira, 1994). The wedges may contain ocean floor rocks offscraped from the downgoing plate
into mélanges, and clastic sediments derived by erosion of continental or arc material and de-
posited in the trench. Mélanges are of two types (Isozaki, 1997). Chaotic mélanges contain
lenses of ultramafic rocks, gabbros, greenschist metabasalts and clastic sediments in a clastic
matrix.

It is important to note that mélanges with gabbroic and ultramafic lenses are rare in the ac-
cretionary wedges of Japan (Isozaki et al., 1990). Coherent mélanges formed where the first
thrusting took place in cold water in the trench parallel to bedding, and gave rise to thrust du-
plexes in such a way that the thrusts are difficult to determine even at prehnite-pumpellite
metamorphic grade, as in the 2-3 m.y. old Miura Group near Tokyo. Similarly, relatively
small parts of the southern Alaska accretionary wedge contain chaotic mafic-dominated mé-
langes or easily recognizable imbricated oceanic plate stratigraphy. Vast stretches of this ac-
cretionary wedge, thousands of km long, are dominated by variably-disrupted to coherent
greywacke-argillite trench turbidites, with rare ophiolitic slivers and sparse early ridge-
subduction related plutons and dykes (Kusky et al., 1997; Kusky and Bradley, 1999; Sisson et
al., 2003). The easy-to-recognize chaotic mélanges are known from many parts of the geo-
logical record, but the coherent mélanges have not been recognized in most pre-Mesozoic ac-
cretionary wedges and greenstone belts, where the greenschist metamorphic grade and associ-
ated structures have probably overprinted earlier structures. Therefore, the earliest structures
described in the world’s greenstone belts are very likely late overprints (e.g., Kusky and
Vearncombe, 1997). This means that those familiar with, for example, Precambrian green-
stone belt accretionary orogens should look at the Shimanto wedge or the southern Alaskan
margin to help recognize the earliest history.

Preliminary results from the southern Alaska margin have shown that controls on whether
chaotic mélange or coherent flysch are accreted at convergent margins may lie in the thick-
ness of the sedimentary pile being subducted on the downgoing plate (Fig. 3). Thinly sedi-
mented plates tend to concentrate shear strain in a thin zone that includes oceanic basement
structural highs, whereas thickly sedimented downgoing plates tend to disperse shear strains
through a thick stratigraphic section with resulting less obvious deformation (Kusky and
Bradley, 1999).

Island arcs in the Western Pacific developed by episodic, non-steady state, stepwise,
oceanward growth in retreating accretionary systems, where there is evidence of oceanic sub-
duction and arc growth from 530 Ma to the Present. They built on older oceanic crust or ac-
cretionary wedges. The calc-alkaline geochemical products in lavas, volcaniclastics and intru-
sions are well-documented. Plate coupling within an accretionary convergent zone causes arc
migration and changes in geochemistry. Coupling will lead to lithospheric thickening in the
overriding plate and changes in arc chemistry with a shift towards adakitic compositions (e.g.
Samaniego et al., 2002).
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Fig. 3. Model showing possible causes of accretion of flysch and mélange belts in accretionary orogens, depend-
ing in part on the thickness of the sedimentary pile on the underriding plate (modified after Kusky et al., 1997b).

In the retreating orogen of Japan many fragments from the Western Pacific ocean collided
with, and accreted to, the oceanic margin. For example, there are at least 600 fragments of
seamounts with alkali basalts, 26 hot-spot seamounts, 291 oceanic reef limestones, and over
1000 basalt-chert-clastic slices (Isozaki et al., 1990). Many chaotic mélanges with greenstone-
limestone lenses were derived from collapse of accreting seamounts (Isozaki, 1997). Many
Carboniferous plume-derived hotspot lavas accreted in the latest Permian to middle Jurassic
(Tatsumi et al., 2000), and the huge late Jurassic Sorachi oceanic plateau accreted in the early
Cretaceous (Kimura et al., 1994). The eclogitic slab on the Sanbagawa mountains was derived
from part of an oceanic plateau that was accreted, subducted and exhumed (Maruyama, pers.
comm); this shows that the argument of Cloos (1993) that bouyancy would prevent sub-
duction of an oceanic plateau is incorrect. The Izu-Bonin arc has collided with the Honshu arc
in the late Cenozoic to give rise to spectacular indentation and curvature of the whole of cen-
tral Japan (Soh et al., 1998). The above examples demonstrate that accretion and collision of
oceanic blocks take place in an accretionary orogen that is ostensibly retreating extensionally
towards the ocean.

In the last 450 m.y. in Japan there was an episodic coincident timing of high-P/T nappe
exhumation, granite batholith formation, high temperature metamorphism, cooling, uplift,
erosion, and clastic sediment deposition. The occurrence of these orogenic culminations ap-



proximately every 100 m.y. coincides with the timing of episodic ridge subduction of five
major oceanic plates (Isozaki, 1996). Thus, Japan is widely considered to be a ridge subduc-
tion-induced, accretionary orogen (Underwood, 1993; Maeda and Kagami, 1996; Osozawa,
1998). The thermal effects of ridge subduction on an accretionary orogen were modelled by
Iwamori (2000). In Palaeozoic to Archaean accretionary orogens that have gone to comple-
tion, it is difficult to constrain the cause of orogenesis. However, the possibility that ridge
subduction may have been a contributing factor has hardly been considered (but see Kusky
and Polat, 1999), and yet any other mechanism of orogenesis cannot be fully accepted until
ridge subduction is properly evaluated. This proposal will direct attention to this fundamental
cause of orogenesis.

Advancing orogens and terrane accretion

Terrane accretion was adopted by Coney et al. (1980) as a new model to explain the formation
of the North American Cordilllera, and it is still considered by many to constitute the main
(sole) driving force for convergent margin orogenesis in that “eventually a downgoing plate
will carry continental or island arc crust into a subduction zone” (Moores and Twiss, 1995, p.
212) to induce arc-arc, arc-continent collision, or terrane accretion (Coney et al., 1980; Dick-
inson, 1977). Maxson and Tikoff (1996) argued that Cordilleran terrane accretion was the
driving mechanism for the Laramide Orogeny. However, in the last twenty years it has be-
come apparent that most, if not all, suspect terrains of the North American Cordillera are up-
per plate fragments of American affinity (e.g. Johnston, 2001; Monger and Nokleberg, 1996),
and recent seismic data across the northern Cordilleran orogen suggest that the accreted ter-
ranes are superficial with no deep crustal roots (Snyder et al., 2002). This begs the question: Is
terrane accretion an appropriate driving mechanism for orogenesis? Crucial in answering this
is determining the exact time of accretion of specific terranes (e.g. Wrangellia) relative to in-
board deformation and evaluating the inferred “suspect” character of the terranes. If none of
the North American arc fragments are truly exotic, then they all probably formed on the upper
plate, and no island arc or continental crust was carried into the subduction zone. Thus, ter-
rane accretion may be an effect of orogenesis not a cause of it: it is an upper plate process that
does not involve the transfer of material from the downgoing to the overriding plate. If this
analysis is correct, what caused the arcs to collide and terranes to accrete? Also, it should be
remembered that, when the idea of terrane accretion was proposed to explain the North
American Cordillera the alternative idea of roll-back forearc accretion of a retreating orogen,
as in the western Pacific, was not available for consideration. Therefore, the terrane accretion
model of orogenesis is ‘suspect’ and requires thorough re-evaluation.

Terrane accretion, in general, may result in chocking of the subduction zone, leading to
migration of the magmatic arc and/or a termination of igneous activity, along with a stepping
out or flipping of the subduction zone (e.g. Ontong Java Plateau). Flat slab subduction is
driven by ridge or plateau subduction. Kay and Mpodozis (2002) argued that the thermal con-



sequences of changing slab dip, combined with subduction of the Juan Fernandez Ridge hot
spot track, have left a predictable magmatic and mineralization record in the Andes. Dalziel et
al. (2000) suggested that plumes lead to flattening of the downgoing slab, generating “plume-
modified orogeny”. Flat slab subduction has been invoked as an important mechanism of oro-
genesis in the accretionary Lachlan orogen (Collins, 2002) and in the North American Cordil-
lera (Saleeby, 2003). The mechanism for increased buoyancy with flat slab subduction de-
pends on the nature and rate of input of the thermal anomaly (Bradley et al., 2003; Kusky et
al., 2003). Ridge subduction will be associated with a progressive increase in buoyancy,
whereas plateau or hot spot subduction will induce a rapid change in crustal thickness and,
hence, buoyancy.

Convergent margin coupling

Potential mechanisms include: (1) subduction of buoyant oceanic lithosphere (flat slab sub-
duction); (2) accretion of buoyant lithosphere (terrane accretion); (3) orogen flexing into con-
tinental re-entrant; (4) plate reorganization, causing major changes in convergence direction,
including rapid increases in the absolute motion in the overriding plate (Fig. 4); (5) ridge sub—
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Fig. 4. Modes of plate coupling leading to orogenesis in accretionary orogens.
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duction, and (6) steady-state convergence with dewatering of accreted sediments. Each coup-
ling mechanism (outlined below) has predictable consequences for the geological record that
this project will evaluate, enabling them to be established or refuted.

The effects of (1) flat slab subduction (e.g. Ramos et al., 2002) and (2) suspect terrane ac-
cretion should be spatially limited to the region of the flat slab/accretion zone, which should
result in short-lived orogenesis and/or diachronous events that migrate along the convergent
margin in harmony with the subducted plate movement vector. This will contrast with (4)



10

where the effects of plate reorganisation should be seen synchronously along the orogen/plate
boundary and reflect widespread and possibly long-term changes in orogenic character. Plate
reorganization may traverse plate boundaries and be inter-orogen in extent. Orogen flexing (3)
is associated with convergence of subducted crust into continental recesses and shoaling of
the flexed subducted crust. Although the slab flattens where it is flexed, the process is distin-
guished from flat subduction, which is associated with enhanced slab buoyancy. Examples
include the Bolivian and Alaskan oroclines, where the highest compressive stress and highest
mountains exist in the North and South American Cordillera (e.g. McQuarrie, 2002). Orogen
flexing will show a combination of the above effects: contractional deformation, expressed
via developed fold-and-thrust belts should be concentrated near the continental re-entrant, re-
flecting effects of orthogonal convergence, but may also be a long-term feature. It should
leave the diagnostic imprint of a broad oroclinal bend convex toward the craton (i.e. salient).
Ridge subduction will be diachronous along strike, and will include structural, magmatic,
thermal, and metallogenic fingerprints (Bradley et al., 2003). Steady state convergence with
dewatering and deformation of accreted sediments will show kinematics consistent with plate
convergence directions and across-strike diachroneity in the time of development of different
deformation events. For instance, whereas a newly accreted sediment is growing its first folia-
tion near the trench, a rock that was accreted a few million years earlier may already, and at
the same time, be growing its second or third foliation, and associated structures.

Flat slab subduction is taking place today in ten regions worldwide, such as under southern
Japan, which thus has a high geothermal gradient not dissimilar from that assumed in Ar-
chaean accretionary orogens. Flat slab subduction may be a buoyancy effect related to the im-
pingement of a subducting oceanic plateau, as in the Caribbean and off the Nankai Trough
(van Hunen et al., 2002). The buoyancy of a flat slab allows heating and slab melting to give
rise to adakitic arc magmas, as in Panama, Costa Rica, Equador, and southern Japan (Gut-
scher et al., 2000; Samaniego et al., 2000).

Thus, spatial distribution and synchroneity or diachroneity of orogenesis are crucial discri-
minants of the relevant driving mechanisms. If synchroneity and cyclicity can be established,
then the orogenic system may be responding to changes in plate reorganization. If diachron-
eity can be established, and/or if restricted orogenic events/belts can be identified, more de-
tailed analysis of their kinematic and magmatic character is required to distinguish between
the possible, more localized mechanisms, the predicted effects of which are outlined below.

Ridge subduction is a diachronous process that typically involves a major change in plate
convergence vectors between the upper plate and two different subducting plates, with the
change in plate convergence vectors separated by a period of heating and igneous intrusion in
the forearc or in the trench (Fig. 5). Such ridge-trench interaction played a major role in the
development of the Tertiary northern North American Cordillera from Kodiak Island, Alaska
to Vancouver Island, British Columbia (Sisson et al., 2003). Deformation can be intense and
is related not only to the plate convergence vectors (surface forces), but also to a change in
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dip of the subducting lithosphere as the ridge first approaches the trench and then as the slab
window moves away from any point (Kusky et al., 1997a).
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Fig. 5. Oblique view of hypothetical triple junction, showing how structures in upper plate will change with pas-
sage of triple junction, reflecting kinematic coupling between plates B and C before ridge subduction, and plates
A and C after ridge subduction (from Kusky et al., 1997a).

Crucial in establishing the potential contribution of these different coupling mechanisms to
orogenesis is a detailed understanding of the spatial and temporal distribution of the tectono-
thermal effects of orogenic events in circum-Pacific orogens. Is orogenesis cyclic and/or syn-
chronous on an intra- and inter-orogen scale, reflecting plate reorganization, or is it in inter-
mittent and/or diachronous and limited to an intra-orogen in scale, reflecting local events as-
sociated with terrane accretion/flat slab subduction or ridge subduction?

We need to establish the role of transcurrent faulting in the evolution of accretionary oro-
gens. In the case of the North American Cordillera it is very important. Most terranes that
have collided, if they have, with western North America in the last 200 m.y. have apparently
been fragmented by transcurrent faults and were carried northwards to Alaska, “the great ter-
rane parking lot”. Such fragmentation and lateral transport may also be important in other ac-
cretionary orogens and should be investigated by palaecomagnetic and structural methods.

Geochemistry, arc migration and crustal growth

Accretionary orogens have played a major role in crustal growth through Earth history (Kusky
and Polat, 1999), whereas crustal growth during collisional orogeny was minor. It will there-
fore be important to identify which terranes in a given orogen are chiefly juvenile and which
are chiefly reworked crust. A combination of Sr, Nd, Hf and Pb isotopic studies, coupled with
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zircon geochronology, will be important in this part of the investigation. Recently, such stud-
ies have been conducted in the Canadian Cordillera and Central Asia (the Altaids), and the
results clearly indicate massive addition of juvenile crust during the period of 560 to 100 Ma
(e.g., Samson et al., 1989; Kovalenko et al., 1996; Jahn et al., 2000; Wu et al., 2000). We will
make the first detailed geochemical studies of Andean-type magmatic arcs in accretionary
orogens, and this documentation will establish the compositional variations and characteristics
of this newly recognized type of Andean arc.

There is a great diversity of accretionary terranes, many of which are poorly documented,
and therefore their nature, composition and evolution require detailed studies. Rock asso-
ciations are particularly important in characterizing tectonic settings, particularly when cou-
pled with incompatible element distributions and isotopic data. We know very little about the
volume of oceanic islands and plateaus that survive in accreted terranes. At present, remnants
of only a few oceanic plateaus have been described in accretionary orogens (such as Wrangel-
lia, Sorachi and Sanbagawa). Does this mean that most oceanic plateaus are subducted or
have they just not been recognized yet?

Crustal structure in accretionary orogens and mechanism of convergence

Geophysical studies of accretionary orogens have provided fundamental insights into litho-
spheric structure and processes of accretion and assembly. Seismic (reflection) methods pro-
vide relatively high-resolution definition of the geometries of key structures at depth in accre-
tionary orogens. Contrary to geological observations, resolution tends to improve with in-
creasing age of the orogen because greater consolidation of crustal materials with increasing
age improves seismic wave propagation. Deep seismic reflection profiles have provided key
depth information for a number of Mesozoic to Recent accretionary orogens as well as ones as
old as Paleoproterozoic or late Archaean.

LITHOPROBE transects/profiles crossing the Cordillera of Canada reveal the superficial
nature of so-called accreted, suspect or exotic terranes (Cook, 1995, Snyder et al., 2002).
Most of these terranes are now recognized to: (1) have North American affinity or origin, (2)
are 5-15 km thick, and (3) are underlain by a broad, tapering crustal wedge composed of a
mixture of crystalline basement rocks and a sedimentary prism deposited onto the passive
margin before the accretion orogeny began. The Andes in Peru and Bolivia are not covered by
a continuous deep reflection profile, but a number of diverse seismic methods provide depth
information within an orogen-spanning transect (Schmitz et al., 1999; Yuan et al., 2000). The
path of magma movement from the subducted Nazca oceanic plate to the mid-crust beneath
the active volcanic arc is defined by a series of high-amplitude reflections.

Deep seismic reflection profiles across the Banda arc of Indonesia-Australia provide de-
tails of crustal structure associated with a subduction polarity flip currently in progress. This
orogen differs from the North American Cordillera in that ocean lithosphere attached to the
Australian continent was subducted to date, and this continental crust now chokes the subduc-
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tion zone and causes the subduction flip (Snyder et al. 1996). This is a narrow, very active
orogen. High resolution seismic reflection studies have also been undertaken across modern
circum-Pacific accretionary orogens (e.g. Hokkaido, northern Japan, Arita et al., 1998), and
detailed reconstructions of surface blocks over the past few m.y. have also been proposed for
the Indonesian archipelago (for example, Hall, 1997, 2002; Hall and Blundell, 1996).

The relict geometries of Palaeoproterozoic accretionary orogens were defined by the
BABEL survey in the Svecofennian domain of NW Europe and by LITHOPROBE in the Hot-
tah terrane of NW Canada (BABEL Working Group, 1993a; Cook et al., 1999) where similar
geometries were observed. Fossil subduction zones were recognized in each by clear mantle
reflections dipping at about 30 degrees from the Moho to about 100 km depths. The mantle
subduction zone nearest the Archaean craton margin is at least 100 km distant from the near-
est contiguous Archaean outcrop and indicates that at least 100 km of juvenile crust was thrust
or accreted onto the Archaean margin. This process appears to have repeated itself in both ex-
amples. The entire Proterozoic terrane was then further thickened and horizontally compacted
to produce crustal thicknesses of 37-65 km today.

Seismic reflection, refraction and geoelectric data imply the Svecofennian to be a collage
of microcontinental blocks with intervening basins (Korja et al, 1993; Lahtinen et al, in press;
Korja and Heikkinen, in press). The reflection seismic data (BABEL, FIRE) revealed well-
preserved pre-, syn- to post-collisional structures, e.g. a fossilized arc margin with an attached
accretionary prism (BABEL Working Group, 1993a,b), whereas geochemical and petroge-
netic studies suggest that the juxtaposed pieces were of Palaeoproterozoic origin. The Sveco-
fennian accretionary orogen could thus be used as an ancient analogue of a future orogen
where the Indonesian archipelago with its variable size and age is squeezed between Eurasia

and Australia.
In addition to insights derived from deep seismic reflection profiles, seismic refraction pro-

files have provided details on the crustal structure of accretionary orogens in such diverse set-
tings as Alaska, the southwestern USA, the Arabia-Nubian shield, and the Altaids of central
Asia. The Altaids were formed by the coalescence and accretion of diverse crustal fragments
during the Palaeozoic and Mesozoic. These crustal fragments include accretionary prisms,
island arcs, oceanic crust, and older Precambrian crustal fragments. Seismic refraction data,
however, shows that the crust is remarkably uniform in thickness (50 km), with three distinct
crustal layers, and a mid-crustal low velocity zone that may have served as a detachment layer
during orogenesis (Wang et al., 2003). Significantly, no other evidence has been preserved in
the geometry of the deep crustal layers to record the collisional events that built this crust dur-
ing the Palaeozoic. Instead, crustal layers are nearly flat-lying and rather homogeneous. This
uniformity may have been produced by a late Palaeozoic thermal event that caused the crust

to undergo partial melting and differentiation. This thermal event is also evidenced by post-
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collisional granites and calc-alkaline intrusives. This result is in remarkable contrast with
seismic reflection data from the Svecofennian craton (BABEL Working Group, 1993a) that
shows well-preserved dipping crustal reflections that indicate that geometry of the Precam-

brian collision process has been preserved.

One major goal of this proposal is the integration of sample-scale data on structural geol-
ogy, petrology, geochronology and isotopes with both regional-scale lithologic and potential-
field data and crustal-scale seismic refraction and reflection as well as geoelectric data in se-
lected accretionary orogens.

A synthesis of orogen-scale seismic reflection data, including the LITHOPROBE results,
is currently being prepared as part of IGCP Project 474 “Images of the Earth’s Crust — “Inner”
Space, the Continents and their Margins”. The aim of this project is to make available to a
worldwide audience, the best examples of images of the interior of the Earth’s crust and upper
mantle across a variety of representative structural provinces from all parts of the globe. The
first part of their project will concentrate on images from convergent orogens, including ac-
cretionary settings. We will collaborate with IGCP 474 through the holding of joint work-
shops to encourage interaction between the various participants.

Outstanding problems where seismic work may play an important role in the investigation
of accretionary orogens include:

Anomalously thick Proterozoic crust. Is this a primary feature of the crust related to excep-
tionally thick, composite volcanic arcs or oceanic plateau crust? Did it result from a complex
accretionary process in which island arcs were folded into oroclines as they entered subduc-
tion zones obliquely or where stacked on top of one another? Did later intrusion of more ma-
fic material within the lowermost crust cause the unusual, high seismic wave velocities asso-
ciated with the lowermost crust in Svecofennia and NW Canada A better understanding of
rock assemblages immediately above and below the present-day Moho would help resolve
this question of anomalously thick crust and better define what is actually new material ac-
creted to the continent (Durrheim and Mooney, 1994; Hynes and Snyder, 1995).

Mantle anomalies and structures to depths greater than 100 km that are clearly related to
accretionary orogens. Such structures are currently partly defined in NW Canada beneath the
Hottah and Slave domains (Bostock, 1998), but their better definition and interpretation
would be aided by further sudies using multiple seismic techniques as well as electromagnetic
(magnetotelluric) surveys.

One observation that has provided evidence on the physical state and tectonic evolution of
the lithosphere is the measurement of seismic anisotropy. Such measurements are valuable
because they relate to tectonic stress, geotherms, and rheology. Recent measurements (e.g.,
central Alaska, the Andes, and the Sierra Nevada, California) show that seismic anisotropy is
aligned parallel to the structural axis of orogens and has been interpreted to indicate orogen-
parallel ductile deformation (i.e., creep) in the uppermost mantle that is a consequence of oro-
gen-perpendicular compressive stresses (Meissner et al., 2002). In order to explain the seismic
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anisotropy of the mantle beneath young orogens we extend the concept of crustal “escape”
tectonics (Molnar and Tapponier, 1975) to the upper mantle. Furthermore, a zone of decoup-
ling is required in the middle or lower crust of orogens in order to explain the observed oro-
gen-parallel mantle anisotropy, but orogen-perpendicular upper crustal anisotropy (Zoback,
1992). Such a decoupling zone is consistent with the observation that accreted terranes are
thin (5-15 km) sheets, as noted above.

Palaeomagnetic data have also been important in the study of accretionary orogens. Pa-
laeomagnetism reveals the latitudes and orientations of crustal blocks through time and pro-
vides some of the basic quantitative data required for elucidating the tectonic evolution, kine-
matics, and timing of events within accretionary orogens. For example, palaeomagnetic re-
sults from Mesozoic to Cenozoic rocks along the western margin of North America have been
interpreted to indicate large-scale northward transport and/or clockwise rotation of ‘displaced’
terranes prior to and during accretion (e.g. Irving, 1979; Coney et al., 1980; Debiche et al.,
1987). How the various tectonic units in accretionary belts became assembled and how this
assembly occurred can become better understood if the prior spatial distribution of its tectonic
elements can be determined. Within limits, palaeomagnetic studies are able to achieve this
goal.

Archaean and Palaeoproterozoic accretionary orogens are difficult to study with palaeo-
magnetism because of their complicated thermo-chemical history that may have erased most
of the original magnetic signals. However, younger counterparts of such belts are found in the
Neoproterozoic of northeastern Africa/Arabia and in the Palaeozoic Central Asian Orogenic
Belt, and these as well as their modern counterparts are eminently suitable for palaecomagnetic
studies, particularly since island-arc rocks are typically well suited for such work.

Some models for terrane amalgamation, based at least in part on palaeomagnetism, have
been presented by Didenko et al. (1994), Bazhenov et al. (2003), Levashova et al. ( 2003) and
Khain et al. (2003). A successful model for terrane assembly in the Neoproterozoic to late Pa-
laeozoic Ural-Central Asian domain may serve as a useful analog for other pre-Mesozoic ac-
cretionary orogens and the amalgamation of supercontinents.

Work program
We propose an integrated, multi-disciplinary and comprehensive program in a spatially and
temporally diverse suite of accretionary systems around the Earth. These include: greenstone
belts in North America (Superior), Western Australia (Yilgarn), southern Africa (Barberton),
Proterozoic orogens (e.g. Birimian of West Africa, Svecofennian of Finland and Sweden,
Arabian-Nubian Shield, East African Orogen), Palaeozoic orogens of Asia and Gondwana
(Altaids, Terra Australis Orogen, Lachlan Fold Belt), Mesozoic to Recent orogens of the
circum Pacific (Japan, Taiwan, Cordillera, Alaska) and the Caribbean.

The Circum-Pacific region provides the outstanding, type examples of accretionary oro-
gens. The Pacific formed during break-up of Rodinia and amalgamation of Gondwana in the
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Neoproterozoic and has never subsequently closed, resulting in a series of overall oceanward
younging orogenic systems that have always faced an open ocean, yet have been the sites of
repeated tectono-thermal events and continental growth. We propose to study Recent to
Mesozoic accretionary systems in the Pacific, which provide examples of end-member types
of such orogens to resolve and understand their processes of orogenesis. These regions are the
most suitable region for these studies because (1) modern examples are evolving within a well
constrained kinematic framework; (2) orogenic systems extend back to the Mesozoic and be-
yond allowing temporal as well as the spatial association of processes to be established; (3)
the Pacific shows contrasting end-member accretionary orogen types, allowing potential mod-
els for orogenesis in contrasting geologic and kinematic frameworks to be assessed.

Organizational approach

There are many scientists undertaking research in a variety of accretionary orogenic systems
around the world. This work is often done in isolation with little reference to those working in
other areas and other timeframes. For example, those working in Archaean greenstone belts
rarely compare their results with those working in Mesozoic Circum-Pacific orogens. This
project will provide a framework for co-operation and sharing of information between work-
ers in spatially and temporally disparate orogens as well as emphasizing a conceptual frame-
work to stimulate new research. Programs such as LITHOPROBE in Canada, ACCRETE in
the United States and EUROPROBE in Europe offer possible models for organizing both in-
dividuals and institutions in such an ambitious endeavour. The International Lithosphere Pro-
gram can serve to help organize such activities. Wherever possible, the surveys envisioned
here should recognize, build upon and cooperate with ongoing research programs in the areas
of interest (e.g., ACCRETE, German Andes project).

We propose that details of geological targeting and geophysical design for this initiative
should be formulated in a series of workshops during an initial planning phase. One such
workshop is planned in Taiwan for 18-23 May 2004, and further discussions will result from a
Session on Accretionary Orogens at the first meeting of the Asia-Oceania Geoscience Society
in Singapore in July 2004. We also envisage proposing a Penrose Conference to compare and
contrast accretionary orogeny with collisional orogeny. We expect that major field work can
take place no earlier than late in 2004, and that a serious program may take anywhere from 5
to 10 years to complete.
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