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Intra-oceanic subduction systems: introduction

P.T. LEAT & R.D. LARTER
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Abstract: Intra-oceanic arcs are the simplest type of subduction systems in that they occur
where overridding plates of subduction zones consist of oceanic rocks, contrasting with arcs
built on continental margins. They comprise some 40% of the subduction margins of the
Earth. The better-known examples include the Izu-Bonin-Mariana arc, the Tonga-
Kermadec arc, the Vanuatu arc, the Solomon arc, the New Britain arc, the western part of
the Aleutian arc, the South Sandwich arc and the Lesser Antilles arc. They are thought to
represent the first stage in the generation of continental crust from oceanic materials. They
are generally more inaccessible than continental arcs, but, for a variety of reasons, provide
insights into processes in subduction zones that are impossible or difficult to glean from the
better-studied continental arcs. Intra-oceanic arcs typically have a simpler crustal structure
than arcs built on continental crust, although there are significant differences between
examples. Geochemically, magmas erupted in intra-oceanic arcs are not contaminated by
ancient sialic crust, and their compositions more accurately record partial melting processes
in the mantle wedge. They are also the sites of generation of intermediatesilicic middle
crust and volcanic rocks, probably representing the earliest stage of generation of andesitic
continental crust by partial melting of basaltic lower crust. They are the best locations in
which to study mantle flow in the vicinity of subducting slabs using both geophysical and
geochemical methods. They are the sites of significant hydrothermal activity and metallo-
genesis. The fact that their hydrothermal discharges typically occur shallower in the ocean
than those from mid-ocean ridge vents means that they have the potential for greater

environmental impact.

Volcanic arcs form above subduction zones,
where oceanic plate is recycled back into the
Earth’s interior, and are the most visible mani-
festations of plate tectonics — the convection
mechanism by which the Earth loses heat. The
total length of margins where oceanic crust is
being subducted (approximately the same as the
total length of volcanic arcs) on Earth is about
43500 km (von Huene & Scholl 1991). Most of
this length of arc is situated on continental crust
and is marked by spectacular, large and, often,
entirely subaerial volcanoes, as typified by the
Andes, Japan, the Cascades and Central
America. Much research on subduction zones
has concentrated on such continental arcs
because of their accessibility, their clear associ-
ation with metalliferous mineralization, and
their manifest relationship to volcanic and
seismic hazards.

Some 17000 km, or nearly 40%, of the global
length of volcanic arc is not situated on the con-
tinental margins, but is instead situated on
oceanic crust. These intra-oceanic arcs are the
subject of this book. Intra-oceanic arcs are
significantly less well studied than continental
arcs. The main reason for this is that they are
typically mostly submerged below sea level,
sometimes with only the tops of the largest vol-
canoes forming islands. They also occur in some

of the most remote places on Earth and it has
proved difficult to persuade funding agencies to
provide time for research ships to transit to
many of the key localities.

Nevertheless, intra-oceanic arcs provide vital
scientific information on how subduction zones
work that is very difficult, or impossible, to
obtain by studying continental arcs. Because
they are situated on thin, dominantly mafic
crust, significant contamination of magmas by
easily fusible sialic crust cannot normally occur
(Wilson 1989). It is therefore significantly more
straightforward to understand magma-
generation processes in the mantle in intra-
oceanic arcs. They are also thought to represent
the first stage in the poorly understood process
by which basaltic, oceanic crust is modified to
form continental crust, at least in post-Archaean
times (Rudnick 1995; Taylor & McLennan
1995). Intra-oceanic arcs may also have a
particular environmental importance in that
they are the main locations where there is signifi-
cant hydrothermal discharge in shallow oceans
(de Ronde et al. 2001).

What exactly are intra-oceanic arcs? They are
magmatic arcs within ocean basins, built on crust
of oceanic derivation. Such crust might be ocean
crust formed at either mid-ocean ridges or back-
arc spreading centres, crust forming part of an
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oceanic plateau, crust formed by accretion of
oceanic sediments in a subduction zone fore-arc
or earlier intra-oceanic arc material. The variety
of rocks that can form the basement to intra-
oceanic arcs hints at the complexity that many of
them show in detail. In fact, of the currently
active intra-oceanic arcs only the central and
western Aleutian arc overlies crust formed at a
mid-ocean ridge. Perhaps it is better to define
intra-oceanic arcs by what they are not - they do
not overlie basement consisting of continental
crust. Intra-oceanic arcs — as we define them —
are equivalent to ensimatic arcs (Saunders &
Tarney 1984) and are approximately equivalent
to the ‘oceanic island arcs’ of Wilson (1989).

Over the last decade, there has been an enor-
mous increase in knowledge of intra-oceanic
arcs. New maps have become available, through
the availability of Geosat and ERS 1 satellite
altimetry data (Livermore et al. 1994; Sandwell
& Smith 1997), and through greatly increased
coverage by swath bathymetry mapping (Mar-
tinez et al. 1995; Deplus ef al. 2001). The seismic
velocity structure of arc crust has been deter-
mined in unprecedented detail using ray-tracing
inversion in controlled-source seismology
(Suyehiro et al. 1996; Holbrook et al. 1999). The
seismic velocity structure of the upper mantle in
the vicinity of arcs has been revealed using
tomographic inversion in earthquake seismol-
ogy (Zhao et al. 1992,1997). Relocation of earth-
quake hypocentres using improved methods has
provided better definition of Wadati-Benioff
zones, showing the position of subducted slabs in
the mantle (Engdahl et al. 1998). At the same
time improvement in inductively coupled
plasma-mass spectronomy (ICP-MS) techniques
for high-precision determination of trace
element abundances (e.g. Pearce et al. 1995;
Eggins et al. 1997), and advances in radiogenic
isotope analysis, have had a huge impact on the
understanding of chemical fluxes in the mantle
wedge and time constraints on magma ascent
(Morris et al. 1990; Elliott et al 1997,
Hawkesworth et al. 1997).

Most previous special volumes or books on
the subject have tended to deal with intra-
oceanic arcs as a subset of convergent margins.
Gill (1981), Thorpe (1982) and Tatsumi &
Eggins (1995) provide excellent introductions to
volcanic arcs, although the first two are now
somewhat dated. The monograph Subduction
Top to Bottom (Bebout et al. 1996) contains a
wide range of recent papers on subduction
zones. Other recent volumes concentrate on
particular topics: The Behaviour and Influence
of Fluids in Subduction Zones (Tarney et al.
1991), Backarc Basins (Taylor 1995) and Active

Margins and Marginal Basins of the Western
Pacific (Taylor & Natland 1995).

Characteristics of intra-oceanic arcs

The locations of the intra-oceanic arcs of the
world are shown in Figure 1. All are in the
western Pacific region, except three — the Aleut-
ian arc in the north Pacific, and the Lesser
Antilles and South Sandwich arcs, both in the
Atlantic Ocean. The main physical character-
istics of the arcs are compared in Table 1, and a
schematic cross-section of an intra-oceanic sub-
duction system is shown in Figure 2.

Convergence rates

Convergence rates vary from ¢. 20 mm a-! in the
Lesser Antilles arc to 240 mm a~! in the north-
ern part of the Tonga arc, the highest subduc-
tion rates on Earth (Bevis et al. 1995). Typical
rates are in the range 50-130 mm a~!. Note that
intra-arc variations are almost as large as inter-
arc ones. For example, in the Aleutian arc, con-
vergence rates are about 66 mm a~! beneath the
eastern part of the arc where convergence is
almost perpendicular to the trench (DeMets ez
al. 1990, 1994), and slightly higher in the
western part of the arc, around 73 mm a™l.
However, because of the curvature of the arc,
the convergence direction becomes increasingly
oblique westwards to the point of becoming
almost pure transform motion (Creager & Boyd
1991). Convergence rates vary along the
Solomon arc mainly because two different
plates are being subducted — the Solomon Sea
and Australian plates, which are separated by
an active spreading centre. Rates are signifi-
cantly higher (135 mm a!) for the Solomon
Sea-Pacific convergence to the north of the
triple junction than for the Australian-Pacific
convergence (97 mm a-!) to the south (Mann et
al. 1998). Most of the large variation in conver-
gence rate along the Tonga—Kermadec arc is
related to clockwise rotation of the arc accom-
modated by extension in the back-arc basin,
which is spreading at a rate of 159 mm a~' (full
rate) at the northern end of the Lau Basin
(Bevis et al. 1995).

In several cases, there are uncertainties about
rates of convergence because of uncertainties in
rates of back-arc extension, which preclude
calculation of convergence rates from major
plate motions (DeMets et al. 1990, 1994). Con-
vergence rates at the Mariana Trench are poorly
constrained, mainly for this reason. Estimates of
opening rates for the central and southern parts
of the Mariana Trough back-arc basin range
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Fig. 1. Locations of modern intra-oceanic subduction systems (Mollweide projection). Trenches associated
with these systems are marked by barbed lines. Other plate boundaries are shown as thin solid lines.
Intra-oceanic subduction systems marked by numbers enclosed in circles are: 1, MacQuarie; 2,
Tonga-Kermadec; 3, Vanuatu (New Hebrides); 4, Solomon; 5, New Britain; 6, Halmahera; 7, Sangihe; 8,
Ryukyu; 9, Mariana; 10, Izu-Ogasawara (Bonin); 11, Aleutian; 12, Lesser Antilles; 13, South Sandwich. The
Halmahera and Sangihe arcs are shown in their Neogene configuration; they are now in collision.

between 30 and 50 mm a~! (Martinez & Taylor
2003). When combined with the plate kinematic
model of Seno et al. (1993) these rates imply con-
vergence rates >50 mm a! at the southern part
of the Mariana Trench, increasing northward to
>70 mm a! at the central part of the trench.
Similar uncertainties exist for the Izu-
Ogasawara arc along which convergence rates
between the subducting Pacific and overriding
Philippine Sea plates increase northwards from
47 to 61 mm a1, according to the plate kinematic
model of Seno et al. (1993). The total conver-
gence rates at the trench may be 1-3 mm a!
faster than these rates as a consequence of intra-
arc rifting (Taylor 1992). In several arcs accurate
convergence rates have been accurately deter-
mined by geodetic Global Positioning System
(GPS) measurements (Tonga-Kermadec, Bevis
et al. 1995; Vanuatu, Taylor et al. 1995; Lesser
Antilles, DeMets et al. 2000; Perez et al. 2001;
Weber et al. 2001).

Ages of slabs

Ages of subducting slabs range from Late
Jurassic (c. 152 Ma, Nakanishi et al. 1989) in the
case of the Pacific Plate subducted beneath the
Maraina arc, the oldest ocean floor currently
being subducted anywhere in the world, to
close to zero age along part of the Solomon arc
(Mann et al. 1998). Along-arc variations in slab
ages are not large. Of the arcs in Table 1, the
age of the plate subducting beneath the
Tonga-Kermadec arc is, perhaps, the most
uncertain. The subducting slab is mid-Late
Cretaceous in age, having formed by fast
spreading at the Osbourn Trough, a fossil
spreading centre that is now being subducted
orthogonally to the trench. It has been sug-
gested that the youngest crust generated at the
Osbourn Trough may be as young as 70 Ma
(Billen & Stock 2000), although others have
argued that regional tectonic constraints pre-
clude spreading at the Osbourn Trough more
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Fig. 2. Schematic cross-section of an intra-oceanic subduction zone, not to scale. The outer forearc (stippled)
is the site of either sediment accretion or subduction erosion.

recently than 100 Ma (e.g. Larter et al. 2002),
which gives a minimum age for the subducting
slab. The Lesser Antilles and South Sandwich
arcs show the greatest intra-arc variations in
ages of subducting slabs (respectively, Jurassic
or Early Cretaceous-Late Cretaceous, West-
brook et al. 1984, and 27-83 Ma, Barker &
Lawver 1988; Livermore & Woollett 1993).

Topography of subducting plates

There are large variations in the topography of
the subducting plates. Whereas some are rela-
tively smooth, some contain ridges and
seamounts that affect subduction and arc
tectonics. The Jurassic ocean floor subducting at
the Mariana arc is overlain by Cretaceous alkali
basalts and numerous seamounts that continu-
ally collide with the trench. The Louisville Ridge
hot-spot chain subducting at the Tonga—
Kermadec Trench has caused indentation of the
forearc. More dramatically, collision of the
D’Entrecasteaux Ridge (an extinct arc) with the
Vanuatu arc is causing uplift of the forearc,
thrusting of the central part of the arc eastwards
towards the rear-arc and development of a series
of strike-slip faults approximately perpendicular
to the arc (Maillet et al. 1995; Taylor et al. 1995).
Similarly, recent uplift of the Solomon arc is
probably a consequence of collision of the
Coleman Seamount with the trench (Mann et al.
1998).

Sediment thickness

Sediment thicknesses are more variable than
perhaps implied in Table 1, where several of the
thicknesses are taken from Deep Sea Drilling
Project (DSDP) or Ocean Drilling Program
(ODP) cores. Sediment cover is commonly
thinner over basement highs, and the resulting
condensed sequences are sometimes targeted for
drill sites. This tends to produce underestimates
in subducted sediment thicknesses in compila-
tions such as Table 1. Variations in thickness and
composition of subducted sediments are prob-
ably greatest where arcs are close to, or cut
across, ocean—continent boundaries. Thus, the
sediment on the subducting plate arriving at the
Lesser Antilles Trench increases dramatically
southward toward the South American conti-
nental margin, where a >6 km-thick turbiditic fan
is fed from the Orinoco River (Westbrook et al.
1984), of which 1 km is probably subducted and
the rest added to an accretionary complex (West-
brook et al. 1988). By contrast, DSDP Site 543,
near the northern part of the arc, showed just 410
m of sediment overlying basaltic basement on the
subducting plate. Seismic reflection profiles here
show that the upper 200 m of sediment is
scrapped off and added to the accretionary
complex, while the rest of the succession is sub-
ducted (Westbrook et al. 1984). There is a similar
increase in terrigenous input derived from the
New Zealand continent southward along the
Tonga-Kermadec arc (Gamble ez al. 1996).
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Accretion v. non-accretion

Most modern intra-oceanic arcs are non-accret-
ing, i.e. there is little or no net accumulation of
off-scrapped sediment forming accretionary
complexes. In other words, all the sediments
arriving at the trenches are subducted (over a
period) into the mantle. The two exceptions are
the Lesser Antilles and Aleutian arcs, both of
which have relatively high sediment inputs and
where accretionary complexes have formed.

Back-arc spreading

Most of the arcs in Table 1 have closely associ-
ated back-arc rifts. Only the Solomon and Aleut-
ian arcs are exceptions in having no apparent
back-arc spreading. In most cases, the back-arc
extension takes the form of well-organized
seafloor spreading for at least part of the length
of the back-arc. Such spreading appears to follow
arc extension and rifting in at least some cases.
The Mariana arc has had an especially complex
history of arc and back-arc extension, starting
with axial rifting of an Oligocene volcanic arc at
about 29 Ma, beginning development of the
back-arc Parece Vela Basin (Taylor 1992). A
second episode of arc rifting started in Late
Miocene—Pliocene times when the West Mariana
Ridge rifted away from the active arc to form the
Mariana Trough (Fryer 1996). The Mariana
Trough is currently opening by seafloor spread-
ing for most of its length, where mid-ocean ridge
basalt (MORB)-like lavas are erupted, and by
rifting of arc crust in its northern part (Martinez
et al. 1995), where compositions are indistin-
guishable from those of the magmatic arc
(Stolper & Newman 1994; Gribble et al. 1998).

The Izu-Ogasawara arc had similar early tec-
tonic and magmatic histories to those of the
Mariana arc (Taylor 1992; Macpherson & Hall
2001). An Oligocene arc rifted parallel to its
length at ¢. 22 Ma to form the back-arc Shikoku
Basin. However, a second episode of Late
Pliocene—Recent arc-parallel rifting formed a
series of rift basins in the present rear-arc that
have not developed to ocean spreading centres
(Taylor 1992). Ishizuka et al. (2003) present new
Ar-Ar geochronological data to define the vol-
canic and extensional history of the arc and
back-arc.

The East Scotia Ridge consists of nine mostly
well-organized spreading segments (with a
possible poorly defined tenth at the southern
end of the ridge). The central segments are rift-
like and erupt MORB (Livermore et al. 1997,
Fretzdorff et al. 2002; Livermore 2003), but one
segment in the south appears to have recently

developed from arc extension to ocean spread-
ing (Bruguier & Livermore 2001). Lavas tend to
become compositionally more similar to the arc
at the ends of the ridge, where it is close to the
arc volcanic front (Fretzdorff et al. 2002). A
similar relationship is observed in the Lau Basin
back-arc to the Tonga arc, where water and
other slab-derived chemical tracers increase as
distance from the arc volcanic front decreases
(Pearce et al. 1994; Peate et al. 2001). This in turn
controls magma supply and crustal thickness in
the back-arc (Martinez & Taylor 2002). Mar-
tinez & Taylor (2003) report similar variations
related to distance from the arc volcanic front in
the Manus Basin and Mariana Trough.

Arc crustal thickness and pre-arc basement

Figures for the thickness of the crust of arcs are
only shown in Table 1, where high-quality wide-
angle seismic and gravity data exist. Arc thick-
nesses depend on arc maturity, tectonic
extension or shortening, and the thickness of
pre-arc basement. Only approximately, there-
fore, is it true to say that the thin crusts of the
South Sandwich (Larter et al. 2003) and
Izu-Osgaswara (Suyehiro et al. 1996) arcs repre-
sent arcs in the relatively early stages of develop-
ment, whereas the Lesser Antilles (Boynton et
al. 1979) and Aleutian (Fliedner & Klemperer
1999; Holbrook et al. 1999) arcs with their
thicker crusts are more mature.

Pre-arc basements of the arcs are very vari-
able. The central and western parts of the Aleut-
ian arc are built on Cretaceous oceanic plate that
underlies the Bering Sea, and this is the only
intra-oceanic arc built on normal ocean crust.
The South Sandwich arc is a little more complex,
being built on ocean plate formed since ¢. 10 Ma
at the back-arc East Scotia Ridge spreading
centre (Larter e al. 2003). Several of the arcs in
Table 1 are built on earlier arc rocks. The
present Izu—Ogasawara arc is built on stretched
Eocene-Oligocene arc crust (Taylor 1992). The
New Britain arc overlies a basement of
Eocene-Miocene intra-oceanic arc rocks
(Madsen & Lindley 1994; Woodhead et al. 1998)
formed before a reversal in subduction polarity
(Benes et al. 1994). Similarly, the Neogene
Halmahera arc overlies ophiolitic basement and
Early Tertiary arc volcanic rocks (Hall er al.
1991), and the basement to the Sangihe arc is
also thought to consist of pre-Miocene ophiolitic
or arc crust (Carlile et al. 1990).

Some of the arcs have more complex base-
ment. The basement to the Solomon arc falls in
to this category, and at present probably
constitutes a zone of diffuse deformation at the
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edge of the Pacific Plate. It consists of several
oceanic terrains, including parts of the Ontong
Java Plateau, as well as MORB sequences
(Petterson et al. 1999). The basement of the
Lesser Antilles arc is poorly known. It probably
consists of mid-Cretaceous—Palaeocene arc and
accretionary complex crust, and possibly thick
oceanic crust of the Caribbean Plateau (Mac-
donald et al. 2000). The volcanic rocks of this arc
show evidence for widespread contamination by
a sediment source during magma ascent. This
contaminant increases to the south and is
thought to be the old accretionary complex
material forming basement to the arc (Davidson
& Harmon 1989; Davidson 1996; van Soest et al.
2002). A parallel trend of southward-increasing
sediment input to the mantle sources of the
magmas is observed (Turner er al. 1996).

Exhumed intra-oceanic arcs

Structures of modern magmatic arcs inferred
from geophysics and petrology can be ‘ground-
truthed’ by studies of sections through arcs
exposed by orogenic process. Slivers of arc crust
are common, probably ubiquitous in collisional
orogens. It is rare, however, for complete crustal
sections through arcs from mantle to volcanic
cover to be exposed. Well-documented
examples include the Kohistan, Pakistan (Miller
& Christensen 1994), Talkeetna, Alaska
(DeBari & Sleep 1991) and Canyon Mountain,
Oregon (Pearcy et al. 1990) arcs. All of these
examples are thought to have been intra-
oceanic. The Kohistan arc, in particular, has
provided critical information on the seismic and
petrological structure of arc crust (Chroston &
Simmons 1989; Miller & Christensen 1994).
DeBari & Sleep (1991) demonstrated that the
Talkeetna arc can be used for mass-balance
calculations to determine the composition of
mantle-derived magma feeding the arc, and
argued that it was high-Mg (and low-Al) basalt.

Current research themes

Mantle flow beneath arc and back-arc
systems

Intra-oceanic arcs are the prime locations for
geophysical and geochemical investigations into
relationships between mantle flow and subduc-
tion. Intra-oceanic arcs lack the thick sialic crust
that acts as a contaminant and density filter in
continental arcs, and most magmas in them rise
to the surface relatively unmodified from their
original mantle-derived compositions.

It is now accepted that the majority of mafic
magmas erupted in all volcanic arcs are derived
by volatile-fluxed partial melting of peridotite in
the mantle wedge, rather than by melting of the
subducting slab (Tatsumi 1989; Pearce & Peate
1995; Tatsumi & Eggins 1995). Indeed, the
characteristics of slab-melts are well known, and
they form a distinctive, but relatively rare (at
least in the post-Archaean record), type of sub-
duction zone magma known as adakite (Defant
& Drummond 1990).

Two-dimensional models for partial melting
of mantle and the mantle ‘corner’ flow induced
by the subducting plate in subduction zones are
well developed (Davies & Stevenson 1992;
Tatsumi & Eggins 1995; Winder & Peacock
2001). Extraction of a melt fraction from the
mantle as it flows beneath back-arc spreading
centres toward the arc is believed to cause the
reduction in ratios of more incompatible,
relative to less incompatible, trace elements
(such as Nb/Yb and Nb/Ta) in arc basalts com-
pared to MORBs (Woodhead et al. 1993, 1998;
Pearce & Peate 1995). Such models of mantle
flow have been adapted to explain variations in
magma supply in back-arc basins by Martinez &
Taylor (2002, 2003). Detailed seismic tomogra-
phy images of the mantle beneath the NE Japan
arc have been interpreted, together with other
data, as evidence that mantle flow from back-arc
to forearc is organized into ‘hot fingers’ (Tamura
et al. 2002; Tamura 2003). However, measure-
ment of seismic anisotropy beneath the Tonga
arc and Lau Basin shows that mantle flow is
locally parallel to the arc, and cannot be
explained by coupling to the subducting slab
(Smith et al. 2001). This is consistent with geo-
chemical data indicating flow of mantle from the
Samoan mantle plume around the north edge of
the slab and into the back-arc (Turner &
Hawkesworth 1998). Similar arc-parallel flow
into a back-arc is thought to occur at the north-
ern and southern ends of the slab beneath the
South Sandwich arc (Livermore et al. 1997; Leat
et al. 2000; Harrison et al. 2003; Livermore 2003).
Questions remain as to what effect arc-parallel
mantle flow has on magma compositions and
supply in subduction zones.

Primary magmas and ultramafic keels

The major element composition of magmas
feeding arcs from the mantle has been a subject
of debate, particularly regarding the Mg and Al
contents of primary magmas. Mafic composi-
tions in arcs have variable MgO content, but
with an abrupt cut-off at about 8 wt% MgO (less
in the case of mature arcs), with very few, or
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zero, higher-Mg but non-cumulate compositions
(Davidson 1996). One question is, therefore,
whether this cut-off point represents the MgO
content of the mantle-derived parental magmas,
or whether the mantle-derived parental magmas
are significantly more Mg-rich (>10% MgO),
but are normally unable to reach the surface and
erupt. Such high-Mg, primitive magmas have, in
fact, been identified in many arcs, but are always
volumetrically very minor. Their presence in
many intra-oceanic and continental arcs indi-
cates that they are, indeed, parental to arc mag-
matism (Ramsey et al. 1984; Heath et al. 1998;
Macdonald et al. 2000). It has been argued that
they have difficulty in traversing the crust
because of their relatively high density (Smith et
al. 1997) and the difficulty of traversing the crust
without encountering magma chambers (Leat et
al. 2002). Pichavant & Macdonald (2003)
examine phase relationships of magnesian arc
basalts and argue that only the most water-poor
primitive magmas are able to traverse the crust
without adiabatically freezing, explaining the
rarity of primitive magmas in arcs. This raises
further questions about the extent to which
erupted and sampled primary magmas in arcs
are typical of mantle-derived melts in arcs.
There is a related debate about the origin of
high-Al basalts, which have greater than
¢. 17 wt% Al,O; and are characteristic of arcs.
Crawford et al. (1987) reviewed the arguments
and concluded that accumulation of plagioclase
was the origin of the high Al abundances. These
debates highlight the difficulty in modelling frac-
tionation histories of arc magmas, even in intra-
oceanic arcs, where primitive magmas are
normally absent, and both addition and frac-
tional removal of phenocrysts has occurred.

If the mantle-derived magmas are Mg-rich, the
transition from primitive melts to low-Mg basalts
by fractional crystallization must generate
significant thicknesses of mafic and ultramafic
cumulates. This is consistent with the presence of
high-velocity (P-wave velocity = 6.9-7.5 km s!)
layers several kilometres thick that have been
seismically detected at the base of the crust in
some intra-oceanic arcs (Suyehiro et al. 1996;
Holbrook et al. 1999). Seismic velocity measure-
ments on samples of exposed lower crust of the
exhumed Kohistan arc strongly suggest that
these high-velocity keels consist of ultramafic
cumulates (Miller & Christensen 1994).

Slab-derived chemical components in
intra-oceanic arcs

Subduction zones are the most important sites
for fractionation of elements between different

crustal and mantle reservoirs, and sites where
crustal materials are returned to the mantle.
They are therefore crucial for understanding the
geochemical evolution of the Earth, at least
since Archaean times (Hofmann & White 1982;
Hart 1988; Dickin 1995; Tatsumi & Kogiso
2003). Geochemical studies of basalts from
intra-oceanic arcs have been particularly
important in determining how elements from
different reservoirs are cycled through the
mantle wedge, as contamination of magmas by
ancient continental crust cannot have occurred.
It has long been known that basalts of volcanic
arcs are geochemically distinct from those
erupted far from subduction zones. They nor-
mally have lower abundances of some incom-
patible trace elements (e.g. Nb, Ta, Zr, Hf, Ti
and heavy rare earth elements) and higher abun-
dances of others (e.g. K, Rb, Ba, Sr, Th, U and
light rare earth elements), interpreted to be a
result of addition of a ‘subduction component’
from the slab to the mantle wedge source of the
basalts (Pearce 1983; Woodhead et al. 1993;
Hawkesworth et al. 1994; Pearce & Peate 1995).
Recent work has shown that the subduction
component can be broken down into varying
proportions of more fundamental components —
the main ones are thought to be sediment and
aqueous fluid. The sediment component (prob-
ably partial melt of sediment) varies in composi-
tion according to the type of sediments that are
carried down the subduction zone with the slab.
It is characterized by high light/heavy rare earth
element, Th/Nb and Th/TDb ratios (Elliott et al.
1997; Woodhead et al. 1998). It sometimes has
the continental isotopic signatures of high
87Sr/%6Sr and low 13Nd/!144Nd (Turner et al. 1996;
Elliott et al. 1997, Class et al. 2000; Macpherson
et al.2003), and the cosmogenic signature of high
10Be (Morris et al. 1990). The aqueous fluid
component is derived by dehydration of basaltic
slab and dewatering of sediments, and is
characterized by high Ba/Th, Ba/Nb, B/Be and
Cs/Rb ratios (Ryan er al. 1995; Elliott et al.
1997; Hawkesworth et al. 1997, Turner &
Hawkesworth 1997; Peate & Pearce 1998). In
other words, it is enriched in elements that
experiments demonstrate are highly soluble in
aqueous fluids at temperatures appropriate for
the surface of the down-going slab (Brenan et al.
1995; Johnson & Plank 1999). Partial melts of
the basaltic slab (adakites) may also be a minor
component in some subduction zone magmas
(Bédard 1999). However, much needs to be
done in order to understand the nature of the
element-transporting fluids, and methods of
constraining the successive depletion and
enrichment events in subduction environments.

The greater solubility of U than Th in aqueous
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fluids moving from the slab to the mantle wedge
commonly results in a type of isotopic disequi-
libria between these elements in the erupted
magmas, in which 2*8U/2*Th is positively corre-
lated with other tracers of the aqueous fluid
component, such as Ba/Th. This type of disequi-
librium is especially characteristic of intra-
oceanic arcs (Elliott ef al. 1997; Hawkesworth et
al. 1997). The U-Th isotope disequilibria can be
used to calculate the time lapse since fractiona-
tion of U from Th during slab dehydration, pro-
viding critical evidence for the timescales of melt
migration (Hawkesworth ez al. 1997). Results
range from 90 ka for the Lesser Antilles (Turner
et al. 1996) to 30-50 ka for the Tonga-Kermadec
arc (Turner & Hawkesworth 1997) and c. 30 ka
for the Mariana and Aleutian arcs (Elliott et al.
1997; Turner et al. 1998). However, the longer
time for the Lesser Antilles probably includes 50
ka of magma residence in the crust, and the time
for fluids and melt transport in the mantle seems
to be consistently 30-50 ka. 2?Ra is a shorter-
lived isotope (half-life of 1662 years) in the same
chain as 2Th. Some arc magmas have excess
226Ra relative to 23°Th, but, because of the short
half-life, these cannot result from the same slab
dehydration processes as U-Th disequilibria
and are assumed to reflect magma fractionation
processes (Hawkesworth et al. 1997).

Formation of boninites

Boninites are rare, high-Mg, high-Si magmas of
magmatic arcs. They dominantly occur in intra-
oceanic arcs (Crawford er al. 1989). Their
chemistry indicates that they were derived
from depleted, harzburgitic sources in rela-
tively shallow, lithospheric mantle that were
subsequently enriched in incompatible
elements. These incompatible elements were
probably transported from subducting slabs as
aqueous fluids derived from dehydration, as
melts of sediment, and perhaps as partial melts
of the slab crust (Crawford et al. 1989; Hickey-
Vargas 1989; Taylor et al. 1994; Bédard 1999).
The precise combination of circumstances that
cause boninitic magmatism is debatable. Most
authors appeal to processes in the evolution of
subduction zones, whereas Macpherson & Hall
(2001) suggested that heat convected by mantle
plumes may have been critical in genesis of the
Eocene  Izu-Bonin-Mariana  boninites.
Deschamps & Lallamand (2003) describe the
tectonic setting of boninites from Pacific arcs
and show that intersection of a back-arc
spreading centre with either an arc or a trans-
form plate boundary are the most favourable
sites for their generation.

Origin of silicic magmas

Intra-oceanic arcs dominantly erupt mafic
magmas (basalt and basaltic andesite). Recently,
however, there has been increasing recognition
that silicic magmas form a significant proportion
of their output. Tamura & Tatsumi (2002)
showed that the Izu-Bonin arc is composition-
ally bimodal with maxima at both mafic and
silicic compositions and a minimum at andesite,
based on 1011 analyses from volcanic front vol-
canoes. This is in striking contrast to the tra-
ditional view of island arcs being dominated by
andesite (e.g. Gill 1981). Analysis of ashes from
cores from the Izu-Bonin and Mariana fore- and
back-arcs provides further evidence for overall
mafic-silicic bimodality in the arcs, or at least a
high proportion of silicic magmas (Arculus et al.
1995; Straub 1995). Mafic-silicic bimodality is
also becoming very evident in individual vol-
canoes of intra-oceanic arcs, and examples have
been described from the Vanuatu arc (Robin et
al. 1993; Monzier et al. 1994), the Tonga—
Kermadec arc (Worthington et al. 1999; Smith et
al. 2003) and the South Sandwich arc (Leat et al.
2003). Furthermore, it is becoming clear that
there is a common, but possibly not ubiquitous,
association of these silicic and bimodal
basalt-silicic magmas with calderas. The
calderas are typically 3-7 km in diameter and,
because they are typically flooded, completely
submerged or ice filled (in the South Sandwich
Islands), many have only recently been discov-
ered. Examples include the Raoul, Macauley
and Brothers volcanoes in the Kermadec arc
(Lloyd et al. 1996; Worthington et al. 1999,
Wright & Gamble 1999), the Ambrym and
Kuwar volcanoes, Vanuatu arc (Robin et al.
1993; Monzier et al. 1994), the South Sumisu and
Myojin Knoll volcanoes, Izu-Bonin arc (Taylor
et al. 1990; Fiske et al. 2001) and Southern Thule,
South Sandwich arc (Smellie er al. 1998).

The traditional view on the origin of silicic
magmas in intra-oceanic arcs is that they are
generated by fractional crystallization of more
mafic magmas (e.g. Ewart & Hawkesworth 1987,
Woodhead 1988; Pearce et al. 1995). Recently,
several authors have questioned this, and argued
that the silicic rocks are generated by partial
melting of andesitic (Tamura & Tatsumi 2002)
or basaltic (Leat et al. 2003; Smith et al. 2003)
igneous rocks within the crust. The debate is
critical to understanding the way in which arc
crust, and ultimately continental crust, is
formed. The arguments are geochemical and
also based on volume relationships. Suyehiro et
al. (1996) identified a mid-crustal layer some 6
km thick in the Izu-Bonin arc that has a P-wave
velocity of 6.0-6.3 km s. Larter et al. (2001)
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reported a similar, but thinner, layer in the
South Sandwich arc. Suyehiro et al. (1996) and
Larter ef al. (2001) interpreted these layers as
being intermediate-silicic plutonic rocks. The
intermediate (tonalitic) to silicic Tanzawa plu-
tonic complex, Honshu, Japan, is thought to be
the lateral correlative of the 6.0-6.3 km s7! layer
in the Izu-Bonin arc. Geochemical and experi-
mental results suggest that the tonalite was
generated by c¢. 59% partial melting of hydrous
basalt in the lower crust of the arc (Kawate &
Arima 1998; Nakajima & Arima 1998), con-
sistent with the experimental evidence for
generation of silicic magmas by partial melting
of amphibolites of Rapp & Watson (1995).

The role of subduction zones in the
evolution of continental crust

Mechanisms for the evolution of continental
crust are critical for understanding the evolution
of Earth and its geochemical reservoirs. Vol-
canic arcs are traditionally thought to be the
main sites of production of continental crust
from mafic progenitors, particularly in post-
Archaean times, with intra-oceanic arcs being
the first stage of the process. This view has been
encouraged by the fact that the dominant com-
position of lavas and pyroclastic deposits of
many arcs (especially continental ones) is
andesite (Gill 1981). Such andesite has a very
similar major and trace element composition to
bulk continental crust (Taylor & McLennan
1985; Rudnick 1995). However, in calculations
of the composition of crust produced in volcanic
arcs, the composition of volcanic products is
largely irrelevant — what matters is the composi-
tion of magma added to the crust from the
mantle, i.e. the composition of the magma flux
across the Moho, and this is basaltic, not
andesitic. Moreover, it is probably a high-Mg
basalt containing some 12 wt% MgO (DeBari &
Sleep 1991; Davidson 1996). If continental crust
were derived from such basaltic magma gener-
ated from the mantle wedge, the crust would
need to have been very significantly changed in
composition. Continental crust has higher abun-
dances of Si, alkalis and incompatible trace
elements, lower abundances of Mg, and higher
ratios of light rare earth elements to heavy rare
earth elements than volcanic arc basalts (Pearcy
et al. 1990; Rudnick 1995). Processes invoked to
account for the change in composition from
basaltic arc crust to continental crust include: (i)
partial melting of basalt to generate inter-
mediate and silicic material, which is added to
the middle and upper crust as plutons and lavas;

(ii) return to the mantle (‘delamination’) from
the lower crust of mafic and ultramafic residue
from such partial melting and ultramafic cumu-
lates derived by fractional crystallization of
mafic magmas; and (iii) injection of alkali- and
trace-element-rich magmas into the crust after
the lithosphere has been thickened to the garnet
stability zone, presumably during arc-arc and
arc—continent collisions (Pearcy et al. 1990;
DeBari & Sleep 1991; Rudnick 1995; Taylor &
McLennan 1995; Holbrook et al. 1999; Tatsumi
& Kogiso 2003). Clift et al. (2003) describes
crustal evolution of intra-oceanic arc material
during arc—continent collisions in Taiwan and
Ireland.

The detailed seismic velocity structure of the
Izu-Bonin arc crust suggests that a 6 km-thick
intermediate to silicic mid-crustal layer (P-wave
velocity = 6.0-6.3 km s7!) and 8 km-thick
ultramafic lower crust (P-wave velocity =7.1-7.3
km s!) are present (Suyehiro et al. 1996). These
observations are consistent with some of the
ideas about crustal modification mentioned
above. However, in the central Aleutians mid-
crustal material with velocities of 6.0-6.3 km s~!
is virtually absent, and velocities in the thick
lower crust (up to 20 km) are generally slightly
lower than in the Izu-Bonin arc (Holbrook et al.
1999). A mid-crustal layer with velocities of
6.0-6.3 km s~! is present in the eastern Aleutian
arc (Fliedner & Klemperer 1999) and the south-
ern South Sandwich arc (Larter et al. 2001), but
in both locations it is only about 2 km thick. The
origin of such mid-crustal layers remains a
matter of debate, and it has been suggested that
the ultramafic lower crust to mantle transition is
gradational in some places beneath arcs (Flied-
ner & Klemperer 2000). Jull & Kelemen (2001)
have calculated that some arc lower crustal
lithologies have densities similar to, or greater
than, the underlying mantle at pressures >0.8
GPa and temperatures <800°C, possibly making
lowermost arc crust prone to delamination.
However, for crust comprising typical arc
lithologies, 0.8 GPa is equivalent to a depth of
about 28 km, which is deeper than the base of
the crust in many modern intra-oceanic arcs.

Hydrothermal processes

Back-arc spreading centres of intra-oceanic arcs
are well known as sites of hydrothermal activity.
Hydrothermal phenomena include white and
black smokers, and metallogenesis in both the
Lau Basin and the Manus Basin (Fouquet et al.
1991; Ishibasi & Urabe 1995; Kamenetsky et al.
2001). Hydrothermal plumes have also been
identified on the East Scotia Ridge (German et
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al. 2000). In these back-arc settings, the
hydrothermal activity is associated with both
basaltic and silicic volcanic centres (Ishibasi &
Urabe 1995).

There is increasing evidence, however, that
submerged volcanoes along the volcanic fronts
of intra-oceanic arcs are sites of considerable
hydrothermal activity. The first systematic
survey of any submerged arc for hydrothermal
activity revealed that seven out of the 13 sub-
marine volcanoes in the southern Kermadec arc
had hydrothermal plumes (de Ronde et al
2001). Baker et al. (2003) present detailed obser-
vations of the distribution of these plumes and
the composition of their particulate fraction.
Massoth et al. (2003) characterize the chemistry
of the gaseous and fluid components of the
plumes and consider the evidence for a mag-
matic contribution. Projection of this frequency
of hydrothermal activity to the global length of
submerged arcs suggests that hydrothermal
emissions from arcs may represent a significant
part of the global budget. Moreover, hydrother-
mal vent sites of arcs are much shallower than
those of mid-ocean and back-arc ridges, suggest-
ing that hydrothermal emissions from arcs have
a disproportionally high environmental impact
(de Ronde er al. 2001). Several volcanic front
volcanoes in the Mariana and Izu-Bonin arcs
are also hydrothermally active and are produc-
ing metalliferous deposits (Stiiben et al. 1992;
Tsunogai et al. 1994; lizasa et al. 1999; Fiske et al.
2001). Several of the hydrothermal vents in the
Izu-Bonin arc (Myojin Knoll; Fiske et al. 2001)
and the Kermadec arc (Brothers volcano;
Wright & Gamble 1999; de Ronde er al. 2001)
are within silicic calderas, and are associated
with Au-rich metalliferous deposits. This raises
the possibility that the calderas are formed by
collapse into shallow magma chambers and that
heat from the magma chambers drives the
hydrothermal systems The metalliferous
deposits may provide the closest analogues to
Kuroko-type deposits (lizasa et al. 1999).

Conclusions

* Nearly 40% of the global length of volcanic
arc is situated on crust of oceanic derivation
rather than continental crust, amounting to
some 17 000 km of intra-oceanic arcs.

e Intra-oceanic arcs are prime locations for
studies of mantle flow, elemental fluxes from
subducting slabs and mantle partial melting
processes in subduction systems, because such
processes are not obscured by continental
crust.

e There are very large variations in physical

characteristics of intra-oceanic arcs, especially
in convergence rates, ages, roughnesses and
thicknesses of sediment cover of subducting
slabs.

¢ Convergence rates range from c. 20 to 240 mm
a’l, and there are also large variations along
the lengths of individual arcs. In the absence
of geodetic GPS data, convergence rates are
often poorly constrained because of uncer-
tainties in rates of back-arc spreading.

¢ Only one intra-oceanic arc (the Aleutian arc)
is built on normal ocean crust. The others are
built on basements comprising a range of
oceanic lithologies, including ocean crust
formed at back-arc spreading centres, earlier
intra-oceanic arcs, accretionary complexes
and oceanic plateaux. It is, therefore, not
possible to characterize typical intra-oceanic
arc crust in terms of structure or thickness.

¢ Tt is becoming increasingly evident that silicic
magmas are an important component of intra-
oceanic arcs, often forming mafic-silicic
bimodal series associated with calderas, and in
some cases forming mid-crustal layers with P-
wave velocities of ¢. 6.0-6.3 km s~1. The silicic
magmas may represent partial melts of the
basaltic arc crust and, perhaps, the first stage
in the development of continental crust.

e There is increasing evidence that intra-
oceanic arc volcanoes are commonly sites of
considerable hydrothermal venting that may
form a significant part of the global hydrother-
mal venting budge into the oceans. Silicic
calderas in intra-oceanic arcs are commonly
sites of Au-rich metalliferous deposits.

We thank J. Turner and G. Westbrook for helpful
reviews of the paper.
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