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Preface

Intra-oceanic subduction systems are generally simpler than ones at continental margins as they
commonly have a shorter history of subduction and their magmas are not contaminated by ancient
sialic crust. Over the past decade, there has been an enormous increase in information on these sub-
duction systems, resulting from availability of new data types and application of improved analyti-
cal techniques. One current school of thought is that the greatest scientific advances will result from
concentrating research efforts on just one or two subduction zones. There is no doubt that this
approach has some advantages, but additional insights may be gained by comparing results from
several different subduction zones that are subject to a range of different input parameters (e.g.
convergence rate, roll-back rate, slab age, slab geometry, subducted sediment type, sediment sub-
duction rate, sediment accretion/subduction erosion rate, thickness of arc crust, duration of sub-
duction). Following this philosophy, we have edited this volume with the intention of providing
examples of how recent research on a variety of intra-oceanic subduction systems has led to
advances in understanding subduction-related tectonic, magmatic and hydrothermal processes. The
volume includes papers on most of the better-known intra-oceanic subduction zones, although in a
book of this size it is not possible to cover all aspects of each one.

This volume arose from a meeting with the same title held at the Geological Society, London, in
September 2001. This was a joint meeting of the Marine Studies Group, the Tectonic Studies
Group, and Volcanic and Magmatic Studies Group. Financial support to stage the meeting was pro-
vided by the British Antarctic Survey, the Marine Studies Group and the Volcanic and Magmatic
Studies Group. We would like to thank all those who contributed to the success of the meeting, and
to the production of this Special Publication. In particular, we are grateful to Clair Parks, Helen
Wilson and Jennifer Last at Burlington House, and Helen Floyd-Walker and Angharad Hills at the
Geological Society Publishing House. We also wish to acknowledge the people who gave their time
to review manuscripts submitted to this Special Publication. These include a number of people who
preferred to remain anonymous, and the following: J.F. Allan; J.H. Bédard; J.S. Collier; T. Gamo;
S.A. Gibson; J.B. Gill; R. Hickey-Vargas; J. Ishibashi; S.P. Kelley; W.P. Leeman; R. Macdonald;
C. Mac Niocaill; F. Martinez; T.A. Minshull; C. Miiller; B.J. Murton; D.W. Peate; B. Pelletier;
T. Plank; T.R. Riley; A.D. Saunders; D.W. Scholl; LE.M. Smith; Y. Tatsumi; B. Taylor; R.N. Taylor;
ML.F. Thirlwall; J.P. Turner; K.L. Von Damm; G.K. Westbrook.

Robert D. Larter
Philip T. Leat



Intra-oceanic subduction systems: introduction

P.T.LEAT & R.D. LARTER

British Antarctic Survey, High Cross, Madingley Road, Cambridge CB3 OET, UK

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 Aleutjan 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 intermediate—silicic 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

From: LARTER, R.D. & LEAT, PT. 2003. Intra-Oceanic Subduction Systems: Tectonic and Magmatic Processes.
Geological Society, London, Special Publications, 219, 1-17. 0305-8719/03/$15.00

© The Geological Society of London 2003.



2 P.T.LEAT & R.D. LARTER

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 ef al. 1994; Sandwell
& Smith 1997), and through greatly increased
coverage by swath bathymetry mapping (Mar-
tinez et al. 1995; Deplus et 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
Aatilles 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 c¢. 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 et
al. 1990, 1994), and slightly higher in the
western part of the arc, around 73 mm a1
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 a1 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-
arcrifting (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 ez 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



Table 1. Parameters of intra-oceanic subduction zones

HAIVIT I ® IVAT Ld

Arc Convergence Age of Sediment Sediment types Accreting/ Back-arc rifting Arc References
rate subducting slab thickness non-acereting crustal
(mma') (m) thickness
(km)
Tonga-Kermadec 60 (south) 1o Mid-Late 70-157 Pelagic clay, chert, Non-acereting Well-developed Fouquet et al. (1991), Plank &
240 (north) Cretaceous porcellanite, voleaniclastic ocean spreading in Langmuir (1993), Bevis et al. (1995),
(probably deposits. Increasing Lau Basin with Gamble er al. (1996), Larter ef al.
=100 Ma) terrigenous input to south hydrothermal venting (2002)
Vanuatu 103-118 Eocene-Oligocene 6350 Ash, volcaniclastic, deposits, Non-accreting Well-developed Plank & Langmuir (1993), Taylor
calcareous ooze oceanic spreading et al. (1995), Pelletier er al. (1998)
in the North Fiji Basin
Solomon 135 (Solomon (-5 Ma Clay, volcaniclastic, deposits, Non-accreting None Taylor & Exon (1987), Mann er al.
Sea-Pacific) and calcareous ooze (1998), Petterson er al. (1999)
97 ( Australian—
Pacific)
New Britain B0-150 c. 45 Ma Hemipelagic mud Well-developed Binns & Scott (1993), Benes e al.
ocean spreading in (1994), Tregoning er al. (1998),
the Manus Basin Woodhead er al. (1998), Tregoning
with hydrothermal (2002), Sinton et af. (2003)
venting
Mariana =501 (south) to €. 152 Ma 460 Siliceous ooze, volcaniclastic Non-accreting Complex history of Nakanishi ez al. (1989), Taylor
=70 (central) deposits, pelagic clay rifting. Currently (1992), Plank & Langmuir (1993),
well-developed Seno et al. (1993), Stern & Smoot
ocean spreading in (1998), Shipboard Scientific Party
Mariana Trough (2000), Martinez & Taylor (2003)
Tzu-Ogasawara >47 (south) 10 127-144 Ma 410 Siliceous ooze, volcanic ash, Non-accreting Complex history of .20 Nakanishi er al. (1989), Taylor
(Bonin) =61 (north) calcareous ooze, pelagic clay rifting. Recent (1992}, Seno er al. (1993),
formation of rift Suyehiro et al. (1996), Shipboard
basins in the rear-arc Scientific Party (2000)
Aleutian 66 (east) to 42-62 Ma 500 Siliceous ooze, clay, and Accreling None e. 30 Lonsdale (1988), DeMets
73 (west) tubiditic silts and sands et al. (1990, 1994), Creager & Boyd
(1991), Plank & Langmuir (1993),
Fliedner & Klemperer (1999),
Holbrook er al. (1999)
Lesser Antilles €. 20 Jurassic-Early Variable, from Subducted components: Accreting The back-arc Grenada  30-35 Boynton er al. (1979), Westbrook et
Cretaceous (south) 410 m at siliceous ooze, pelagic clay, Trough is heavily al. (1984, 1988), Speed & Walker
to Late Cretaceous  DSDP Site 543 carbonate ooze, turbiditic sedimented and (1991), Plank & Langmuir (1993),
(> ¢. 75-85 Ma) (north; 210 m  silts and sands probably extinct Dixon er al. (1998), DeMets ef al.
(north) subducted) to (2000), McDonald er al. (2000,
=6 km (south; Perez et al. (2001), Weber et al.
perhaps 1 km (2001)
subducted)
South Sandwich 67-79 83 Ma (north) to <200 {(south)  Siliceous mud (south) Non-accreting Well-developed ocean <20 Ninkovich et al. (1964), Barker &

27 Ma (south)

spreading along East
Scotia Ridge with
hydrothermal venting

Lawver (1988), Livermore &
Woollett (1993), Vanneste & Larter
(2002), Vanneste er al. (2002},
German ef al. (2000), Larter ef al.
(2003), Thomas et al. (2003)
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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 er 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 ez 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 et 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 ef 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 ef 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 e al 2003) and
Izu-Osgaswara (Suyehiro ez 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 er 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 ez 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 ez 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



INTRA-OCEANIC ARCS 7

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 e 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 et 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. Itis 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 er 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 ez
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
c. 17 wt% AlLO; 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/Tb ratios (Elliott et al.
1997, Woodhead et al. 1998). It sometimes has
the continental isotopic signatures of high
87Sr/%6Sr and low “3Nd/*Nd (Turner et al. 1996;
Elliott et al. 1997; Class er al. 2000; Macpherson
et al.2003), and the cosmogenic signature of high
10Be (Morris ef 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 et 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 ez 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 238U/20Th 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 et 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 et 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 ¢. 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 20Th. Some arc magmas have excess
226Ra relative to 230Th, but, because of the short
half-life, these cannot resuit 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 et 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 ez 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 mantie
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 er al. 1999;
Wright & Gamble 1999), the Ambrym and
Kuwar volcanoes, Vanuatu arc (Robin ef 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 er 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 L. Larter ez al. (2001)
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reported a similar, but thinner, layer in the
South Sandwich arc. Suyehiro ef al. (1996) and
Larter er 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 s~ layer
in the Izu-Bonin arc. Geochemical and experi-
mental results suggest that the tonalite was
generated by ¢. 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 s!) and 8 km-thick
ultramafic lower crust (P-wave velocity =7.1-7.3
km s') are present (Suyehiro ef 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 s71 is present in the eastern Aleutian
arc (Fliedner & Klemperer 1999) and the south-
ern South Sandwich arc (Larter ef 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 e al.
1991; Ishibasi & Urabe 1995; Kamenetsky er al.
2001). Hydrothermal plumes have also been
identified on the East Scotia Ridge (German et



INTRA-OCEANIC ARCS 11

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 er 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 et 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 et 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 (Iizasa 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 17000 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.

¢ 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
a1, 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.

¢ It 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~L. The silicic
magmas may represent partial melts of the
basaltic arc crust and, perhaps, the first stage
in the development of continental crust.

¢ 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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Abstract: Together, the Lau, Manus and Mariana basins encompass a broad range of con-
ditions of back-arc basin development. Marine surveys have determined the tectonic setting
and reconnaissance-scale geophysical and geochemical properties of the extension axes in
these basins. We review these data to examine crustal accretion characteristics in the back-
arc setting. In each basin magmatism is enhanced in spreading centres near the arc volcanic
front, but decreases becoming ‘deficient’ in axes further from the arc. In the Lau and Manus
basins the axes extend far behind the arc and develop typical mid-ocean ridge (MOR)-like
characteristics. We propose that these variations are controlled by the subducting slab,
which shapes composition and flow within the mantle wedge: water released from the slab
lowers the mantle solidus and increases in concentration toward the volcanic arc. Spread-
ing centres near the arc advect the hydrated mantle material, enhancing melt production.
Slab-induced flow carries melt-depleted mantle material back beneath the basin where it
mixes with ambient mantle. Spreading centres further from the arc advect this mantle
mixture and produce thinner than normal crust. Far from the arc, spreading centres advect
essentially mid-ocean ridge basalt (MORB)-source mantle and their characteristics are
MOR-like. Thus, in addition to spreading-rate effects on mantle melting that predominate
at MORs, in back-arc basins the subducting slab introduces additional systematic effects.

Back-arc basin formation is genetically associ-
ated with subduction zones (Weissel 1981).
Despite this convergent plate-boundary setting,
early geophysical and sampling surveys showed
that back-arc basins form by extension and
accretion of oceanic-like crust (Karig 1970, 1971;
Packham & Falvey 1971; Shor et al. 1971; Hart et
al. 1972; Moberly 1972; Sclater et al. 1972).
Modern Global Positioning System (GPS)
studies confirm the extensional nature of these
basins on the margins of converging larger plates
(Bevis ef al. 1995; Kato er al. 1998, 2003; Trego-
ning 2002). There has been a continuing debate,
however, as to how similar the extension and
crustal accretion process is to seafloor spreading
at mid-ocean ridges (MORs) (Weissel 1977;
Karig et al. 1978; Lawver & Hawkins 1978;
Barker & Hill 1980; Taylor & Karner 1983;
Tamaki 1985; Hamburger & Isacks 1988).
Detailed mapping and geophysical surveys show
that, at mature stages, back-arc crustal accretion
occurs in narrow neovolcanic zones and is
similar in morphological, kinematic and mag-
netic characteristics to sea floor spreading at
MORs (Parson et al. 1990; Ruellan et al. 1994;

Taylor et al. 1996; Livermore et al. 1997; Zellmer
& Taylor 2001). At earlier stages (analogous to
continental rifting and early magmatism prior to
organized seafloor spreading), however, more
complex asymmetric crustal accretion occurs
that may include rifting of pre-existing arc
material plus juvenile arc/back-arc magmatism
(Hawkins 1994; Parson & Hawkins 1994; Mar-
tinez et al. 1995; Wright ez al. 1996).
Geophysical mapping has begun to achieve
continuous coverage of entire spreading systems
in several back-arc basins. This coverage allows
assessment of the characteristics of spreading
within individual basins and for comparisons to
be made between basins under different opening
rates, subduction rates, slab geometry, and
position and development stage of the spreading
systems. Geophysical data, primarily seismic,
bathymetric and gravity mapping, provide direct
and indirect measures of crustal thickness and
therefore of variations in total crustal produc-
tion in different settings. Geochemical data
provide point measures of composition, which in
back-arc settings can be quite heterogeneous.
With sufficient sample density, however, broad
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geochemical trends can be resolved, which
provide information on melting conditions and
the nature of the mantle sources. After a period
of rifting, the seafloor spreading axis often initi-
ates near the arc volcanic front and with time
migrates away from the front by accretion of
new crust and lithosphere. The melt-source
regions of the back-arc spreading centres thus
transect across and sample the mantle wedge. By
examining the processes of active seafloor
spreading, and the nature of the crust through
time, important information about the mantle
wedge and its effects on crustal accretion can be
derived.

We examine crustal accretion characteristics
using bathymetry, geophysical and geochemical
observations from the Lau, Manus and Mariana
back-arc basins, each of which has well-surveyed
spreading/rifting regions. The Lau Basin has a
large spreading-rate variation, a planar slab that
dips beneath the entire basin with rapid subduc-
tion rates, and spreading centres that progres-
sively separate from the volcanic front. The
Manus Basin is a fast-opening basin with
multiple rifts and spreading centres at varying
distances from the volcanic front offset by trans-
form faults. The basin is underlain by a rapidly
subducting slab that nowhere underlies the
extensional axes. The Mariana Trough is a
slowly opening, crescent-shaped back-arc basin
with intermediate subduction rates and a steeply
dipping slab that only underlies the extension
axis at its northern and southern ends.

Together these basins encompass a broad
range of conditions and development stages of
present-day intra-oceanic back-arc basins. A
goal of this paper is to examine the tectonic, geo-
physical and geochemical features of the active
extension axes in these basins, and their
products comprising the basin flanks, to discern
important processes and variables controlling
crustal accretion in the back-arc setting.

Methods

We use several methods to assess variations in
crustal thickness and infer magmatic produc-
tion. Where available, direct determinations of
crustal thickness by seismic techniques are used.
Such determinations, however, have only been
made in limited areas of the Lau Basin and
central Mariana Trough. Depth variations
within individual basins are another useful indi-
cation of relative crustal thickness variations,
especially when combined with gravity data. The
young and thin lithosphere in active basins
behind the forearc is largely in local isostatic
equilibrium, as indicated by Airy modelling of

crustal thicknesses that yields low (<5-10 mGal)
residual gravity anomalies (Martinez & Taylor
1996, 2002). Where joint gravity—topographic
analyses have been carried out (Sager 1979;
Sinha 1995; Peirce et al. 2001; Martinez & Taylor
2002) they show consistent agreement in the
sense of crustal thickness variations with inde-
pendent measures by seismic methods
(LaTraille & Hussong 1980; Turner et al. 1999;
Crawford et al. 2003). Although the mantle
beneath back-arc basins can regionally differ in
density (Sager 1980) and viscosity (Billen &
Gurnis 2001) from mantle beneath mid-ocean
settings, these differences result in broad topo-
graphic effects across the back-arc basin; local
and often abrupt changes in depth within the
basins are not likely to be due to sublithospheric
mantle effects but rather to crustal thickness
changes with a smaller contribution from crustal
density changes. At spreading centre axes,
however, dynamic effects related to extensional
lithospheric mechanics, which are correlated
with spreading rate, may systematically affect
axial topography (e.g. Macdonald 1982; Chen &
Morgan 1990a4). Therefore, when assessing
systematic local topographic variations within
individual back-arc spreading centres, differ-
ences in spreading rate of the axes need to be
considered. We find that back-arc axial topo-
graphic variations may run counter to expected
spreading rate trends at MORs (e.g. transition-
ing from an axial valley to a high with decreasing
spreading rate). This reinforces the interpre-
tation that these topographic changes primarily
reflect changes in crustal thickness and mag-
matic production, analogous to the slow-spread-
ing Reykjanes Ridge showing fast-spreading
morphology due to hot-spot influence and thick
crust (Bell & Buck 1992). Although gravity and
topography can provide relative measures of
crustal thickness changes, additional seismic
determinations are required to confirm these
and to make quantitative assessments. Finally,
side-scan sonar imagery shows the distribution
of recent lava flows and helps assess recent mag-
matic activity.

To help synthesize and discuss the relevant
geochemical data, we present some of the source
characteristics of back-arc lavas in Tables 1-3
and Figure 1. FeO and Na,O content fractiona-
tion corrected to 8% MgO (Fego, Nag,) are tab-
ulated for comparison to global mid-ocean ridge
basait (MORB) compilations and systematics
(Klein & Langmuir 1987, 1989; Langmuir et al.
1992; Plank & Langmuir 1992). Laboratory
experiments indicate that higher pressure melts
have lower SiO, compositions and, at higher
potential temperatures, will have higher FeO
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(e.g. Hirose & Kushiro 1993). Na,O is incom-
patible and so low Nagq values reflect a high
degree of partial melting. Thus, the global
MORSB trend is for longer melting columns and
greater degrees of partial melting to be charac-
terized by low Nag and high Fegy (Langmuir et
al. 1992). These relations assume a uniform peri-
dotite source and were developed for anhydrous
melting, whereas basalts above subduction zones
often have higher oxygen fugacity (fO,) and
water content (Carmichael 1991; Ulmer 2001).
The presence of water will lower the mantle
mineral solidus temperatures and promote
greater degrees of melting (Hirose & Kawamoto
1995), producing trends of decreasing Fegq with
decreasing Nag (Fig. 1) — trends that are similar
to the ‘local trend’ seen in the global MORB data
set (Niu er al. 2001). Although we characterize
the lavas by their Fegy, and Nag,, values, our
interpretations of these variations within basins
are in ferms of varying source composition (as a
function of previous extents of melting and water
content) rather than melting column depth range
and temperature (Fig. 1). We report direct
measurements of the water contents, also
adjusted to 8% MgO, where they have been
measured by Fourier transform infrared (FTIR)
spectroscopy of glass samples (Table 1-3). There
are also systematic variations between different
basins in Feg o and Nag values, however, that we
do relate to regional differences in mantle tem-
perature (Fig. 1).

As independent measures of the extent of
melting, we also summarize TiO,, Y and Yb
data, fractionation corrected to 8% MgO (Tigy,
Yg0, Ybgg), in Tables 1-3. Each of these high-
field-strength or heavy rare earth element
(HFSE or HREE) concentrations decreases as
the total extent of melting increases. The extent
of melting reflects the combination of four
effects: the depression of the mantle solidus as a
function of water content (hydrous flux
melting); the amount of adiabatic upwelling
above the solidus (decompression melting); the
original composition of the mantle (which may
have experienced prior melting); and mantle
temperature. HFSE and HREE depletions
(relative to MORB) within arc lavas are inter-
preted to result from previous melt extraction.
The prior melting is often attributed to current
or former back-arc spreading (e.g. Ewart &
Hawkesworth 1987; Woodhead et al. 1993, 1998;
Ewart et al 1998). However, the global
maximum in arc depletion is sustained in the
Izu-Bonin arc for >12 Ma without back-arc
spreading (Hochstaedter er al. 2000). This argues
that regular arc processes, such as magmatism
behind the volcanic front (Hochstaedter er al.

2000, 2001) and ongoing hydrous fluxing of the
arc sources (Stolper & Newman 1994), are
capable of sustaining the heterogeneity of the
mantle wedge (i.e. depletion of arc sources
relative to back-arc and MORB sources). Thus,
measures of extents of melting do not translate
directly into crustal production in arc-back-arc
settings, but rather reflect the history of melt
extraction. Crustal production will depend on
the fraction of current (not former) hydrous and
decompression melting, multiplied by the (arc or
back-arc) mantle melting volume, as well as
other factors such as the amount of melt
retained in the mantle.

Fluids progressively released from the sub-
ducting slab carry with them incompatible
elements, including the large ion lithophile
elements (LILE), that are enriched (relative to
HFSE and HREE) in arc and some back-arc
lavas (Gill 1981; Pearce & Parkinson 1993;
Pearce & Peate 1995). We include Ba/Nb, Ba/La
and Th/Zr (as well as H,O) data in Tables 1-3 as
measures of these enrichments by subduction
components.

The Lau Basin

Tectonic setting

The Lau Basin, located between 15°-25°S and
174°-179°W, is a back-arc basin behind the
Tonga subduction zone (Fig. 2). Basin depths are
predominantly between 2000 and 3000 m but
rise to above sea level at Niuafo’ou island.
Shallow (<2000 m) “V’-shaped, conjugate rifted
arc edifices comprise the Tonga (forearc) and
Lau (remnant arc) ridges that bound the basin to
the east and west, respectively (Fig. 2). The basin
is about 500 km wide at its northern end, and
narrows southward to c. 200 km where it merges
with the Havre Trough. The Pacific Plate
subducts at rates as high as 240 mm a! at the
northern end of the Tonga Trench (Bevis ef al.
1995) and the seismically defined siab is approxi-
mately planar and extends beneath the entire
Lau Basin at a dip of ¢. 45° (Isacks & Barazangi
1977; Chiu et al. 1991). Although the major
surrounding Australian and Pacific plates are
converging, the basin is opening at rates that
increase northward to ¢. 160 mm a-! (Bevis et al.
1995) as a result of trench rollback. The Tofua
arc, a linear chain of predominantly submarine
arc volcanoes, is located approximately above
the 100 km-depth contour of the slab and just
west of the Tonga Ridge. The volcanic front
trends 021° and the zone of arc volcanism behind
the front is only 30 km wide (Fig. 3).



Table 1. Representative back-arc basin lava geochemistry in the Lau Basin

Lau Basin CLSC CLSC CLSC CLSC ILSC N.ELSC N.ELSC N.ELSC ELSC ELSC ELSC S.ELSC VFR VFR B34-7 834-8 839-3
cruise S048- 5048-  Keldys90- CD33- CD33- CD33-  Keldys90- CD33- CD33- CD33- CD33- SeapsolV- S035- 5048 ODP135 ODP135 QODP135
sample 42GC 18GA2 2231-8G 15-1-1 41-2-1 20-5-2 2239-2G 22-6-1 23-3-2 23-8-2 25-1-1 Drd-1C B4KD1 128KD Unit 7 Unit 8 Unit 3
Lat. (*5) 18.576 18.595 18.607 18,883 19277 19.488 19.514 19.688 20,057 20.057 20.583 21.317 22.140 22,690 18.568 18.568 20,709
Depth 2253 2280 2248 2295 3050 2640 2750 2730 2650 2650 2620 2100 1723 1800

5i0, 49.72 50.23 50.83 50.53 50.5 5123 51.98 51.4 515 518 51.1 532 50.36 528 49.99 5248 5294
MgO 8.19 71 757 73 81 793 6.91 7.06 745 79 6.57 54 731 6.13 823 637 6.70
Nagg 232 2.54 237 230 185 1.98 2.10 222 2.00 1.86 1.91 m 1.49 1.89 3 2.62 1.75
Fegg 10.34 9.94 10.01 B.87 B.08 9.74 9.24 939 9.90 8.08 7.93 810 815 7.97 894 7.51 7.61
Tigg 1.14 1.15 110 0.95 0.85 0.94 0.86 0.93 0.95 0.75 0.67 0.72 0.63 0.58 1.50 (.86 047
Yio 322 30.3 291 239 25 276 198 246 239 17.3 15.5 154 129 14.5 30.8 16.5 54
Yhyy 314 2.99 294 241 217 290 L85 247 2.55 1.8 179 1.36 1.28 274 1.40 0.80
Ba/Nb 7.3 6.4 10.0 69 114 B3 20.0 78 10.0 25.0 13.6 388 130.5 35 378 142.0
Ba/La 44 34 52 45 9.5 5.1 54 6.2 55 10.6 6.0 193 320 1.55 15.64 24.3
1000Th/Zr 1.37 1.37 1.31 2.90 1.45 208 1.02 1.06 127 2.80 4.84 0.76 0.81 6.90
(HaO)yy 0.18 0.22 0.27 0.22 046 0.37 0.61 0.50 1.08

Reference ab ab cd a,b,e ab,e a,b,e cd a,be e e e f a, b,e g h h i

Nagg = [Na;O+0.115(8-MgO))/[1+0.133(8-MgO)] (Plank & Langmuir 1992).

Feyp = [FeO*+(8-MgO)}/[1+0.25(8-MgO)], where FeO* expresses all Fe as Fe?* (Taylor & Martinez 2003).

Tigy = [TIO-1T0(8-MgQ)J/[1+2/7(8-MgO))].
Y = [Y-2.5(8-Mg0O)]/[1+0.25(8-MgO)].
¥byg = [Yb+0.25(8-MgO)[1+0.25(8-MgO)].

(H0)g0 = (H;O)MgO!T)/8! 7 (Taylor & Martinez 2003).

References: (a) Peate er al. (2001); (b) Kent er al. (2002); (c) Falloon er al. (1992): (d) Danyushevsky et al. (1993); (e) Pearce er al. {1995); () Boespflug et al. (1990); (g) Sunkel er al. (1990); (h) Hergt & Farley (1994); (i) Ewart et al. (1994b).
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Table 2. Representative back-arc basin lava geochemistry in the Manus Basin and the Sumisu Rift

Manus Basin ETZ-MI1 ETZ-B  ETZ-MI  MSC-MI MSC-B MSC-B MSC-M2  MSC-M2 SR-Bs SR-Bs  SER-Be SER-A2 SER-A2 SER-A2  SER-Al SumisuR. Sumisu R. Sumisu R.
cruise MWSE518 MWSSIE MWSSIE MWSSIE MWSSI8 MWSESIS  MWSSIE MWSSIE  MWSSIS MWSESIE MWSESIE  MWSSIS MWSSIE MWSESIE MWSESIE KK84-3 KK84-3 GS)
sample G325 G3ICE G29A-3 G36B-1 GIRCY GAIA-I4 GA2A3 G47-1 G21-1-3 19-12 GI8B-4  G16-%14 15-4  G15.24/6 14-9 12.011 12.06/2 962-1
Long. (“E) 149015 149.2583 149.57 1499633 1500816  150.2083 150285 1505066  150.5016 1511583 1514633 1518733 1519833 1519833 1521733 30.96°N 30.96°N  31015°N
Depth 2360 2160 2318 2160 2213 2388 2485 2535 2433 2630 2655 2023 1863 1863 1853 2020 2020 2175
Si0, 50.3 50.3 50.8 50.7 526 52 50.9 51 51.6 52.75 539 548 5273 533 5292 49.9 50 48.09
MgO T.89 B.25 16 6.79 5.52 6.25 6.55 547 6©.39 5.84 57 55 7.18 5.03 547 6.3 B 7.35
Naggy 221 1.50 2.20 1.96 2.27 224 2.14 232 1.95 225 1.96 226 1.86 1.73 248 239 2.6 L.67
Feyy 10.42 127 10.88 10.30 9.68 797 1009 10,98 528 71.75 717 6.34 820 7.43 7.42 7.70 9.19 BA46
Tign 1.0 043 1.07 0.95 01.80 0.62 0.87 1.04 0.47 052 .36 0,32 0.30 023 0.33 0.75 1.04 0.6
Yo 256 1.3 223 20.7 147 10.9 15.6 20,6 8.5 134 33 5 49 09 43 13.9 22 9.8
Yhyy 250 143 2.05 274 1.04 1.33 0.63 0.65 0.45 (.89
BaNh 59 30 4.4 20,0 333 19.0 15.0 1.0 514 47.7 1133 150.0 1700 2883 2578

Ba/la 36 9.0 9.0 6.5 21.2 15.8 34.0 365 40.5 423

1000Th/ Zr 139 295 B.66

(HO0)sn 121 0.19 0.66 0.88 0.57 0.27 0.82 0.88 0.86

Reflerence a a a a a a a a a a a a a a a b b c

See the footnotes 1o Table 1 for the definitions of Nay g, Feg ., Tigg. Yao, Ybgpand (HaO)y g

References: (a) Sinton er al. (2003); (b) Hochstaedter er al. (19%0a, b); (c) Fryer et al (1990).
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Table 3. Representative back-arc basin lava geochemistry in the Mariana Trough

Mariana Trough Arc-like C. Graben VTZ VTZ
cruise 5 9 Sonneb®  Sonne6®  Sonne6  Sonne6®  Adlantis 1T Adlantis 1T Addantis 1T Addantis IT - Adlantis 1T Addantis I TWiunes7 TWiunes7 TWiunes7 TWiunes7 TWiunes?
sample S84:2-1 S88:1-2 588: 2-1 §79:2-2 §74:2-3 574:3-1 §71:1-7 WOK27-1  AIS49-9  WOK2-8  AISI-11 AIR4G-12 ARGS9 T75: 02 T7ecl-l Tab -6 TeS:1-2  Ti4:1-1
Lat. ("N} 15.01 153 153 16,08 16,53 16.53 1699 17.71 17.75 17.83 18.08 18.35 18.35 19.44 19.45 20.82 21.35 2279
Depth 4159 4475 4475 3686 3655 3655 3400 3950 3910 4080 3650 3500 3500 4415 3923 3700 3850 3445
Si0, 51.29 S0.77 50.71 50.43 50.78 51.64 49.36 50.3 50.56 50.68 51.13 50.75 49.67 523 52719 51.46 5248 50.6
MgO 7.22 6.18 672 739 6.29 T:13 7.74 07 7.36 698 755 7 6.95 733 7.23 7.07 6.26 6.53
Nagg 3.00 3.03 2.80 295 235 255 2.43 2.96 292 282 275 253 1.92 307 kR 2.50 249 249
Fesy B854 7.34 742 7351 6.77 7.25 742 870 823 773 719 6.85 640 71.75 B.60 709 645 6.70
Tigg 1.20 109 0.98 0.98 0.69 0497 (.83 142 115 1.07 092 0.85 0.43 1.34 1.32 (.87 0.66 0.68
Yeo 338 22 275 18.0 98

Yhyp 248 212 1.98 207 1.29 1.98 1.7 2,60 288 1.97 112 L15
Ba/Nb 8 6.8 48 I 49

Ba/La 26 6.5 81 925 103 11.8 1.8 7.0 70 54 a0 55 51 121 124 123
1000Th/Zr 278 329 345 12.05

(HaOyyy [INE] 084 077 0.85 1.44 097 1.27 1.06 1.26 1.52 062 0.61 1.14 1.23 1.20
Reference a a a a a a a b b b b, ¢ b.c b.c d d d d d

Sce the footnotes 1o Table 1 for the definitions of Nagg. Fegp, Tign, Yo, Yhggand (H:0)gp.
References: (a) Gribble e al. (1996); (b) Hawkins er al. (1990); (c) Stolper & Newman (1994): (d) Gribble e al, (1998),
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Fig. 1. Plot of Na,O (solid symbols) and H,O (open symbols) v. total FeO, both fractionation corrected to 8%
MgO, for back-arc basin lavas (Tables 1-3). This is a representative subset of the more complete data
presented in Taylor & Martinez (2003). MORB-like samples from the Mariana Trough (584), Manus Basin
(M1) and Lau Basin (CLSC), with low water contents (0.2-0.3%, Tables 1-3), follow global MORB trends that
reflect their extent of melting under almost anhydrous conditions (Langmuir ef al. 1992). Strongly slab-
influenced samples from shallow segments of the Mariana Trough (VTZ), Manus Basin (A2, A1) and Lau
Basin (S. ELSC, VFR) have high extents of previous melting and high water contents (1.2-1.7%, Tables 1-3).
The back-arc basin basalts in each basin lie along trends of decreasing Nag o with decreasing Fegq that reflect
varying extents of previous melting and water addition between these end-member compositions. The offset of
the Nag—Feg trend for the Mariana Trough from those of the Lau and Manus basins reflects lower mantle
temperatures beneath the Mariana Trough associated with its slow spreading and subduction rates. Note that
rift (Sumisu) and early basin (Lau ODP) lavas can be BABB or MORB-like (Tables 1~3).

The initial rifting that formed the Lau Basin
was on the forearc side of the then-active (now
remnant) volcanic arc (the Lau Ridge), whose
arc volcanism represented by the Korobasaga
Group continued until 2.4 Ma (Cole et al. 1985,
1990; Whelan et al. 1985). The modern Tofua arc
did not start to develop on the eastern edge of
the Lau Basin until 3.5 Ma (Tappin et al. 1994).
Spreading propagation was not symmetric down
the middle of the basin, but rather was along the
eastern part of the basin near the location of the
modern volcanic front (Parson et al. 1990;
Parson & Hawkins 1994). Physiographically, the
basin interior can be divided into a western part
referred to as the ‘western extensional basins’
(WEB) (Hawkins 1995) and an eastern area

formed by organized seafloor spreading (Parson
& Hawkins 1994). The two regions are separated
by a structural lineation that is the southward
propagation boundary of organized seafloor
spreading (Parson & Hawkins 1994; Taylor et al.
1996). An inferred eastern conjugate to this
propagation boundary is not evident as its
expected position would lie near the arc volcanic
front and be obscured by arc volcanism.
Although the geophysical and morphological
evidence for the organized spreading phase is
clear (Parson et al. 1990; Taylor et al. 1996), the
nature of the WEB terrain remains less under-
stood. It has been interpreted as rifted remnants
of the predecessor arc system with intrusions
and volcanism that accompanied the early
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Fig. 2. Tectonic setting of the Lau Basin. The areas shallower than 2000 m are shaded grey and highlight the
Lau and Tonga ridges that surround the Lau Basin. The Pacific Plate subducts at the Tonga Trench (dotted line
and 7000 m-depth contour) and the slab is nearly planar, dipping at ¢. 45° beneath the back-arc basin. Dashed
contours show slab depth in km following Isacks & Barazangi (1977) and Chiu ez al. (1991). Arc volcanoes
(triangles) form a linear chain approximately above the 100 km-slab contour. Spreading centres are shown as
heavy lines. The Valu Fa Ridge (VFR), East Lau Spreading Centre (ELSC), Intermediate Lau Spreading
Centre (ILSC), Central Lau Spreading Centre (CLSC), Peggy Ridge (PR) and Lau Extensional Transform
Zone (LETZ) are indicated. The Niuafo’ou Plate (N) lies between the Tonga (T) and Australian plates. ODP
drill sites 834-839 are indicated by circled points labelled with the last digit of corresponding the site number.

(pre-organized seafloor spreading) opening of
the basin (Parson & Hawkins 1994; Hawkins
1995). However, drilling and dredging have
failed to uncover material older than the
opening age of the basin (Hawkins 1994, 1995).

Spreading centres and rifts are well identified
within the basin between c. 17° and 23°S from
nearly full-coverage swath mapping (bathyme-
try and backscatter). Compilations include: (i)
across-basin HAWAII MR1 data between ¢. 17°
and 18°45'S; and (ii) southward Hydrosweep,
GLORIA and Sea Beam data primarily
surrounding the spreading segments along the
eastern part of the basin to ¢. 23°S (Parson ef al.
1990; Wiedicke & Collier 1993; Harding et al.
2000; Zellmer & Taylor 2001). Much of the basin
north of ¢. 17°S and the western basin south of
18°45’S have only scattered single beam and iso-
lated swath coverage (Wright er al. 2000
Zellmer & Taylor 2001). However, merging of
these data with a satellite-derived bathymetric
prediction (Smith & Sandwell 1994) and sea
surface and aeromagnetic data allows a prelimi-

nary identification of the location of the spread-
ing systems within the entire basin (Zellmer &
Taylor 2001). Recent surveys in the NW part of
the basin have identified additional new spread-
ing segments south and west of Futuna (Pelletier
et al. 2001). Together, these data show that
spreading in the Lau Basin is presently well
organized within narrow neovolcanic zones that
produce distinct magnetic lineations, like those
of MORs (Parson et al. 1990; Taylor et al. 1996;
Pelletier et al. 2001; Zellmer & Taylor 2001) and
is not diffusely distributed as previously pro-
posed (Lawver & Hawkins 1978; Hamburger &
Isacks 1988).

The principal spreading centres of interest
here are the Central and East Lau Spreading
Centres (CLSC and ELSC, respectively)
(Parson et al. 1990) including the southern seg-
ments of the latter termed the Valu Fa Ridge
(VFR) (Chase 1985; Morton & Sleep 1985)
(Fig. 3). The southern end of the VFR is the limit
of organized seafloor spreading. To the south the
Havre Trough is interpreted as being in a rift
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Fig. 3. Bathymetry, axial depths and opening rates of the Lau Basin spreading centres south of c. 18°S. The
left panel shows the bathymetry of the Lau Basin surrounding the spreading centres in an oblique Mercator
projection with the volcanic front (dashed line) aligned vertically. The various crustal domains discussed in the
text are labelled 1-4. Also shown is the tectonic boundary (ticked line) formed by the southward propagation
of organized spreading. The middle panel shows the axial bathymetric profile projected perpendicular to the
volcanic front with segments labelled as in Fig. 2. The right panel shows spreading rates at the axis calculated
using the Euler poles of Zellmer & Taylor (2001) for Australia-Tonga (A~-T) opening and Australia-Niuafo’ou
(A-N) opening.



28 FERNANDO MARTINEZ & BRIAN TAYLOR

stage (Parson & Wright 1996; Wright et al. 1996;
Fujiwara et al. 2001; Delteil et al. 2002). Model-
ling of basin opening poles (Zellmer & Taylor
2001), as well as mapped sea-floor fabric trends
(Caress 1991; Delteil et al. 2002), however, indi-
cate that the Havre Trough and Lau Basin are
opening under different kinematic constraints.
To the north the CLSC and ELSC are offset
across a ¢. 65 km non-transform discontinuity
that encompasses a short (<20 km-long) spread-
ing segment termed the Intermediate Lau
Spreading Centre (ILSC) (Parson et al. 1990).
The CLSC is actively propagating southward
replacing the ELSC (Parson et al 1990,
Wiedicke & Habler 1993). Further north, the
CLSC breaks up into a series of short overlap-
ping spreading segments referred to as the Lau
Extensional Transform Zone (LETZ) (Taylor et
al. 1994) that obliquely merges with the Peggy
Ridge, the only identified transform fault in the
basin.

To the east of the Peggy Ridge-LETZ-
northern CLSC, the Fonualei Rift and Spread-
ing Centre (FRSC) (Zellmer & Taylor 2001) is
propagating southward into the volcanic arc.
The southernmost part of this system is a tec-
tonic rift rather than a true seafloor spreading
centre. The FRSC passes northward through the
Mangatolu triple junction to the northern
termination of the Tonga Trench (Wright et al.
2000). The FRSC forms the eastern boundary of
a microplate referred to as the Niuafo’ou
microplate (Zellmer & Taylor 2001). The south-
western boundary of this microplate is the
CLSC-LETZ-Peggy Ridge system. The exist-
ence of this microplate has important impli-
cations for the kinematics of the basin -
although overall Lau Basin opening rates
increase northward, north of the ELSC they
become partitioned between the
CLSC-LETZ-Peggy Ridge system and the
FRSC. According to Zellmer & Taylor (2001),
spreading rates decrease northwards on the
CLSC to rates less than those on the northern-
most ELSC, whereas rates increase northward
on the FRSC. An unresolved issue, however, is
the nature of the southern boundary of the
Nivafo’ou Plate. There is no distinct plate
boundary observed in bathymetry and backscat-
ter data. Scattered seismicity (Eguchi ez al. 1989;
Pelletier er al. 1998) suggests diffuse defor-
mation between the CLSC and FRSC.

Geophysical characteristics

The main Lau spreading centres (VFR, ELSC,
CLSC) and their flanking crust display large
contrasts in morphology and geophysical

characteristics (Martinez & Taylor 2002)
(Fig. 3). We describe each ridge in turn from
south to north following their progressive separ-
ation from the volcanic front (near Ata). The
basin floor flanking the axes forms distinct ter-
rains corresponding to different tectonic
environments and magmatic production at the
time it was formed. We refer to these terrains as
zones 1-4 and they are delineated in Figure 3.
The VFR is the present-day southernmost tip
of organized spreading propagation. It extends
from 22°45'S to 21°25’S and is the ridge system
closest (c¢. 40-60 km) to the arc volcanic front.
The VFR is the shallowest part of the Lau
spreading axes (1500-1900 m; Fig. 3). The ridge
crest has a peaked triangular shape in cross-
section that has been attributed (Wiedicke &
Collier 1993) to the viscous and porous nature of
its andesitic lavas (Jenner ef al. 1987; Vallier et al.
1991). A small non-transform offset at 21°25'S,
where the ridge crest abruptly deepens by
>200m to the north, separates the VFR from the
rest of the ELSC. An overlapping spreading
centre (OSC) at 22°13’S is magmatically robust
(Collier & Sinha 1990) and has been a focus of
several geophysical surveys (Sinha 1995; Turner
et al. 1999; Peirce et al. 2001). The VFR exhibits
low mantle Bouguer anomalies with minimum
values centred in the area of the OSC (Sinha
1995) and increasing southward to the rift tip
and northward to the northern end of the ELSC
(Martinez & Taylor 2002). An axial magma lens
reflector was first imaged beneath the VFR
(Morton & Sleep 1985; Collier & Sinha 1990,
1992) and recently has been almost continuously
imaged south of 20°30'S (Harding et al. 2000).
Active hydrothermal vent fields occur south of
21°50'S (von Stackelberg 1988, 1990; von Stack-
elberg & Von Rad 1990; Fouquet et al. 1991a, b,
1993; Herzig et al. 1990, 1993, 1998; Lécuyer et al.
1999). Seismic refraction data show that in
terrain zone 2 (Fig. 3) crustal thicknesses are
7.5-9 km near the VFR axis at 22°-22°30'S and
west of the CLSC at 18°25'S (Turner et al. 1999;
Crawford et al. 2003). Martinez & Taylor (2002)
inferred that terrain zone 2 crust was generated
when the spreading centre was near the volcanic
front and in a magmatically robust stage, anal-
ogous to the present-day VFR. Terrain zone 2
seafloor typically displays a hummocky texture
with numerous crescent-shaped highs that are
concave toward the axis in plan view. This land-
form is characteristic of enhanced ridge volcan-
ism forming small split volcanoes (Kappel &
Ryan 1986) and its prevalence here implies that
terrain zone 2 upper crust is dominated by vol-
canic extrusion. Away from the propagation
boundary with terrain zone 1, zone 2 seafloor
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maintains shallow depths off-axis (Fig. 3) and
has 7.5-9 km-thick crust (Turner et al. 1999;
Crawford et al. 2003). Although these features
indicate robust magmatism along the VFR and
within terrain zone 2, the VFR has the lowest
spreading rates (c. 40-60 mm a') of the Lau
spreading centres (Fig. 3) (Zellmer & Taylor
2001).

North of the VFR, the ELSC spreading axis
deepens from 2 to 3 km and develops an axial
depression (deeper than off-axis areas), even as
spreading rates progressively increase from 60 to
95 mm a1 (Fig. 3). Separation from the volcanic
front concomitantly increases from 65 to 110 km.
The greatest depth, broadest valley and highest
axial mantle Bouguer anomalies are located
along the northern segment of the ELSC, where
it is spreading fastest (80-95 mm a1) (Martinez
& Taylor 2002). Despite these fast rates, no axial
magma lens reflector has been imaged north of
20°30'S (Harding et al. 2000). The northern
ELSC seafloor morphology is dominated by low
relief linear abyssal hills in marked contrast to
the more volcanic morphology of terrain zone 2.
The low tectonic relief is likely to be a result of
the fast spreading producing hot and weak litho-
sphere incapable of supporting high relief blocks
despite low magma production. The deep
seafloor (relative to zone 2) is referred to as
terrain zone 3. We infer that the valley morphol-
ogy that it imparts to the northern ELSC thus
has a different origin than that of slow-spreading
MORs: it is due to thinner crust, as discussed
below, rather than dynamic effects.

There is a short spreading segment (ILSC;
Fig. 3) in the overlap zone between the CLSC
and the ELSC (Parson et al. 1990). This and
spreading segments further north that failed as
the CLSC propagated southward have the deep-
water characteristics of the northern ELSC. A
refraction profile across the extinct segments at
18°33'S reveals crust that is 5.5 km thick (Craw-
ford et al. 2003). Thus, terrain zone 3 crust, which
flanks the northern ELSC and its failed seg-
ments, is characterized by high mantle Bouguer
anomalies, seafloor that is more than 1 km
deeper and crust 2-3.5 km thinner than in terrain
zone 2 (Martinez & Taylor 2002). Together, with
the lack of imaged axial magma lens reflectors
on the ELSC north of 20°30'S, these geophysical
parameters indicate a decreased magma supply
on the northern ELSC relative to the VFR (and
CLSC), despite higher spreading rates.

The CLSC is located 65 km west of the north-
ern ELSC and 160-190 km from the volcanic
front. Spreading rates on the CLSC decrease
slightly northward (92-84 mm a!; Fig. 3) as a
result of a three-plate configuration and sharing

the total basin opening rate with the Fonualei
rift and spreading centre to the NE (see Fig. 2)
(Zellmer & Taylor 2001). The CLSC maintains a
nearly constant and shallow axial depth (c. 2300
m, north of the propagating rift tip) character-
istic of fast-spreading centres with axial magma
lenses (Scheirer & Macdonald 1993). An axial
magma lens reflector has been imaged beneath
the CLSC from 18°21’S to 19°05'S (Harding et
al. 2000), and hydrothermal vents occur at the
segment summit at 18°36’S (Lisitsyn et al. 1992;
Bortnikov et al. 1993). The southward propa-
gation of the CLSC (Wiedicke & Habler 1993)
left wakes of slightly deeper crust along its
bounding pseudofaults (Fig. 3). Otherwise, the
depths and flank subsidence with age of the
CLSC are consistent with normal thickness (6-7
km) oceanic crust. Seismic refraction data at
18°30'S confirm that crust formed at the CLSC
is 7 km thick (Crawford ez al. 2003). Thus, the
CLSC and terrain zone 4 crust has geophysical
characteristics similar to fast-spreading mid-
ocean ridges.

Geochemical characteristics

The presence of young volcanic rocks in the Lau
Basin and their first-order similarity to MORB
provided some of the early evidence for exten-
sion in back-arc basins (Sclater et al. 1972). In
detail, it was recognized that the lavas differed
from MORB in volatile content, Fe oxidation
ratio, and abundances of LILE and HFSE,
related to variable source depletion and metaso-
matism in a supra-subduction zone setting
(Hawkins 1974; Hawkins & Melchior 1985). The
axes of extension were only locally known until
regional swath bathymetry—side-scan surveys
and magnetization inversions were conducted
(Parson et al. 1990; Taylor er al. 1996). This
allowed existing rock samples to be located, and
new samples to be collected, in tectonic context
(Pearce et al. 1995).

Drilling on ODP Leg 135 provided basement
samples from beneath sediments in the older
parts of the basin (Hawkins 1994). Some of the
basement samples from the oldest ODP sites
(834 and 835) have MORB-like characteristics
(Hawkins & Alan 1994; Hawkins 1995). Lava
Unit 7 from ODP Site 834, for example, is light
rare earth element (LREE)-depleted and has
low Ba/La, Ba/Nb and Th/Zr, and high Nag 4 and
Tigg (Table 1), similar to MORB. Even so, Rb
and Sr values are slightly higher, and Ta and Nb
values are slightly lower, than typical MORB,
reflecting minor slab influence (Hawkins 1995).
Other samples from the same sites (e.g. Unit §,
Site 834, Table 1) (Hergt & Farley 1994) reveal
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evidence of significant subduction components.
Indeed, all other samples from zone 1 have tran-
sitional to arc-like characteristics (Hawkins
1995). Unit 3 from ODP Site 839, for example,
has flat REE, high Ba/La, Ba/Nb and Th/Zr, and
low Nag and Tig g, similar to the Tofua arc and
VER (Table 1) (Ewart et al. 1994a, b; Hawkins &
Allan 1994).

The sampled portions of the VFR and south-
ernmost ELSC (S. ELSC) show strong arc affini-
ties (Jenner et al. 1987; Boespflug et al. 1990,
Davis et al. 1990; Frenzel et al. 1990; Sunkel 1990;
Vallier et al. 1991; Peate et al. 2001). Most of the
analysed lavas are basaltic andesites and
andesites, with only a few basalts (and those,
most commonly, off-axis) and dacites. Although
LREE-depleted, they are markedly enriched in
LILE and so have high Ba/L.a, Ba/Nb and Th/Zr
ratios (Table 1). They have low Feg g, Nag, Tigy,
Ysoand Ybg g, and a high water content (Kent et
al. 2002), indicating high total extents of melting
(Fig. 1; Table 1). Off-axis within zone 2, ODP
drilling in a small basin (Site 836) and dredging
of a nearby high (RND-2) revealed both
MORB-like and arc-like compositions in close
proximity (Hawkins 1995). This scale of source
heterogeneity is characteristic of this and other
back-arc basins (e.g. Hawkins & Melchior 1985;
Volpe et al. 1988).

The geochemistry of rocks sampled from the
northern ELSC (N. ELSC in Table 1) indicate a
decreased subduction geochemical signature
relative to the southern ELSC including the
VFR (Falloon et al. 1992; Hawkins 1995; Pearce
et al. 1995; Peate et al. 2001). Ba/La, Ba/Nb and
Th/Zr ratios are all lower (Table 1). The major-
ity of this segment (as represented between
19°29' and 19°53’S by samples from MIR dive
2239 and CD33 dredges 20 and 22) has higher
extents of melting than along the CLSC (e.g.
Nagg, Tig and Yy, are each 10% lower), con-
comitant with higher water contents (0.4-0.7%
v. <0.3%) and oxygen fugacities (represented by
lower Feg g, Table 1) (Falloon et al. 1992; Danyu-
shevsky et al. 1993; Hawkins 1995; Pearce ef al.
1995; Dril er al. 1997; Peate et al. 2001; Kent et al.
2002). In contrast, samples from one dredge haul
of the ELSC (CD33-23, 20°03’S) show higher
Ba/La, as well as lower Nagq, Fegy, and Ygg
(Table 1) (Pearce et al. 1995). These values indi-
cate Ba enrichment and greater extents of
melting, characteristics transitional to those of
the southern ELSC and VFR. Therefore, this
could represent a gradient in mantle source
characteristics. However, one dredge of the
ILSC (CD33-41) recovered samples with some-
what similar characteristics to CD33-23
(Table 1). Thus, these individual dredge hauls

may reflect the geochemical heterogeneity of the
mantle source regions rather than the average
composition of segment lavas. As many have
recognized previously (Volpe et al. 1987, 1988;
Sinton et al. 2003), this scale of mantle hetero-
geneity is expressed in all the back-arc basins
studied. It may not be representative, however,
of the first-order variations in crustal production
that we seek to explain as characteristic of whole
spreading segments and crustal zones. In the
case of zone 3 and the axial deeps of the north-
ern ELSC, we take the samples from M2239,
CD33-20 and -22 as representative of the crustal
extrusives.

Lavas from the CLSC are LREE-depleted
and have normal MORB-like geochemistry,
with the only trace of a minor subduction com-
ponent being slightly enriched Rb and Ba, and
reduced Ta and Nb (Table 1; Falloon et al. 1992;
Danyushevsky et al. 1993; Hawkins 1995; Pearce
et al. 1995; Peate et al. 2001). These CLSC lavas
all have low (H,0)go contents (<0.3%),
although some CLSC source heterogeneity is
reflected in sample CD33-15-1-1 whose geo-
chemistry is otherwise similar to samples from
the northern ELSC (Table 1; Fig. 1). Note that
the representative rock samples included in
Tables 1-3 exclude the (often highly) fraction-
ated lavas from the propagating rift tip. Thus,
the current first-order progression spatially
away from the arc, and the temporal trend since
all but the earliest back-arc lavas, is from greater
to lesser subduction influence (i.e. from arc-like
to MORB-like compositions) but with signifi-
cant local heterogeneity.

The Manus Basin

Tectonic setting

The Manus Basin is located in the eastern Bis-
marck Sea (3°-4°S, 149°~152°E) surrounded by
the islands of New Britain, New Ireland and
Manus, and is a back-arc basin associated with
subduction of the Solomon Sea Plate at the New
Britain Trench (Fig. 4). GPS studies define a
North Bismarck Plate (distinct from the Pacific
Plate), which is separating from a South Bis-
marck Plate with a rotation vector of 10°12’N,
33°30'W, 8.75° Mal (Tregoning 2002). This
vector predicts opening in the eastern basin at
rates of between 115 and 145 mm a1, making the
Manus Basin one of the fastest-opening basins in
the world. The axis of extension was first delin-
eated from a band of shallow seismicity and
termed the Bismarck Sea Seismic Lineation
(BSSL) (Denham 1969), displaying primarily
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Fig. 4. Tectonic setting of the Manus Basin. Tectonic features are shown on an interpretation of SeaMARC 11
data (Martinez & Taylor 1996), where fine lines are structural lineations and stippled areas are high
backscatter lava flows. The Solomon Sea Plate subducts beneath the basin at the New Britain Trench (line
with triangles) and the slab contours are shown as dashed lines labelled in hundreds of km that follow the
interpretation of Cooper & Taylor (1987, 1989). Indicated are the Weitin Transform (WT), Southeast Ridges
(SER), Djaul Transform (DT), the Southern Rifts (SR), the Manus Spreading Centre (MSC), the Manus
Extensional Transform Zone (METZ) and the Willaumez Transform (WIT). Triangles show volcanic edifices.

left-lateral strike-slip mechanisms (Johnson &
Molnar 1972; Ripper 1975, 1977, 1982). Taylor
(1979) identified a distinct spreading segment
between two transform faults and a leaky trans-
form segment. Later, complete SeaMARC II
side-scan sonar coverage of the eastern Manus
Basin (Taylor e al. 19915, 1994) identified the
currently known tectonic boundaries (Fig. 4).
From east to west the survey mapped: the Weitin
Transform (WT), the Southeast Ridges (SER),
the Djaul Transform (DT), the Southern Rifts
(SR) the Manus Spreading Centre (MSC), the
Manus Microplate (MM), the Manus Exten-
sional Transform Zone (METZ) and the
Willaumez Transform (WIT). The WT at the
eastern limit of the basin intersects southern
New Ireland. The SER are a series of en echelon
volcanic ridges that are bounded by the WT on
the east and the DT on the west. West of the DT
a complex terrain includes the MM. The MM is
bounded to the northeast by the DT, to the south

by the deep rifts of the SR, to the west by a com-
pressional zone, and to the north and NW by the
MSC (Martinez & Taylor 1996). The MSC
merges at its SW end with the METZ that links
it to the WIT further to the west (Taylor er al.
1994).

Because of the existence of a microplate
between the DT and WIT, extension rates are
partitioned between the overlapping axes of the
MSC and SR (Martinez & Taylor 1996). Indi-
vidual rates are poorly constrained from inde-
pendent magnetics data, however. Spreading
rates on the MSC are based on the assumption
that positively magnetized crust marks the
beginning of the Brunhes chron following a tec-
tonic reconfiguration of the plate boundaries in
the basin (Martinez & Taylor 1996). Other
extensional boundaries do not have identified
magnetic isochrons. Nevertheless, applying
these conservative assumptions leads to general
agreement with GPS results that indicate fast
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Fig. 5. Manus Basin spreading centres, axial depths and opening rate. The left panel shows the bathymetry of
the Manus Basin surrounding the spreading centres in an oblique Mercator projection with the volcanic front
(dashed line) aligned vertically. The bathymetry map combines SeaMARC 1I side-scan (Martinez & Taylor
1996) and R/V Yokosuka multibeam data (Auzende et al. 1996). Volcanoes are shown as black triangles.
Tectonic elements are labelled as in Figure 4. The central panel shows axial depth profiles projected
perpendicular to volcanic front with colours corresponding to axes shown in map view in the left panel. The
right panel shows overall basin opening rates from the Euler pole of Tregoning (2002).

overall basin opening. The kinematic model of
Martinez & Taylor (1996) proposes that the MM
is pivoting about a pole located at the NE tip of
the MSC, so that spreading rates on the MSC
vary from an estimated 92 mm a* at its SW end
to zero at the NE tip. Extension rates on the SR
are expected to vary in a complementary way
(fast to the east and slow to the west) to sum to
the overall GPS-determined basin opening
rates.

The subducted Solomon slab is discontinu-
ously mapped from seismicity but is shown to
extend to at least 600 km depth, and approaches
the SR and SER but does not extend beneath
the MSC (Cooper & Taylor 1987, 1989) (Fig. 4).
There is no direct measurement of subduction
rate of the Solomon Sea Plate at the New Britain
Trench. Subduction is probably very fast,
however, and at least as rapid as opening of the
Manus Basin, as it must take up this opening plus
most the opening of the Woodlark Basin to the
south and the oblique convergence between the
surrounding Pacific and Australia plates (as
other intervening trenches are inactive or slowly

subducting). The active arc volcanic front within
New Britain lies above the ¢. 100-200 km-slab
contours and curves gently, concave to the NNW
(Fig. 4) but can be approximated as a straight
line in the area opposite the Manus extensional
axes (Fig. 5).

Geophysical characteristics

The modes of extension in the Manus Basin
include the single continuous axis of the MSC,
grabens on the SR, and multiple short en
echelon volcanic ridges on the SER. These
differences in spreading style have been attrib-
uted to differences in the nature of the crust
(back-arc v. arc) in which the extensional axes
formed following a plate boundary reconfigura-
tion event within the Brunhes chron (Martinez
& Taylor 1996). Although the distinction in
crustal types remains valid, the variation in mag-
matic robustness, style of accretion and mag-
matic compositions may be understood in terms
of tectonic position of the extensional centres
over the mantle wedge and proximity to the arc



BACK-ARC CRUSTAL ACCRETION 33

volcanic front. The geophysical characteristics
presented below are largely summarized from
Martinez & Taylor (1996), and are described
from east to west across the basin.

Southeast Ridges. The Southeast Ridges (SER)
are the easternmost extensional boundaries
separating the North and South Bismarck plates,
and were classified as a group based on their tec-
tonic position between the WT and DT.
However, a distinction can be made between a
set closest to the volcanic front and one axis fur-
thest from the front. The group closest to the
volcanic front forms a series of en echelon ridges
that step from the DT to the WT as they
approach from 100 to 43 km from the arc vol-
canic front. Depths on these ridges vary mostly
between ¢. 1500 and 2000 m, making them the
shallowest extensional axes in the basin (Fig. 5).
Side-scan backscatter data show high-reflectiv-
ity lava flows surrounding these ridges, indicat-
ing that they are magmatically robust (Taylor ez
al. 1991a; Martinez & Taylor 1996). The north-
westernmost extensional axis of the SER lies at
a distance of 100-105 km from the volcanic front
and also displays evidence of recent lava flows,
however, it forms a narrow ridge with depths of
¢. 2500-2700 m within a graben (Fig. 5). Geo-
chemical data also show that this ridge is distinct
(see Geochemistry below). The GPS-deter-
mined overall opening rates (Tregoning 2002) in
the area of the SER are the fastest in the basin,
and vary between 137 and 145 mm a1, although,
owing to the overlapping geometry of individual
ridges and poorly developed magnetic lineations
(Martinez & Taylor 1996), the partitioning of
opening rates between the ridges is not con-
strained. Given the lack of a Brunhes magnetic
anomaly, Martinez & Taylor (1996) interpreted
the area of the SER as being in a rift stage (and
correspondingly referred to them as the South-
east Rifts) with dyke-fed volcanic ridges — that is,
primarily stretching pre-existing arc crust. Side-
scan data and submersible observations,
however, indicate significant volcanism in the
area (Auzende et al. 2000a—c). The shallow
depth of the SER area and of the volcanic ridges
(excluding the northwesternmost ridge), despite
fast opening rates, also indicate that magmatic
accretion is largely accommodating the fast
extension and preventing deep tectonic graben
from forming.

Southern Rifts. The Southern Rifts (SR) are
located between the WIT and DT, at a distance
of ¢. 120-190 km from the volcanic front, and
form the southern boundary of the MM (Fig. 5).
Side-scan backscatter data indicate that the

extensional axes lie within two partly overlap-
ping grabens and exhibit much more restricted
recent volcanism than the SER. The axes of the
SR lie mostly at depths of 2500-2700 m, but a
small volcanic edifice within the western graben
shatlows to ¢. 2100 m. GPS-determined opening
rates in this part of the basin vary between 136
and121 mm a1, but are partitioned between the
grabens and the MSC. Because spreading rate
on the MSC decreases essentially to zero at its
NE tip (see below), Martinez & Taylor (1996)
infer that the eastern end of the SR is opening
faster than the western end. Despite inferred
faster eastern opening rates, the eastern SR are
¢. 200 m deeper than the western part.

Manus Spreading Centre. The Manus Spreading
Centre (MSC) is ¢. 100 km long and lies 220-250
km from the arc volcanic front (Fig. 5). The
spreading centre bisects a wedge of positively
magnetized crust and conformably fanning
seafloor spreading fabric. Prominent faults
imaged in seismic reflection profiles delineate
the boundaries of this wedge (Martinez &
Taylor 1996). These features indicate that
spreading on the MSC initiated as a rift jump at
the beginning of, or within, the Brunhes chron.
Assuming that the rift jump occurred at the start
of the Brunhes chron (0.78 Ma) implies that
spreading rates on the MSC vary from 92 mm a*
to zero from SW to NE, respectively. The axis of
the MSC varies from a high at the SWend to a
narrow valley at the NE end, qualitatively con-
sistent with the sense of topographic spreading
rate variations at MORs.

Manus Extensional Transform Zone. The
Manus Extensional Transform Zone (METZ)
obliquely links the SW end of the MSC to the
WT. It represents a highly oblique extensional
zone composed of a series of short en echelon
volcanic segments that individually are nearly
orthogonal to the opening direction but together
constitute the oblique plate boundary (Taylor et
al. 1994).

Geochemical characteristics

The first closely spaced sampling of all the neo-
volcanic zones of a back-arc basin sited using full
side-scan coverage was completed in the Manus
Basin in January 1986 (Taylor et al. 1991b). The
R/V Moana Wave cruise (MW8518) (Table 2)
also located some of the first back-arc
hydrothermal chimneys and distinctive western
Pacific vent fauna (Both ef al. 1986). It presaged
extensive international investigations of the
widespread hydrothermal activity in the Manus
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Basin (Craig et al. 1987; Tufar 1990; Binns &
Scott 1993; Gamo et al. 1993, 1997; Lisitsyn et al.
1993; Shadlum et al. 1993; Scott & Binns 1995;
Sinton 1997; Auzende et al. 2000c; Kamenetsky
et al. 2001; Binns et al. 2002).

A comprehensive geochemical study of the
MW8518 and some Mir dive samples has
recently been completed by Sinton ez al. (2003).
Our discussion of Manus Basin geochemistry is
based entirely on their results. Sinton er al.
(2003) grouped the analysed lavas based on their
geochemistry. They found that the lava groups
so defined are systematically disposed with
respect to the back-arc extensional zones and
their distance from the volcanic front. Some
other analyses of Manus Basin lavas have been
published (Davies & Price 1987; Binns & Scott
1993; Dril et al. 1997; Macpherson et al. 1998,
2000; Kamenetsky et al. 2001; Marty et al. 2001),
but they are either on just a few samples or
elements (e.g. He or volatiles). All the available
rock samples are from neovolcanic or recently
volcanic zones; there have been no off-axis
investigations of the evolution of lava geochem-
istry with basin opening.

A calc-alkaline suite of basalts—andesites—
rhyodacites has been erupted from the en
echelon ridges and individual volcanoes of the
SER (Fig. 4) (Binns & Scott 1993; Kamenetsky
et al. 2001; Sinton ez al. 2003). The two represen-
tative lava groups (Al and A2) are LREE-
enriched, show a high water content (= 1%),
high Ba/Nb, Ba/La and Th/Zr ratios, and low
Feg.(), Nag.o, Tig‘(), YS.()a Yb&o (Table 2), indicating
significant enrichments in slab-derived com-
ponents (water and LILE) to a depleted mantle
source that has undergone large extents of total
melting (Sinton et al. 2003). These character-
istics also typify the adjacent New Britain arc
lavas (Woodhead et al. 1998).

Sinton et al. (2003) recognized three groups of
slightly LREE-depleted back-arc basin basalts
(BABB) that systematically vary in composition
away from the arc. Group Be is from the small
SER ridge in the axial deep just east of the DT
fault, group Bsis from the SR and group B lavas
occur from the central MSC to the METZ (Fig.
5). Fegy, Tigp, Yso, Ybgp contents sequentially
increase, and Ba/Nb, Ba/La, Th/Zr and water
contents progressively decrease, in the order Be,
Bs, B, corresponding to increasing distance to,
and decreasing source contributions from, the
arc/slab (Table 2). Note the sharp transition in
morphology between the volcanic features that
have erupted group A2 and Be lavas, which
occurs at a distance from the arc volcanic front
of 100 km (Fig. 5; Table 2).

The two tholeiitic basalt groups (M1 and M2)

least influenced by slab contributions occur
along the MSC and METZ (Sinton et al. 2003).
Both are LREE-depleted and similar to MORB,
but the M2 lavas from the northeast MSC are
more differentiated, show higher water contents
(0.4-0.7%), and Ba/Nb, Ba/La, Th/Zr ratios, and
lower Fegb[), Na&o, Ti&o, Yg.(), ng.o (Table 2) This
is consistent with their slightly closer distance to
the volcanic front, but may also be related to the
decreasing spreading rate and increasing rift-tip
proximity NE along the MSC. Note that even
the most MORB-like lavas in the Manus Basin
(group M1) retain slight enrichments in Cs, Rb,
Ba, U, Pb, and depletions in Ta, Nb, relative to
MORSB that are like the CLSC lavas and charac-
teristic of some minor slab contribution to their
mantle sources (Sinton ef al. 2003).

Sinton et al. (2003), using Nb-, Zr- and
TiO,-Y systematics, modelled progressive
(accumulated fractional) melting of the Manus
parental lava groups. Assuming that the
MORB-type M1 magmas were produced by
10% total melting, they model 16, 20, 30 and
40% melting for magma types B, Bs, Be and A2,
respectively. They argue that these extents of
melting are so high as to be unrealistic, exceed-
ing the expected increases in melting due to the
addition of water and far exceeding the expected
thermal barriers to melting above the exhaus-
tion of mantle phases such as clinopyroxene (at
c. 20-25%). Instead, they suggest that the strong
depletions in Ti, Y and Yb require mantle
sources that were already depleted by prior
(melting) events. They also note that the great-
est LILE enrichments (e.g. Ba/Nb ratios) occur
in the most depleted lavas (and that, in the
Manus system, Na,O is enriched like these
lithophile elements; Fig. 1). They infer from the
Manus data that greater extents of melting of
originally more depleted mantle occur as slab-
derived components progressively enrich the
mantle sources arcwards (Sinton et al. 2003).
Note that this enrichment appears to be tightly
zoned spatially for the BABB and calc-alkaline
suites of the SR and SER, respectively, but that
the BABB and MORB-like suites erupted on
the MSC and METZ are spatially intermixed.

The Mariana Trough

Tectonic setting

The Mariana Trough is a back-arc basin at the
eastern edge of the Philippine Sea Plate
(12°-24°N, 142°~146°E) associated with subduc-
tion of the Pacific Plate at the Mariana Trench
(Fig. 6). Formation of the basin is estimated to
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Fig. 6. Tectonic setting of the Mariana Trough. Spreading centre and active rifts are shown as heavy lines. The
Pacific Plate subducts beneath the Mariana arc at the Mariana Trench (dotted line) where the 6000 m-contour
is shown. The 100, 200 and 500 km-contours of the subducted slab are shown as labelled dashed lines following
Isacks & Barazangi (1977). Note the overturned nature of the slab in places. The Mariana Trough is opening
between the remnant West Mariana Ridge and active Mariana arc, with depths above 3000 m shaded grey. Arc
volcanoes are shown as triangles. CG indicates the Central Graben and VTZ the volcano-tectonic zone

discussed in the text.

have begun about 5 Ma ago, following rifting of
the progenitor arc (Hussong & Uyeda 1981).
Geological and geophysical data indicate that
the Mariana Trough is opening at a slow rate.
Various measures of current opening rates from
GPS studies have now been made (Kato et al.
1998, 2003; Kotake 2000). The solution of Kato
et al. (2003) indicates that, with reference to the
Philippine Plate (Kotake & Kato 2002), the basin
is opening at c. 45 mm a~! at Guam, slowing to
about 16 mm a! at Agrihan (18°45'N). The
stations along the Mariana islands indicate a
component of trench-parallel strain. Solutions
for a best-fit rigid-plate opening (Kotake 2000;
Kato et al. 2003), however, determine a pole
position well south of the basin physiographic
apex, also implying non-rigid behaviour of the
arc/forearc. This appears especially so for the
southernmost Mariana forearc, where seafloor
mapping provides structural evidence of signifi-

cant trench-parallel, as well as trench-normal,
faulting (Martinez et al. 2000). Significant active
tectonic deformation is also indicated by a 7.7 Mw
(moment magnitude) earthquake near Guam in
1993 (Beavan ef al. 1994; Campos et al. 1996).
Magnetic anomalies in the basin are complex
and poorly correlated along the trough, but
provide a measure of its long-term opening
history. Estimates of total opening rates of about
30 mm a near 18°N have been proposed (Bibee
et al. 1980). Honsho et al. (1997) derived a fuil
opening rate of 38 mm a! at 15°30’-16°45'N
from a magnetization inversion. A 4.7-5.0 Ma
palaeontological age and a 5.0+0.2 Ma palaeo-
magnetic age from basal sediments recovered by
Deep Sea Drilling Project (DSDP) Leg 60
drilling at Site 453 near the western boundary of
the basin at c. 18°N also yield a slow overall basin
opening rate of c. 43 mm at (Hussong & Uyeda
1981). In the northern trough magnetization



36 FERNANDO MARTINEZ & BRIAN TAYLOR

MARIANA TROUGH AXIAL DEPTH (km)
o 1 -2 -3 -4 -5 -6
R (I SO | 1 | L | I
24°N — 24°N
o
=
i
m -
3]
g
22°N ~ 22°N
P g
7 El
= 3
20°N 4 = - 20°N
O
] i
\ 2
18°N “\ g - 18°N
P =
LY 2
l.\ E L
w
<
' Z
o (v o
16°N \ gy 16N
S =
<L
- =1
14°N \‘- — 14°N
12°N - 12°N

142°E 144°E 146°E 100 50 0
Dist. to Volc. Front (km)

Fig. 7. Mariana Trough bathymetry and axial depth profile. The left panel shows a map of the Mariana Trough
with the extension axis indicated with a heavy black line and the volcanic front with a red line. Coloured
shaded relief surface is from a 2’ X 2’ gridded database (Smith & Sandwell 1997) with 500 fathom-contours
from Smoot (1990) superimposed to show the structural fabric. The right panel shows the axial depth profile
measured from swath surveys of the axis projected N~-S. The separation between the extension axis and
volcanic front is shown as red lines. Also shown are the various tectonic/magmatic domains discussed in the
text and DSDP drill sites 453, 454 and 456.
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lineations resulting from intrusions and volcan-
ism have been identified (Martinez er al. 1995).
Together with the northward closing shape of
the basin and the lack of large-scale extensional
faulting north of the trough apex, these obser-
vations imply that opening propagated north-
ward and decreases to near zero just south of the
Volcano Islands (Stern et al. 1984; Martinez et al.
1995). The Izu-Bonin arc and trench further to
the north forms the northward continuation of
Pacific-Philippine convergent system. The
Izu-Bonin arc shows extensional faulting (Karig
& Moore 1975; Honza & Tamaki 1985; Taylor
1992) but is in a rift stage without organized
spreading. Opening rates are estimated to be
very slow (2-5 km of extension in the last 2 Ma;
Taylor 1992). The Mariana Trough opening
kinematics are complex, as the basin is widest in
the central trough (c. 18°N) but is opening
fastest in the southern trough (12°-13°N),
although basin widths are smaller there. This
may be reconciled if opening developed earlier
in the central trough (Karig er al 1978) and
propagated north and south from there, increas-
ing in rate to the south as it did so. Such a model
implies non-rigid plate separation and defor-
mation of the region between the extension axis
and the trench. It is supported by the higher cur-
vature of the present-day volcanic arc and
forearc relative to its conjugate remnant, the
West Mariana Ridge (Fig. 6) (Karig et al. 1978),
by faulting at high angles to the trench observed
throughout the Mariana forearc (Wessel er al.
1994; Stern & Smoot 1998; Martinez ez al. 2000),
and by GPS measurement of trench-parallel
strain between the islands of the arc and forearc
(Kato et al. 2003).

Benioff zone seismicity shows that the Pacific
slab is steeply dipping beneath the Mariana
Trough (Isacks & Barazangi 1977; Chiu et al.
1991). Plate kinematic solutions (Seno ef al.
1993) indicate that the Pacific Plate at the
Mariana Trench is converging towards the
Philippine Plate at rates that vary from ¢. 21 mm
a’! at the southern trench to c. 45 mm a! at the
northern trench in a WNW direction. These
relative motion directions are generally oblique
to the plate boundary and do not include the
component from Mariana Trough opening so
that convergence rates calculated normal to the
trench are generally different from
Pacific-Philippine vectors. The Pacific slab
underlies the extension axis at the northern and
southern ends of the basin, but elsewhere lies
entirely to the east of the axis (Fig. 6). Arc vol-
canoes form islands in the central part of the arc
and become smaller submarine edifices to the
north and south.

Geophysical characteristics

A 500 fathom (1 fathom ~ 1.83 m) contour inter-
val map of the Mariana Trough has been pub-
lished (Smoot 1990) from US Navy multibeam
data. We combined these contours with a digital
2-arc-minute bathymetry grid (Smith &
Sandwell 1997) to broadly delineate seafloor
depth, fabric and structural trends throughout
the basin (Fig. 7). Other areas, primarily along
the length of the extension axis, have higher res-
olution published maps made using swath
systems (Kong ez al. 1992; Fryer 1995; Martinez
et al. 1995, 2000; Baker et al. 1996; Stuben et al.
1998). Our axial depth profile (Fig. 7) is made
primarily using high-resolution swath data.

The nature of extension along the northern
axis remains under debate. One issue is the
extent of organized seafloor spreading v. rifting.
Yamazaki et al. (1993) proposed that organized
seafloor spreading does not extend north of
¢. 22°N, Martinez et al. (1995) proposed that
organized spreading does not occur north of
20°N, and Fryer (1995) proposed that organized
spreading occurs south of a northward-propa-
gating spreading centre at 19°45’N. The nature
of the southern trough (south of ¢. 14°N) has
also been variably interpreted (Bracey & Ogden
1972; Karig & Ranken 1983; Masuda et al. 1994;
Fryer et al. 1998; Matrtinez et al. 2000). These
divergent interpretations result, in part, from the
large changes in morphology of the extension
axis north of 19°45'N and south of 14°N from the
better-surveyed central trough that closely
resembles slow-spreading MORs (Kong et al.
1992). We describe the characteristics of the
extension axis starting with the central trough
and proceed to the northern and southern ends
of the basin.

Central Mariana Trough. The central Mariana
Trough near 18°N is approximately 250 km wide.
The spreading centre forms an axial valley with
depths generally between 4000 and 4500 m, but
ranging between ¢. 5000 m and less than 3500 m.
Across-axis relief is high and can exceed 1000 m.
Inside corner highs are sometimes developed at
segment discontinuities, giving the axis an asym-
metric appearance. The spreading centre is
divided into variable length segments generally
approximately 30-60 km long, which are offset
by non-transform discontinuities, except at
17°40’N at the Pagan transform fault (Sinton &
Hussong 1983). The spreading centre valleys
may contain axial volcanic ridges (Kong 1993).
Magnetic lineations (Seama & Fujiwara 1993)
have been identified that correlate with the struc-
tural segmentation. Various determinations of
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crustal thickness have been made using different
techniques in the central Mariana Trough near
18°N. Bibee er al. (1980) reported an average
thickness of approximately 7 km measured by
two-ship refraction techniques, LaTraille &
Hussong (1980) found an average crustal thick-
ness of 5 km using sonobuoys and explosive
sources, and Ambos & Hussong (1982) found 4
and 6 km thicknesses using ocean bottom seis-
mometers and explosive charges. The reason for
the different crustal thickness determinations is
not clear, but rough and heterogeneous crustal
structure, as well as the unreversed acquisition of
some of the profiles, have been cited as possible
causes (Ambos & Hussong 1982). Sager (1980)
was able to model the free-air gravity variation
across the Mariana Trough using the LaTraille &
Hussong (1980) crustal thickness, but this
required low densities in the mantle beneath the
back-arc basin. Park et al. (1990) analysed the
basement depth and subsidence characteristics
of the Mariana Trough and Philippine Sea, and
concluded that subsidence with age is similar to
that of MORs but that depth is systematically
greater by about 800 m. Taken together, the data
suggest thin to normal crustal thickness in the
central Mariana Trough relative to MORs.

Volcano-tectonic zone (VTZ). 19°45’'N marks
the northern tip of what may be a northward-
propagating spreading centre with spreading
characteristics similar to those of the central
trough (Fryer 1995). Northward, deep grabens
referred to as the Central Graben (Martinez et
al. 1995) are located between 19°50’'N and
21°10'N. These grabens reach depths of 5500 m,
are asymmetric in cross-section, and tectonically
expose lower crust and mantle with back-arc
geochemical characteristics (Stern ez al. 1996). A
hornblende “°Ar/°Ar age of 1.8+£0.6 Ma was
determined from a rock dredge of the graben
walls (Stern ef al. 1996). To the north of the
Central Graben, the extension axis undergoes
significant changes and is referred to as a
‘volcano-tectonic zone’ (VTZ) (Martinez et al.
1995; Baker e al. 1996) to distinguish it from the
central Mariana spreading centre. The VTZ
approaches the volcanic front, and shallows to
3000-3500 m (Fig. 7). SeaMARC II side-scan
data show high backscatter lava flows associated
with the volcanic ridge that characterizes this
area (Baker ef al. 1996). North of c¢. 22°N the
VTZlies along the volcanic front and is the locus
of rifting. SeaMARC Il data show that it consists
of small graben often having high-backscatter
lava flows between rifted arc volcanic edifices
(Baker et al. 1996). A seafloor magnetization
solution shows a discontinuous series of positive

magnetizations tracking the VTZ from the
northern Central Graben toward the arc and
along the northern volcanic front (Martinez ef al.
1995).

The 1.8 Ma age samples recovered from the
Central Graben, the back-arc geochemical
characteristics, and magnetic and side-scan
sonar evidence of intrusions and volcanism indi-
cate that significant back-arc crustal accretion
(rather than primarily tectonic rifting of a pre-
existing arc massif) has occurred in the VIZ, but
in a manner different from that in the central
trough.

Southern Spreading Centre. South of c¢. 14°N,
another transition occurs along the axis of exten-
sion. The axial valley of the central trough shal-
lows and becomes an axial high by 13°N (Fig. 7)
(Martinez et al. 2000). Tectonic deformation in
this area, however, involves significant trench-
parallel extension of the back-arc area between
the spreading centre and the trench axis, with
the development of complex faulting at high
angles to the spreading centre. Significantly, the
spreading centre appears to decouple these
stresses so that high-angle faulting does not con-
tinue west of the spreading centre to the Philip-
pine Plate proper (Martinez et al. 2000). South of
Tracey Seamount (Dixon & Stern 1983) arc vol-
canoes had not been previously identified, but
based on recent mapping and sampling it has
been suggested that a series of small seamounts
located just east of the spreading centre form the
continuation of the arc volcanic front (Fryer et
al. 1998). These volcanoes, however, have geo-
chemical differences from and are smaller than
the arc volcanoes to the north (Masuda e al.
1994; Yamatani et al. 1994; Fryer et al. 1998).

Geochemical characteristics

The essential major, trace and isotopic charac-
teristics of Mariana Trough basalts (MTB), that
they are intermediate in composition between
MORB and island arc tholeiites (IAT) and vari-
ably enriched in water, were recognized from
early dredge hauls and DSDP Leg 60 drilling
(Hart et al. 1972; Meijer 1976; Garcia et al. 1979;
Fryer et al. 1981; Wood et al. 1981). Fryer et al.
(1981) showed that MTB glasses have lower
total iron and TiO,, and higher Al,O; at a given
MgO content, with chondritic REE patterns and
approximately 1% water (Garcia et al. 1979),
and coined the term BABB (back-arc basin
basalt) to distinguish them from MORB. From
the only two DSDP holes to penetrate MTB
(sites 454 and 456), Wood et al. (1981) reported
a BABB series with end-member MORB-like



BACK-ARC CRUSTAL ACCRETION 39

and arc-like compositions interlayered. Subse-
quent papers, plus additional dredge and Deep
Sea Research Vessel ALVIN samples, confirmed
these essentials, including the proximal eruption
of end-member compositions (Hawkins & Mel-
chior 1985; Sinton & Fryer 1987; Volpe et al.
1987, 1990; Hawkins et al. 1990; Stern et al. 1990).

Improvements in analytical techniques, such
as inductively coupled plasma-mass spec-
troscopy (ICP-MS) and FTIR spectroscopy,
together with systematic sampling of the spread-
ing axes as they became better known and sur-
veyed, allowed more detailed characterization
of the MTB geochemistry and its spatial varia-
tions. Stolper & Newman (1994) showed that
melting mixtures of a MORB-type mantle
source with, and in direct proportion to the
amount of, a HyO-rich component can produce
the range of MTB observed and its arc-like end-
member (A1846-9, Table 3). Gribble et al.
(1996, 1998) extended the collection of studied
lavas to the spreading segments north and south
of the previous focus area at 18°N, as well as to
the arc rifting segments in the north. We use
their analyses, together with those of Hawkins ez
al. (1990) and Stolper & Newman (1994), to
characterize the lava types of the Mariana
Trough axis from 15° to 23°N (Table 3). To date,
the only published analyses south of 15°N are of
off-axis samples (e.g. Masuda et al. 1994;
Yamatani e al. 1994).

The first-order segment-scale depth and geo-
chemical differences are between lavas from the
VTZ and those from the spreading axes at
15°-21°N (including the ‘Central Graben’). The
VTZ lavas are transitional in major, trace and
isotope compositions between the MTB and
nearby island arc lavas (Stern et al. 1990; Gribble
et al. 1998). The MTB from the spreading axes at
15°-21°N show evidence of hydrous flux melting
in addition to decompression melting (Hawkins
et al. 1990; Stolper & Newman 1994; Gribble et
al. 1996,1998). They are characterized by mantle
sources variably enriched in water and other
mcompatible elements derived from subduction
(e.g. high Ba/L.a and Th/Zr, Table 3). Estimates
of the total degree of melting from Ti-Yb sys-
tematics range from 7 to 16% for MTB, and
12-36% for VTZ and A1846-9 lavas (Gribble et
al. 1998). Like the Manus data, this extent of
total melting requires prior melting of the
mantle sources.

MTB compositions are between end
members (locally erupted at the spreading
centre) of Sonne S84: 2-1 (15°N, normal
MORB) and A1846-9 (18°21'N, IAT) (Table 3;
Fig. 1). Note that MORB, BABB and IAT lava
types all occur in close/overlapping proximity in

the most densely studied/sampled region at
17°42'-18°24’N (Table 3; Hawkins et al. 1990;
Volpe et al. 1990). With this level of eruptive
heterogeneity, segment-scale systematics may
be difficult to identify or may not exist. Never-
theless, comparing data from spreading seg-
ments at 15°-16°N v. 16°~17°N, Gribble er al.
(1996) proposed that variations in magma
supply along the spreading axes correlate with
the abundance of highly incompatible elements
and water in the lavas (i.e. that shallower seg-
ments have compositions consistent with higher
degrees of mantle melting). Certainly the shal-
lowest, hour-glass-shaped neovolcanic zone
occurs at 17°N and sheet-flow samples dredged
from there have some of the lowest Nag g, Tig g,
Ybg, values, and highest Ba/La and (H,O)gq
contents of the MTB (Table 3). Other segments,
however, may be more like those at 18°N, and
therefore difficult to characterize with a few
samples.

Taken as a whole, the Mariana Trough
samples have systematically lower Fegy and
higher Nag contents than comparable Lau and
Manus basin samples (Tables 1-3; Fig. 1). We
interpret this to reflect lower overall extents of
melting in the Mariana Trough than the other
basins, associated with slower spreading and
cooler mantle temperatures (the global trend) —
on top of which is superimposed the local trend
(e.g. decreasing Nag, and Feg ) associated with
higher extents of prior melting plus flux melting
proportional to water content. This is consistent
with data from one of the rare exposures of peri-
dotites and gabbros within active back-arc
basins that occur in the Central Graben of the
Mariana Trough at ¢. 20°03'N (Stern et al. 1996;
Ohara et al. 2002). Open-system melting models
indicate that these peridotites correspond to
residual compositions after approximately 7%
near-fractional melting of a depleted MORB-
type upper mantle, consistent with a low magma
budget resulting in ultramafic exposure (Ohara
et al. 2002). This is lower than globally reported
extents of melting for abyssal peridotites
(8-25%; Elthon 1992; Johnson & Dick 1992).

Model

In order to evaluate controls on back-arc crustal
accretion, we assess proposed physical processes
in the mantle wedge and how these may affect
and lead to differences from the better under-
stood process of crustal accretion at MORs. At
MORs conditions generally assumed include a
uniform composition mantle, mantle advection
driven by plate separation and a thermal struc-
ture controlled by cooling to the surface. Crustal
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accretion results from adiabatic decompression
melting of mantle material within a volume
referred to as a ‘melting regime’, melt extraction
from the mantle and its delivery to or near the
seafloor, and the flow of residual (less fertile)
mantle out of the melting regime (e.g. Langmuir
et al. 1992) (Fig. 8A). Other effects, such as melt
buoyancy, may add dynamic components to this
process (e.g. Su & Buck 1993), but the passive
plate-separation model provides a simple first-

order explanation of the crustal-accretion
process at MORs. At MORs, systematic changes
in morphology and geophysical characteristics
that vary with spreading rate have been
identified (Macdonald 1982). These variations
are thought to be due to spreading-rate control
on the shallow thermal structure of the ridge. At
fast-spreading rates the lithosphere is hotter and
long-lived magma lenses can exist, buffering the
thermal structure and allowing along-axis flow
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of melt. At slow rates cooler lithosphere does
not permit long-lived magma lenses to exist and
there is limited along-axis transport of melt.
Lithospheric mechanical effects related to these
different thermal structures and the presence or
absence of magma lenses create axial valleys or
axial highs, although a variety of differing pro-
cesses have been proposed (Chen & Morgan
1990b; Chen & Phipps Morgan 1996; Shah &
Buck 2001).

Similarly, back-arc crustal accretion should be
tied to processes that affect mantle melting,
extraction and delivery. In back-arc settings,
however, the subducting siab affects the compo-
sition, flow field and thermal structure of the
mantle wedge (Fig. 8B-D).

e The slab is a source of water and other
volatiles that lower the solidus; geochemical
studies show that volatile contents are ele-
vated for the arc and back-arc lavas close to
the volcanic front (Garcia et al. 1979; Stolper
& Newman 1994; Ewart et al. 1998; Gribble et
al. 1998). Melt can therefore be produced in
subduction settings without surface plate
separation inducing upward mantle advection
and decompression melting.

¢ Mechanical models predict corner flow in the
wedge driven by slab subduction (Fig. 8B)
(McKenzie 1969; Sleep & Toksoz 1971; Ribe
1989; Davies & Stevenson 1992; Winder &
Peacock 2001). Some models also predict a
component of vertical advection induced by
slab motion that contributes to mantle wedge
melting (Conder er al. 2002). Geochemical
observations show increasing source deple-
tion from the back-arc toward the volcanic
front and also argue for an inward flux of
fertile mantle, variable melt extraction and
removal of depleted mantle by slab-induced
flow (Woodhead et al 1993, 1998;
Hochstaedter et al. 1996, 2000,2001) (Fig. 8B).
Mantle wedge flow models also predict the
advection of slab-influenced mantle material
into the melting regimes of back-arc spreading
centres (Ribe 1989).

¢ Numerical models predict that the thermal
structure of the mantle wedge is controlled by
the rate of subduction in addition to the age
of the slab: fast subduction induces rapid
mantle advection toward the slab and down-
ward with the slab so that cooling within the
mantle wedge is minimized, whereas slow
subduction allows significant growth of a

Fig. 8. Schematic model of controls on back-arc crustal accretion. (A) At MORs surface lithospheric plates

(grey areas) separate (open arrows) and drive advection in the mantle (dashed stream lines). On rising above
the solidus (heavy solid line) pressure-release melting occurs. Melt is transported to the spreading axis (fine
dotted lines) accreting the crust (dark grey area), and melt-depleted mantle flows horizontally away with the
separating lithospheric plates. Grey shading in the mantle above the solidus indicates increasing depletion of
the residual mantle toward the surface. (A) follows Langmuir et al. (1992). (B) In subduction settings the
motion of the slab (black arrows) drives corner-flow advection in the mantle wedge (indicated by dashed
stream lines with small arrows). Water released by the slab increases in concentration toward the volcanic
front and correspondingly lowers the mantle solidus (indicated by a heavy solid line that deepens beneath
volcanic front). As mantle material is advected into the zone of hydration partial melting occurs. Melt rises
(fine dotted lines) and may form back-arc seamount chains (indicated by surface triangular shapes). Mantle is
progressively depleted (indicated by darker grey shading) of a melt component toward the volcanic front
(large surface triangular shape) and is advected toward the wedge corner and downward with the slab. (B)
follows Hochstaedter et al. (1996, 2001). (C) Slow subduction causes slow mantle wedge advection allowing
significant cooling of the mantle wedge (indicated by widely spaced isotherms). The cooling is enhanced if the
subducting plate is old (indicated by thick slab). (D) Fast subduction induces rapid mantle advection towards
and downward with, the slab and leads to a hotter mantle wedge corner with isotherms tightly compressed
against the slab (closely spaced lines), especially if the subducting plate is young (indicated by thin slab). (C)
and (D) follow Davies & Stevenson (1992) and Peacock (1996). In (C) and (D) effects on the solidus are
indicated by the thick solid line. (E) When back-arc extension commences it tends to initiate surface
lithospheric plate separation near the rheologically weak volcanic front. Hydrated mantle material in this
region is advected upward into the stretching and thinning lithosphere, leading to high degrees of melting in
the rift phase, unless slow subduction (C) leads to significant mantle wedge cooling. (F) With increasing
extension a seafloor spreading centre is established near the volcanic front advecting highly hydrated mantle.
As a consequence, an enhanced magmatic stage and thick crust (indicated by a dark grey layer) result. (G)
With continued spreading the extension axis separates from the volcanic front. Mantle hydration from the slab
decreases and strongly melt-depleted mantle is mixed with ambient mantle as a result of corner flow and
advection by the spreading centre (indicated by closed streamline loop). These conditions result in diminished
magmatism and thinner crust (indicated by thinner dark grey crustal layer). (H) Eventually, the back-arc
spreading system separates sufficiently from the volcanic front that it is not significantly affected by hydration,
re-circulated melt-depleted mantle and slab-derived geochemical components. Spreading centres now advect
ambient MORB-source mantle and their crustal accretion characteristics are like MORs, largely controlled by
spreading rate.
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thermal boundary layer outward from the slab
into the mantle wedge (Fig. 8C and D) (e.g.
Davies & Stevenson 1992; Peacock 1996).
Mantle wedge cooling is most pronounced in
the area beneath the volcanic front for slow
subduction of old cold lithosphere.

Following Martinez & Taylor (2002), these
observations and theories indicate a mantle
wedge partitioned into various thermal/compo-
sitional zones that control back-arc crustal
accretion: (i) far behind the volcanic front
normal (fertile) MORB-source mantle is
_advected into the mantle wedge due to viscous
coupling with the subducting slab; (ii) close to
the volcanic front, fluids released from the slab
hydrate a zone of the mantle wedge and cause
melting. These slab-derived components
(including those from sediments, crust and
mantle lithosphere) give mantle wedge melts in
this region a distinctive geochemical signature.
.This melt is extracted from the mantle to form
arc volcanoes or is underplated or intruded into
the crust. Depending on subduction rate and
slab age, a zone of cooled mantle grows outward
from the slab into the mantle wedge; and (iii)
residual mantle (which is less fertile because it
has had a melt component removed) is
entrained within the corner flow induced by the
subducting slab, which continues to release
additional fluids. Its greater buoyancy relative to
fertile mantle and low viscosity due to continued
water addition from the slab may facilitate
mixing with fertile mantle within the mantle
wedge. The mixing process does not result in
uniform compositions or even uniform gradi-
ents, but rather produces highly heterogeneous
volumes on a variety of scales that retain dis-
tinctive compositions (as shown by sample het-
erogeneity). Overall, however, mantle
compositions vary between highly subduction-
influenced and depleted near the arc volcanic
front to MORB-source like far from the volcanic
front. Despite the large chemical heterogeneity,
geophysical features such as crustal thickness,
seafloor depth and gravity variations integrate
these effects and provide a measure of system-
atic changes in total melt production.

When back-arc spreading develops (Fig.
8E-H) an advective system similar to that of
MORs is superimposed on this mantle wedge
environment. When arc systems rift to form
back-arc basins the initial rift may occur along,
seaward of, or behind the volcanic front (+50
km; Taylor & Karner 1983). The initial position
of the spreading centre that follows the rifting
phase may thus vary with respect to the under-
lying compositional zones in the mantle wedge.

Spreading will cause migration of the ridge axis
with time in a direction away from the trench
axis. The extraction of melt by the spreading
centre itself will also significantly modify the
composition of the mantle wedge. Melt-
depleted residual mantle created by seafloor
spreading plus that from arc melt extraction may
become entrained in the mantle wedge corner
flow and be re-introduced beneath the back-arc
basin, variably mixing with ambient fertile
mantle. As the melting regimes of the back-arc
spreading centres intersect the various mantle
wedge compositional zones, corresponding
changes in melt production may be expected: (i)
enhanced melt production near the volcanic
front when the spreading centre advects highly
hydrated mantle. This effect may be countered,
however, in slow-subduction environments
where low rates of slab-derived volatile input
and appreciable cooling of the mantle wedge
near the volcanic front are predicted; (ii) low
melt production when back-arc melting regimes
intersect residual depleted (low fertility) mantle
that has been swept back beneath the basin by
the subducting slab; and (iii) normal (MOR-
like) melting when intersecting normal (MORB-
source) mantle far from slab-derived input and
thermal effects. As at MORs, shallow melting
effects will be modulated by spreading rate,
which controls the shallow thermal and hence
mechanical structure of the spreading centre.
An addition characteristic feature of subduction
systems is the spaced nature of the arc volcanic
edifices and presumably of the melt generation
and/or transport processes that feed them
(Marsh 1979; Tamura et al. 2002). This may
impart additional chemical heterogeneity and
morphological variability to the early stages of
back-arc spreading systems when they are in
close proximity to the volcanic front.

Despite multiple controlling parameters pro-
posed for back-arc melt generation and crustal
accretion, systematic effects can be observed in
back-arc basins spanning a broad range of sub-
duction and opening conditions. We summarize
and discuss these variations in crustal accretion
with respect to the extension axes of the Lau,
Manus and Mariana basins. ~

Discussion

Enhanced magmatism near the volcanic
front

Conusistently, the Lau, Manus and Mariana
extension axes are magmatically robust when
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near the volcanic front. Despite slow-spreading
rates (c. 40-60 mm a'), the VFR forms the shal-
lowest and thickest crust of the Lau Basin
spreading system (Fig. 3), and has high inflation,
axial magma lens reflectors and active
hydrothermal systems (Martinez & Taylor
2002). The SER in the Manus Basin form a series
of high-standing neovolcanic ridges that are the
shallowest extensional axes in the basin (Fig. 5).
The SER are predicted to have the fastest
opening rates in the basin (Tregoning 2002) so
that, although they may not yet constitute long-
lived or well-organized seafloor spreading
centres, magmatism is accommodating much of
the fast opening preventing the development of
deep tectonic grabens that would otherwise
form. The northern and southern Mariana
Trough spreading axes approach the volcanic
front and become shallow and ridge-like, in con-
trast to the central part of the basin where the
axis forms a valley typical of slow-spreading
centres (Fig. 7). Side-scan imagery also shows
that both arc-proximal areas have high neovol-
canic activity (Baker er al. 1996; Becker ef al.
2001), despite the northward decreasing
opening rate.

Together with the morphological and geo-
physical evidence for robust magmatism, the
subduction geochemical signature becomes
stronger near the volcanic front at the VFR,
SER and VTZ extension axes (Tables 1-3, Fig.
1) (Gribble ef al. 1998, Peate et al. 2001; Sinton ez
al. 2003). In accord with these findings and
following Martinez & Taylor (2002), we infer
that increased melting due to slab-derived
hydration of the mantle wedge near the volcanic
front is a primary cause of the present-day
enhanced magmatism, consistent with the high
water contents measured in these lavas.
Enhanced magmatism is also observed at the
northern (segment E2; Leat et al. 2000) and
southern (segment E9; Bruguier & Livermore
2001) ends of the East Scotia Ridge, the back-arc
spreading centre west of the South Sandwich
arc, in the South Atlantic Ocean. These seg-
ments also have the most pronounced subduc-
tion influence. Thus, although the influence of
the Bouvet mantle plume has been suggested as
a cause of the enhanced magmatism (Livermore
et al. 1997; Leat et al. 2000; Bruguier & Liver-
more 2001), hydrous fluxing by the slab near the
volcanic front is likely to be a contributing factor
(also see Livermore, 2003).

Several examples, however, show that these
geophysical and geochemical characteristics are
not always present but rather depend on
additional factors, inctuding subduction rate and
the spaced nature of arc volcanism. In the case of

the Mariana Trough, similar early spreading
enhanced magmatism does not appear to charac-
terize the entire length of the basin. In most of
the central and southern Mariana Trough, the
early opening of the basin is apparently charac-
terized by normal to diminished magmatism, as
indicated by deep seafloor bordering the West
Mariana Ridge. This may be explained by a
cooler mantle wedge due to slow subduction
rates at that time. Back-arc basin opening adds to
the subduction rate predicted by the conver-
gence of the surrounding major plates. Assuming
that former Pacific-Philippine convergence was
similar to the current motion predicted by Seno
et al. (1993), then slow subduction is predicted
along the Mariana Trench prior to basin for-
mation (c. 20 mm a™! for the southern Mariana
arc increasing to ¢. 40 mm a~! near the northern
Mariana arc, but becoming more oblique). Even
slower subduction rates are predicted for the
period before basin opening adopting current
GPS-determined Pacific~Philippine vectors
(Kato et al. 2003). Numerical models indicate
that slow subduction significantly lowers the tem-
perature of the mantle wedge in the region
beneath the volcanic front (Davies & Stevenson
1992; Peacock 1996). As seafloor spreading in the
Mariana Trough initiated through rifting of the
arc, the thermal models suggest that cool mantle
in this area (depressed by hundreds of °C) may
suppress even hydrous melting, leading to
decreased magmatism during early seafloor
spreading. Once back-arc extension commences,
however, the basin opening rate adds to the
Pacific-Philippine convergence rate, subduction
rate increases, slab-derived volatile flux rate
increases and the mantle wedge apex gets hotter.

Two other examples illustrate additional con-
trols on back-arc accretion related to the spaced
locus of arc volcanism. In the case of the Sumisu
and other active rifts of the Izu~-Bonin arc, the
rift lavas are distinct from the volcanic front and
cross-chain lavas. Some of them have character-
istics of BABB, not of the proximal island arc
tholeiites (Table 2) (Fryer et al 1990;
Hochstaedter et al. 1990a, b). This reflects the
vertically separate and horizontally spaced
nature of the rift and arc sources (Taylor 1992).
Secondly, some of the early basalts in the Lau
Basin (e.g. ODP Site 834, Table 1; Fig. 1) have
MORB-like characteristics and low extents of
melting (Hawkins & Allan 1994; Hergt &
Hawkesworth 1994). In this case, rifting split the
forearc side of the (now-remnant) Lau arc,
whose continued arc volcanism did not domi-
nate the early Lau Basin lavas (prior to ¢. 3.5 Ma
ago when the Tofua arc started to form)
(Hawkins 1995).
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Diminished magmatic phase

In the fast-opening Lau and Manus basins an
abrupt deepening of the extension axis occurs
with increasing distance from the volcanic front
(Figs 3 and 5). In the Lau Basin, the ELSC north
of the VFR becomes deeper and north of
20°30'S looses robust magmatic characteristics,
such as axial magma chamber reflectors and
axial high morphology. The northern ELSC
crust is also deeper and thinner than the CLSC
crust (Crawford er al. 2003). In the Manus Basin,
the SR, as well as the northwesternmost ridge of
the SER, become abruptly deeper than the rest
of the SER, form grabens and are less magmatic
(as indicated by fewer lava flows on side-scan
imagery). The SR axes are likewise deeper than
the MSC axis. These observations indicate lower
magmatic production on the northern ELSC and
SR relative to other axes in the Lau and Manus
basins. Coincident with these geophysical indi-
cations of low magmatic production, however,
there are apparently contradictory geochemical
indications of higher extents of melting relative
tonormal MORB and the lavas of the CLSC and
MSC (e.g. lower Nagg, Tigo and Ygg contents).
These observations may be reconciled by our
model of corner flow re-fluxed mantle. Thus, the
mantle sources of the northern ELSC and SR
have, in fact, experienced high extents of
melting, but not all beneath the present axes.
Corner-flow circulation implies that at least
some of the mantle material now beneath the
ELSC and SR was previously closer to the vol-
canic front where it would be subject to hydrous
melting and melt extraction by earlier spread-
ing/rifting (analogous to the VFR and SER) and
arc volcanic front magmatism. A consequence of
this melting would be the significant removal of
incompatible elements. As this depleted and less
fertile mantle moves away from the volcanic
front it receives additional slab-derived water
and varyingly mixes with ambient MORB-
source mantle. This will tend to increase source
fertility and partly replenish incompatible
elements, so that significant melting can still
occur beneath the ELSC and SR (without
extreme depletion characteristics), but not to
the extent of the MORB-source end member.
The end result is a thinner crust yet having a geo-
chemical signature of high extents of melting.
We note that there are a few samples on the
northern ELSC and ILSC (especially CD33-23,
Table 1; Pearce ez al. 1995) that do show extreme
depletion characteristics (as or more depleted
than the volcanic arc itself) that probably repre-
sent a poorly mixed depleted end-member com-
position. The existence of these extreme sample

compositions is particularly difficult to explain
without corner flow re-circulation of previously
melted mantle material.

The Mariana Trough axis is slow spreading
and, between 14°N and 21°N, generally has mor-
phology typical of slow-spreading MORs. A
decreased magmatic stage may therefore not be
easily distinguished morphologically from
typical slow-spreading characteristics, which
often include areas of thin or no crust exposing
gabbros and peridotites at the seafloor (Cannat
1993; Cannat et al. 1995; Cann et al. 1997). Thus,
in the case of slow-spreading back-arc basins, a
reduction in melt production would not necess-
arily produce a morphologically distinct axial
deepening relative to typical crustal variations.
Gribble et al. (1996) have noted, however, the
systematically deeper axis of the Mariana
Trough compared to MORs, and the majority
{LaTraille & Hussong 1980; Ambos & Hussong
1982) but not all (Bibee e al. 1980) of seismic
determinations indicate thinner crust in the
Mariana Trough than MOR average values. It
could be argued that as the slab in the Mariana
system dips steeply and does not underlie most
of the spreading axis (Fig. 6), previously melt-
depleted mantle may not be re-introduced in
significant amounts beneath the back-arc
melting regime. This is difficult to reconcile,
however, with the geochemical evidence for
high water contents and degrees of melting of
the majority of Trough lavas that are BABB
(Table 3) (Hawkins et al. 1990; Stolper &
Newman 1994; Gribble et al. 1996, 1998). Thus,
we conclude, based largely on geochemical data,
that most of the Mariana Tough spreading axis
(c.14°-21°N) is in a diminished magmatic phase,
due to advection of mantle that has previously
undergone melt extraction. We note that the
location of this part of the Mariana Trough
spreading axis is comparable to that of the
diminished melting parts of the Lau and Manus
basins. This suggests that despite near-vertical
slab subduction, mantle convection loops or
‘eddies’ extend out from the slab and are able to
re-circulate depleted mantle material at least as
far as the central Mariana Trough axis. Variable
mixing of ambient (fertile) mantle and melt-
depleted mantle with slab-derived additions in
this convective process may explain the extreme
heterogeneity of Mariana Trough axial lavas.
The slow-spreading cool shallow thermal regime
minimizes melt homogenization by not sustain-
ing long-lived axial magma chambers, contribut-
ing to sample heterogeneity. The exposure of
gabbros and peridotites directly exhibiting low
extents of melting in the Mariana Trough
Central Graben (Stern et al. 1996; Ohara et al.
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2002) may be an extreme expression of a poorly
mixed fertile mantle end-member component.
The Central Graben forms offset and overlap-
ping extension axes (Yamazaki et al. 1993),
which partition spreading rates between them
and, like large transform offsets at slow-spread-
ing MORs, possibly represent tectonic ‘cool
spots’ where mantle exhibiting low degrees of
melting is often found (e.g. Ghose et al. 1996).

Normal magmatic phase

In the Lau and Manus basins, the CLSC and
MSC show typical MOR-like morphology (Figs
3 and 5). At c. 180 and 240 km, respectively, from
the volcanic front, these spreading axes are least
influenced by slab effects. The CLSC and M1
lava compositions are very similar, LREE-
depleted and MORB-like (Tables 1 and 2), with
low water contents (0.17-0.3%) and only slight
enrichments in Rb, Ba and depletions in Ta, Nb
(Peate et al. 2001; Sinton er al. 2003). With
average ridge depths of approximately 2300 m,
their Fegy and Nagg values fall on the global
trend for MORB systematics (Klein & Lang-
muir 1987; Langmuir ez al. 1992). Note, however,
the additional presence of BABB (group B)
lavas interspersed along the MSC and the
METZ (even further from the New Britain arc)
that indicate additional source heterogeneity
(Sinton et al. 2003), possibly related to prior sub-
duction events (Woodhead er al. 1998). Our pre-
diction from these observed relationships is that
back-arc spreading far behind the volcanic front
should be MOR-like in all aspects, although
some slab-derived geochemical heterogeneity in
the mantle may be far-reaching. At approxi-
mately 300-550 km behind the New Hebrides
arc, the central spreading ridge of the North Fiji
Basin is a modern example whose characteristics
fully satisfy this prediction (Auzende et al. 1995).
In the Mariana Trough, the axis between the
northern and southern melt-enhanced areas is
only approximately 100 km from the volcanic
front and, as described above, is accreting
BABB crust. Continued spreading should
eventually cause the spreading axis to migrate
further from the volcanic front and eventually
accrete MOR-like crust.

Conclusion

Systematic variations in depth, morphology,
geophysical characteristics and geochemistry
along the active extensional axes of the Lau,
Manus and Mariana back-arc basins are inter-
preted to reflect changes in melt production
within the underling mantle wedge, which are

largely controlled by the subducting slab. The
slab introduces water into the mantle wedge
causing increasing hydration and lowering of the
solidus toward the volcanic front. The slab
motion interacts viscously with mantle wedge
material, inducing corner flow. Corner flow can
re-introduce previously melted mantle material
into the melting regimes of back-arc spreading
centres, thereby lowering their crustal produc-
tion. Slab subduction controls the temperature
structure of the mantle wedge. Fast subduction
is expected to compress mantle wedge isotherms
against the slab, whereas slow subduction allows
for the significant growth of a cold thermal
boundary layer away from the slab at shallow
mantle levels where melt production occurs.

Enhanced melt production (with strongly sub-
duction-influenced compositions), indicated by
shallow axes (and thick crust where measured in
the Lau Basin), occurs in each of the basins
studied where the spreading centres are near the
arc volcanic front and their melting regimes
advect hydrated mantle. Early rifting/spreading
in the Mariana Trough, however, appears to
show a magma-starved phase, as indicated by
deeps bordering the West Mariana Ridge. This
phase may have been induced by predicted slow
subduction and resultant cool mantle wedge
temperatures near the volcanic front during
early basin evolution. The early Lau Basin and
Sumisu Rift provide examples of MORB-like
and BABB magmas, respectively, sourced
between the loci of contemporaneous arc mag-
matism.

Further from the arc volcanic front, a
decreased melting phase is indicated in each of
the basins by axial deepening (and thinner crust
where measured in the Lau Basin). The geo-
chemistry of samples in this stage typically show
greater extents of melting than normal MORB,
in contrast to the geophysical indications of
decreased melt production. We reconcile these
observations by proposing that mantle corner
flow re-introduces a melt-depleted mantle com-
ponent back beneath the melting regimes of the
spreading centres, melt extraction having
occurred closer to the volcanic front.

As back-arc spreading centres with time
increasingly separate from the arc volcanic front
through crustal accretion, they eventually are
underlain by ambient MORB-source mantle
with little subduction influence. Normal mag-
matic production, as indicated by normal depth
(and thickness crust where measured), results as
mantle mixing with a depleted component is
eliminated. This stage has been largely achieved
in the Lau (CLSC, ¢. 180 km from volcanic front)
and Manus (MSC, c¢. 240 km from the volcanic
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front) basins, but not yet in the central Mariana
Trough axis (c. 100 km from volcanic front),
which is primarily erupting BABB. Once this
stage is achieved and thereafter (e.g. the North
Fiji Basin), crustal accretion and morphological
characteristics become MOR-like — largely con-
trolled by parameters, such as spreading rate,
that determine the thermo-mechanical behav-
iour of the lithosphere and shallow mantle,
rather than by slab controls on the composition,
flow field and temperature within the mantle
wedge.
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Abstract: Subduction zones are major sites of magmatism on the Earth. Dehydration pro-
cesses and associated element transport, which take place in both the subducting litho-
sphere and the down-dragged hydrated peridotite layer at the base of the mantle wedge,
are largely responsible for the following characteristics common to most subduction zones:
(1) the presence of dual volcanic chains within a single volcanic arc; (2) the negative corre-
lation between the volcanic arc width and the subduction angle; (3) selective enrichment
of particular incompatible trace elements; and (4) systematic across-arc variations in
incompatible trace element concentrations. The occurrence of two types of andesites, calc-
alkalic and tholeiitic, typifies magmatism in subduction zones. Examination of geochemi-
cal characteristics of those andesites in the NE Japan arc and bulk continental crust reveals
marked compositional similarity between calc-alkalic andesites and continental crust. One
of the principal mechanisms of generation of calc-alkalic andesites, at least those on the
NE Japan arc, is the mixing of two magmas, having basaltic and felsic compositions and
being derived from partial melting of the mantle and the overriding basaltic crust, respec-
tively. It may be thus suggested that this process would also have contributed greatly to
continental crust formation. If this is the case, then the melting residue after extraction of
felsic melts should be removed and delaminated from the initial crust into the mantle in
order to form ‘andesitic’ crust compositions. These processes cause accumulation in the
deep mantle of residual materials, such as delaminated crust materials and dehydrated,
compositionally modified subducted oceanic crusts and sediments. Geochemical
modelling suggests that such residual components have evolved to form enriched mantle

reservoirs.

Subduction zones, where the oceanic litho-
sphere is foundering into the Earth’s interior,
have been working as factories and have con-
tributed significantly to the evolution of the solid
Earth. Raw materials, such as pelagic/ter-
rigenous sediments, oceanic crust and mantle
lithosphere, are supplied to the factory (Fig. 1).
In the process of transportation and processing
of these raw materials, the factory causes vibra-
tions as earthquakes. The major products of the
factory are arc magmas, their solidified products
and, ultimately, continental crust. Subduction
zones are creating >20% of the current,
terrestrial magmatic products and have formed
7.35 x 10° km? of andesitic crust throughout
Earth’s history (Taylor & McLennan 1995).
Although the continental crust occupies less
than 1% of the total mass of the solid Earth, the
origin of such a ‘differentiated’ component
should provide a clue to understanding the evol-
ution of the Earth. Furthermore, formation of
andesitic crust is probably one of the greatest
dilemmas facing those who are interested in the
origin of continental crust, because basaltic

magmas dominate the magmatism on the
modern Earth.

The waste materials processed in the subduc-
tion factory, such as chemically modified slab
materials and probably delaminated lower con-
tinental crust, sink into the mantle (Fig. 1).
Basaltic oceanic crust, with an average thickness
of 7km, has constantly been accumulating some-
where in the deep mantle. Assuming that such
basaltic materials could be stored at the base of
the mantle for the last 3 billion (10°) years, the
volume of such a layer, with a composition
different from both the overlying peridotitic
mantle and the underlying metallic core, would
be c. 4.2 X 107 km?, occupying c. 4% of the total
mass of the solid Earth. Such voluminous
basaltic materials may thus be regarded as the
‘anti-crust’ at the base of the mantle. Water
should have been transported from the surface
to the interior of the Earth with the sinking
oceanic lithosphere. Although H,O bound in
altered oceanic crusts and subducting sediments
is largely recycled to the surface, through fluid
migration in accretionary prisms and arc

From: LARTER, R.D. & LEAT, P.T. 2003. Intra-Oceanic Subduction Systems: Tectonic and Magmatic Processes.
Geological Society, London, Special Publications, 219, 55-80. 0305-8719/03/$15.00
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Fig. 1. Processes occurring in the subduction factory. Raw materials, such as oceanic sediments, oceanic crust
and mantle lithosphere, are fed into the factory and are manufactured into arc magmas and continental crust.
The waste materials processed in this factory, such as chemically modified oceanic crust/sediments and
delaminated lower continental crust, sink into the deep mantle and are likely to have greatly contributed to

mantle evolution.

magmatism, the sinking oceanic crust could
carry c. 1 wt% of H,O to depths of >200 km (e.g.
Poli & Schmidt 1995). This indicates that c. 3 X
10% kg of H,O, about a quarter of the present
hydrosphere, has been injected into the mantle.
The presence of such H,O should have profound
effects on the rheological property of the mantle
and would govern the dynamic processes in the
Earth’s interior.

This paper will provide an overview of the
general characteristics of subduction-zone
magmatism and discuss the role of subduction
factories in the formation of some geochemical
reservoirs in the solid Earth, such as continental
crust and enriched mantle end-member com-
ponents, based on examination of the process of
continental crust formation and chemical differ-
entiation through dehydration of the subducting
oceanic lithosphere.

Arc magmatism: general characteristics
and possible origins

The interaction of physical and chemical pro-
cesses in subduction zones is complex. In
essence, there is no generalized model for arc
magma generation that can account for magma-
tism in all subduction zones on the Earth. Faced
with this, one of the practical approaches may be
to identify general characteristics in arc magma-
tism common to most subduction zones and to
provide possible explanations for such charac-
teristics. Subsequently, we can try to understand
the origin of unusual phenomena. Although
several such general characteristics have been
documented (e.g. Tatsumi & Eggins 1995), our
interest in this paper will focus on volcano distri-
bution and incompatible element compositions
of arc lavas. Such an approach is valid as these
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characteristics may be closely related to the
origin of andesites and continental crust, which
are the major products of the subduction factory.

Volcano distribution

One of the striking features in volcano distri-
bution at convergent plate margins is the pres-
ence of an abrupt trenchward limit of volcanoes
(Fig. 2), defined as the volcanic front (Sugimura
1960). The presence of such a volcanic front
intuitively suggests that partial melting in the
mantle wedge or in the subducting oceanic litho-
sphere occurs solely beneath the volcanic arc.
Although the number of volcanoes and the
amount of material discharged from volcanoes
are greatest along the volcanic front (Sugimura
1960), they do not tend to decrease uniformly
away from it. In subduction zones with relatively
wide arcs, a second volcano concentration is
Iocated in the back-arc side of the volcanic arc
(Fig. 2). The occurrence of such dual volcanic
chains, within a single volcanic arc, was first
emphasized by Marsh (1979) and discussed for
current subduction zones by Tatsumi & Eggins
(1995). Furthermore, Tamura et al. (2002) have
demonstrated the along-arc distribution of two
topographic highs, which correspond to the dual
volcanic chains in the NE Japan arc.

As always, there are some exceptions to the
rule. For example, arcs such as the Mariana and
Tonga arcs are composed of a single volcanic
chain, while others such as the Kamchatka and
Sunda arcs contain three chains (Tatsumi &
Eggins 1995). Interestingly, however, volcanic
arcs comprising a single volcanic chain tend to
form above high-angle subduction zones. This is
clearly demonstrated in the Izu-Bonin-Mariana
arc, where the width of the volcanic arc
decreases southwards as the subduction angle
varies from c. 30°, beneath the northern tip of

Fig. 2.(a) Distribution of Quaternary volcanoes in the
NE Japan arc. The volcanic front, which is defined as
the boundary between forearcs and volcanic arcs
(solid lines), is located c. 100 km above the surface of
the subducting Pacific Plate in the central part of this
arc are illustrated by broken lines, with numbers
representing depth to slab. The bimodal distribution
of volcanic materials in the across-arc direction
provides evidence for the formation of dual volcanic
chain. Quaternary volcanoes on this arc can be
grouped into 10 volcanic clusters striking transverse
to the arc (hatched regions), which may suggest the
location of hot fingers in the mantle wedge beneath
such clusters. (b) Volume of volcanic rocks in the NE
Japan arc plotted against distance from the volcanic
front.
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this arc, to nearly vertical in the southern part.
This phenomenon is widely observed in modern
arc—trench systems, with a concurrent decrease
in the width of the forearc (Tatsumi & Eggins
1995). The negative correlation between the vol-
canic arc width and the subduction angle pro-
vides compelling evidence to suggest that
pressure variations control magma production
in subduction zones, which is further demon-
strated by the relationship between a constant
plate depth and the position of a volcanic arc
(Gill 1981; Tatsumi & Eggins 1995). The major-
ity of volcanic fronts occur 108 + 18 km (1o)
above the slab surface and the volcanic-back-arc
boundaries form 173 + 12 km above the top of
the subducting plate (Tatsumi & Eggins 1995).
These values are obtained by the compilation of
seismic data beneath the central part of volcanic
arcs. It should thus be stressed that the obser-
vation is not necessarily applicable for the
margins of volcanic arcs (Fig. 2). Although there
certainly exist arc-trench systems that do not
follow the above general characteristics, they
appear to be special cases. One of the possible
mechanisms responsible for these characteristic
volcano distributions at convergent margins
would be the pressure-dependent breakdown of
chlorite and phlogopite in the down-dragged
hydrous layer at the base of the mantle wedge,
and not in the subducting oceanic crust, beneath
the trench- and back-arc-side volcanic chains,
respectively (Tatsumi 1989, 2003; Tatsumi &
Eggins 1995).

Arc volcanoes or subduction-zone-related
volcanoes are generally considered as being
regularly spaced (Marsh & Carmichael 1974,
Vogt 1974, Marsh 1979; Shimozuru & Kubo
1983). Shimozuru & Kubo (1983) provided an
average volcano spacing value of 58 + 24 km for
current subduction zones. However, de
Bremond d’Ars et al. (1995) concluded that vol-
canoes are randomly distributed at convergent
plate margins, based on examination of volcano
distribution in 16 arcs, consisting of 479 volcanic
systems. Tamura et al. (2002) documented that
Quaternary volcanoes in the NE Japan arc can
be grouped into 10 volcanic clusters striking
transverse to the arc; these possess an average
width of 50 km and are separated by gaps
30-75 km wide (Fig. 2). This clustering of vol-
canoes is closely correlated with low-velocity
regions within the mantle wedge and local nega-
tive Bouguer gravity anomalies, This led
Tamura et al. (2002) to speculate that hot
regions, in the form of inclined 50 km-wide
fingers, are locally developed within the mantle
wedge beneath the arc (Fig. 2). Although
irregular spacing of volcanoes may be the case at

subduction zones, the presence of such cluster-
ing of volcanic centres must be re-examined.

Incompatible element chemistry

Lavas emplaced in subduction zones are noted
for their distinct chemistry compared with those
in other tectonic settings. In particular, they are
distinct in over-abundance of the large ion
lithophile elements (e.g. Cs, Rb, K, Ba, Pb, Sr)
and depletion in the high-field-strength
elements (e.g. Ta, Nb, Zr, Ti) (Fig. 3). Such
characteristic compositions of arc magmas are
broadly consistent with selective transport of
elements by aqueous fluids from both subduct-
ing sediments and oceanic crust.

In order to understand the origin of the above
incompatible trace element characteristics in arc
lavas more quantitatively, several experiments
have been conducted on the distribution of
elements between aqueous fluids and solid min-
erals (Ryabchikov & Boettcher 1980; Tatsumi ez
al. 1986; Tatsumi & Nakamura 1986; Tatsumi &
Isoyama 1988; Brenan ef al. 1994, 19954, b;
Keppler 1996; Adams et al. 1997; Ayers et al.
1997; Kogiso et al. 1997, Stalder et al. 1998;
Aizawa et al. 1999; Johnson & Plank 1999). Here
we shall examine whether such element trans-
port can explain the geochemical characteristics
of arc magmas based on simple modelling of
dehydration, partial melting and fluid-solid
reactions.

The steps taken and assumptions made in the
present modelling are shown in Table 1 and
numerated as follows:

1 Hydrothermally altered mid-ocean ridge
basalt (MORB) and sediments in the subduct-
ing lithosphere are widely accepted as the
primary source of subduction zone fluid
phases. We have used amphibolite and
sediment compositions reported by Plank
& Langmuir (1993) and Kogiso et al. (1997)
as representative of subducting oceanic
materials (Table 1). Such compositions are
well within the range of altered MORB and
oceanic sediments.

2 The trace element compositions of slab-
derived fluids are calculated by using the
element mobility data of Kogiso et al. (1997)
for amphibolite (altered oceanic crust) and
Aizawa et al. (1999) for sediments (Table 1).
The reasons for this are twofold. First, the
starting materials used in their experiments
are natural amphibolite and sediment with
compositions similar to the oceanic crust and
subducting sediments, respectively. Secondly,
element transport during open-system



Table 1. Geochemical modelling for arc magma compositions

K Rb Sr Pb Ba Yb Y Sm Nd La Zr U Th Nb

Amphibolite 11050 24 495 3.6 388 31 28 5 11 5.1 74 1.7 5 2.3

Mobility 0.55 0.63 0.41 0.85 0.53 0.05 0 0.14 0.3 0.56 0 0.29 0.38 0
Sediments 30000 57 327 19.9 776 2.76 29.8 5.78 27 28.8 130 1.68 6.91 8.94

Mobility 0.15 0.02 0.12 0.65 0.08 0.03 0 0.03 0.03 0.03 0 0.03 0.03 0
Fluid composition 384133 822 11 347 336 11 795 94 0 40 187 164 0 27 104 0
N-MORB 600 0.56 90 0.3 6.3 3.05 28 2.63 7.3 2.5 74 0.047 0.12 2.33
Partition coefficient

olivine 0.00001 0.000001 0.0001  0.00008 0.00001 0.009 0.008 0.003 0.002 0.001 0.0005 0.0005 0.0004 0.0001

opx 0.0001  0.00001 0.001 0.0008 0.0001 0.1 0.06 0.02 0.009 0.005 0.01 0.001 0.0008 0.003

cpx 0.007 0.0001 0.1 0.05 0.001 0.4 0.45 0.29 0.19 0.05 0.53 0.1 0.08 0.1
MORB mantle 90 0.084 14 0.045 0.95 0.60 55 0.43 1.1 0.38 14 0.0071 0.018 0.35
IAB Source 858 1.7 36 0.72 25 0.62 35 0.51 1.5 0.70 14 0.061 0.23 0.35
IAB Magma 5721 12 241 4.8 164 3.1 28 3.1 9.7 4.7 74 0.41 1.5 23

Abbreviations: opx, orthpyroxene; cpx, clinopyroxene; IAB, island arc basalt.
Mobility of an element is defined as the fraction of an element removed by fluids during dehydration.
Element concentrations are in ppm.
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Fig. 3. N-MORB normalized incompatible element characteristics of an average medium-K oceanic arc basalt
and inferred basalt magma with different sediment contributions. The diagnostic geochemical characteristics
of arc basalt magmas can be well reproduced by dehydration of subducting oceanic crust/sediments, associated
selective overprint of elements onto the mantle wedge, and partial melting of such metasomatized mantle
materials. Normalizing factors are from Sun & McDonough (1989).

dehydration operating in the sinking slab may
be better reproduced in such dehydration
experiments than in equilibrium partitioning
experiments. A value of 1.5 wt% H,O both in
amphibolite and sediment is assumed. It has
been well documented that the subducting
sediments play a significant role in controlling
the geochemical signature of arc magmas (e.g.
Kay et al. 1978; Tera et al. 1986; Plank & Lang-
muir 1993). The degree of contribution of
sediment to produce slab-derived fluids is thus
varied in the present calculation.

3 The process of adding slab-derived fluids to
the subarc mantle wedge is probably compli-
cated. Such fluids may interact with the
mantle wedge to form hydrous peridotites
that are subsequently dragged downward on
the slab releasing secondary fluids immedi-
ately beneath the volcanic arc (Tatsumi 1989;
Tatsumi & Eggins 1995). Such multistep pro-
cesses were geochemically examined by
Tatsumi & Kogiso (1997). However, this
approach is too complex and relies on uncon-
strained parameters such as the Na content in
slab-derived fluids and the amount of phlogo-
pite and amphibole, both crystallizing in the
down-dragged hydrous peridotites at the base
of the mantle wedge. In the present assess-
ment, therefore, the net effect of fluid fluxing
is deduced by using a single-step metasomatic

process in which slab-derived fluids interact
directly with the original mantle wedge.

4 The pre-flux, original subarc mantle is
assumed to possess compositions identical to
those of the normal MORB (N-MORB)
source mantle, which can be calculated based
on N-MORB compositions (Sun & Mc-
Donough 1989) by assuming 15% fractional
melting of a peridotite composed of 50%
olivine, 30% orthopyroxene and 20% clino-
pyroxene (Table 1). The crystal-liquid parti-
tion coefficients used in the present calculation
are listed in Table 1 (after Tatsumi 2000a).

5 Assuming that the fraction of slab-derived
fluids in the arc magma source is 0.2 wt%, the
trace element concentrations in a primary arc
basalt magma can be calculated (Table 1).
This amount of fluid is largely equivalent to
1.5 wt% H,O in the primary magma produced
by 15% fractional partial melting, an accept-
able value for H,O content in arc magmas
(Sakuyama 1979; Sisson & Layne 1993).

The trace element composition of an inferred
arc basalt magma, with different contributions
of subducting sediments, is plotted on a multi-
element diagram (Fig. 3), together with those of
an average oceanic arc medium-K basalt
(Tatsumi & Eggins 1995). It is clearly demon-
strated in Fig. 3 that the distinctive incompatible
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element characteristics of subduction zone
basalt magmas are well reproduced by the
present modelling, including element fluxing
from subducting oceanic crust and sediments by
fluid overprint into the mantle wedge and subse-
quent partial melting of such metasomatized
subarc mantle.

Across-arc variation in incompatible
element concentrations

It has been repeatedly documented that concen-
trations of incompatible trace elements tend to
increase with distance from the volcanic front,
termed the K-4 (potash-depth) relationship
(Dickinson 1975). Although at least two excep-
tions, the Vanuatu and the Miocene NE Japan
arcs, exist, a compilation by Tatsumi & Eggins
(1995) confirms that this geochemical feature is
common to most arc~trench systems. Across-arc
variation in incompatible trace element abun-
dances has also been associated with the across-
arc change in major element magma
compositions (e.g. Kuno 1966; Jakes & White
1969; Jakes & Gill 1970; Gill 1981). For example,
basalts in the NE Japan arc, which have under-
gone similar degrees of differentiation and have
FeO*/MgO ratios of c¢. 1.5, show a higher norma-
tive quartz component in the trench-side vol-
canic chain than in the back-arc-side chain
(Tatsumi & Eggins 1995).

A diversity of mechanisms has been proposed
to cause these across-arc incompatible element
concentration and normative composition varia-
tions, such as the difference in crustal thickness
(e.g. Condie & Potts 1969; Miyashiro 1974;
Meen 1987), source compositions (e.g. Jakes &
White 1970) and degrees of partial melting (e.g.
Gill 1981; Sakuyama & Nesbitt 1986). However,
the mechanism most consistent with results of
melting experiments on Mg-rich basalt composi-
tions (Tatsumi et al 1983) is variation in the
degree of partial melting of a uniform source
material across the arc with decreasing partial
melting towards the back-arc. Deep-seated
separation of magmas from the mantle is likely
to be caused by the presence of a thicker litho-
sphere beneath the back-arc side of the volcanic
arc (Tatsumi ef al. 1983). This is clearly demon-
strated by both seismic tomography data (e.g.
Zhao et al. 1997) and numerical simulation of the
mantle wedge (e.g. Furukawa 1993).

Andesite problem

Over 80% of arc volcanoes contain andesitic
lavas and clastics (Gill 1981). However, melts

generated in the mantle at subduction zones, as
in other tectonic settings, are mostly basaltic.
Andesite genesis has thus been one of the
central topics in magma genesis at subduction
zones. Furthermore, continental crust, which is a
geochemical reservoir characterized by concen-
tration of light elements, is andesitic in composi-
tion (Taylor & McLennan 1985; Rudnick &
Fountain 1995). The origin of such ‘differenti-
ated’ andesitic crust thus provides a clue to
understanding of the evolution of the solid
Earth.

Andesites can be defined megascopically as
grey-coloured, porphyritic volcanic rocks con-
taining plagioclase, but not quartz, alkali
feldspar or felspathoid as phenocryst phases.
Chemically, andesites are hypersthene-norma-
tive, with SiO, content from 53 to 63 wt% (e.g.
Gill 1981). Although, in a broad sense, the defi-
nition of andesite is rather simple, considerable
confusion exists with regard to the meaning of
nomenclature such as calc-alkalic v. tholeiitic,
hypersthenic v. pigeonitic series, high-Mg
andesites and adakites. The reasons for these
numerous classification schemes are the compo-
sitional diversity of arc magmas and the contri-
bution of plural mechanisms to their generation.
The use of such classification schemes has often
been plagued by inconsistencies, leading those
interested in andesite genesis to further con-
fusion and misunderstanding. Calc-alkalic
andesites, unfortunately, provide an excellent
example of this problem.

Here we present a brief review of calc-alkalic
andesite magma genesis. The compositional
similarity between calc-alkalic andesites and
bulk continental crust, as discussed later, pro-
vides evidence to suggest an intimate genetic
linkage between the two. The present discussion
will focus mainly on andesites within the NE
Japan arc, because: (1) this is undoubtedly one
of the most thoroughly studied volcanic arcs on
Earth; (2) its general magmatic characteristics
are common to most other volcanic arcs; and (3)
two types of andesite magmas, tholeiitic and
calc-alkalic, are present within a single volcano,
providing a rare opportunity for examining the
origin of such magma types.

Calc-alkalic andesite definition revisited

Calc-alkalic andesites typify magmatism at con-
vergent plate boundaries, where various types of
volcanic rocks with intermediate compositions
also occur. In order to reveal the geochemical
characteristics of calc-alkalic andesites and
discuss their origin, the definition of such rock
types needs to be summarized.
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Fig. 4. FeO*/MgO and K,O v. SiO, relations for Quaternary volcanic rocks in the Nasu trench- and Chokat
back-arc-side volcanic chains on the NE Japan arc. The across-arc variation in K,O content is observed both
for calc-alkalic (CA) and tholeiitic (TH) rocks. Compositions of continental crust are from Taylor &
McLennan (1985), Christensen & Mooney (1995) and Rudnick & Fountain (1995).

The division of igneous rocks into alkalic and
non-alkalic series serves as a fundamental dis-
tinction of magma suites that consist of
consanguineous magmas. The significant
characteristics of the alkalic series are their per-
alkalic or silica-undersaturated compositions or
both. Therefore, alkalic and non-alkalic magma
series are defined on the basis of normative
(Yoder & Tilley 1962) or groundmass (Tilley
1950; Kuno 1959) mineralogy. As alkalic rocks
generally exhibit higher concentrations of total
alkalies (Na,O+K,0) at a given SiO, content
than non-alkalic rocks, these two magma series
are commonly distinguished from each other by
a total alkalis v. SiO, diagram (e.g. MacDonald
& Katsura 1964). The combination of K,O and
Si0; has also been adopted as a practical and
simple criterion for the two series and sub-
division of the non-alkalic series (e.g. Gill 1981).
In this diagram, non-alkalic series generally
consist of low-, medium- and, in part, high-K
magmas.

Two distinctive differentiation trends, tho-

leiitic and calc-alkalic, are recognized in the non-
alkalic igneous rock series, representing the
presence or absence of iron-enrichment during
magmatic differentiation, respectively (Wager &
Deer 1939; Nockolds & Allen 1953), as can be
illustrated in an ‘AFM’ diagram. In order to
further quantitatively distinguish the two magma
series, FeO*/MgO v. SiO, variation plots (FeO*,
total iron as FeO) (Miyashiro 1974) are com-
monly used (Fig. 4). In this diagram, calc-alkalic
and tholeiitic series display steeper and gentler
slopes, respectively, than the straight line:

Si0; (Wt%) = 6.4 X FeO*/MgO + 42.8.

It should be stressed here that the calc-alkalic v.
tholeiitic definition is based exclusively on the
difference in degree of iron-enrichment or in the
rate of change of FeO*/MgO ratios with increas-
ing degrees of magmatic differentiation, and not
on other parameters such as K,O contents.
Although the term calc-alkalic series should
be used for lavas displaying little iron-enrich-
ment during magmatic differentiation, frequent
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Fig. 5. Schematic diagrams showing spatial variations in the magma types of subduction zone magmas. (a) is
an inadequate, but often cited, idea for the spatial variation in magma compositions, and (b) may demonstrate

spatial variation more reasonably.

inconsistent application of this term has dis-
torted the real nature of this magma series. One
such example is the usage of calc-alkalic magmas
as a general term for all subduction-zone
magmas (e.g. Basaltic Volcanism Study Project
1981), even though tholeiitic rocks do exist in
subduction zones. Another, and more common,
problem is the interchangeable use of the terms
medium-K and calc-alkalic series (e.g. Hess
1989; Wilson 1989). Such misusage may be due
to poor understanding of the following two
observations. First, when comparing these rocks
from a single volcano or within an along-arc vol-
canic chain calc-alkalic andesites tend to be
more enriched in K,O than tholeiitic andesites
(Fig. 4). Secondly, concentrations of incom-
patible elements such as potassium in andesites
tend to increase with distance from the volcanic
front or the distance between the slab surface
and a volcano (Fig. 4), namely the K-/ relation-
ship (Dickinson 1975).

The schematic illustration showing the spatial,
across-arc variation in the compositions of arc
magmas (Fig. 5a) is regularly cited (e.g. Wilson
1989). However, this diagram is misleading as it
denotes the absence of calc-alkalic and tholeiitic
andesites in the frontal and rear sides of a vol-
canic arc, respectively. As previously men-
tioned, calc-alkalic rocks should be defined by
the absence of iron-enrichment not by concen-
tration of K,O. Both calc-alkalic and tholeiitic

rocks defined as low-K and medium-K series
occur within the NE Japan arc (Fig. 4). There-
fore, the spatial distribution of magma typesin a
volcanic arc should be summarized as shown in
Figure 5b.

Kuno (1960) demonstrated that basalts occur-
ring in the NE Japan and Izu-Bonin arcs are
classified into three types: tholeiites with low
AlO3 and total alkalis; high-alumina basalts
with higher Al,O; and intermediate alkalis; and
alkali basalts with variable AlO; and higher
alkalis. Kuno (1960) further suggested that high-
alumina basalts form a zone extending between
tholeiitic and alkali basalts, which occur at the
trench- and back-arc-side of the volcanic arc,
respectively. This, together with the inadequate
interchangeable use of calc-alkalic series and
medium-K series, has led some petrologists to
suggest that calc-alkalic andesites are derived
from high-alumina basalt magmas. This is
clearly incorrect as calc-alkalic andesites occur
both in tholeiitic and alkali basalt zones, as well
as in the high-alumina basalt zone (e.g. Yoshida
& Aoki 1984).

Magma mixing: a possible mechanism for
calc-alkalic andesite formation

It is well established that tholeiitic andesites,
including those in the NE Japan arc, are formed
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primarily by crystallization differentiation of
mantle-derived, tholeiitic basalt magmas (e.g.
Masuda & Aoki 1979; Sakuyama 1981; Wada
1981; Grove & Baker 1984; Helz 1987; Fujinawa
1988, 1990). The reasons for believing so are
threefold. First, smooth major and trace element
composition trends, which typify the tholeiitic
series, are successfully modelled by simple frac-
tional crystallization of phenocryst phases
(Fig. 6). Secondly, composition of the pheno-
cryst phases change systematically with
increasing degrees of crystallization and
decreasing temperatures. Lastly, tholeiitic
andesites exhibit little or no evidence for dise-
quilibration, such as the presence of banded
structures, reversely zoned phenocrysts, dusty
zones within single phenocryst phase and
thermodynamic disequilibrium mineral assem-
blages. On the other hand, the genesis of calc-
alkalic andesites has been a considerable
question for debate. At present, there are many
hypotheses to account for calc-alkalic magma
generation, some of which will be further
explored here.

One possible explanation for the character-
istic compositional trends observed for the calc-
alkalic series is the removal of magnetite, in
addition to other phenocryst phases such as
plagioclase, orthopyroxene, clinopyroxene and
olivine, resulting in increasing silica content
while preventing iron-enrichment (e.g. Osborn
1959; Gill 1981). Sisson & Grove (1993) demon-
strated experimentally that a high magmatic
H,O0 content reduces the stability of silicate min-
erals and has less effect on Fe-Ti oxide stability,
with the result that magnetite crystallizes early
in H;O-rich basalt magmas. It is thus suggested
that crystallization differentiation of parental
H,O-rich basalt magma can produce calc-alkalic
andesite daughter liquids. Analyses of volatiles
in melt inclusions in phenocryst phases further
indicate that calc-alkalic andesites are generally
H,O-rich, and that arc tholeiitic magmas are
relatively poor in H,O (Sisson & Layne 1993;
Roggensack et al. 1996; Sisson & Bronto 1998).
These observations provide a compelling reason
to favour differentiation of H,O-rich basalt
magmas in the production of calc-alkalic
andesitic magmas.

Experimental results both on simple and
natural systems indicate that melts produced by
partial melting of basaltic rocks at rather low
pressures possess andesitic compositions (e.g.
Kushiro 1969; Holloway & Burnham 1972; Rapp
& Watson 1995). It is thus likely that anatexis of
the lower crust may contribute to the formation
of andesite magmas. Takahashi (1986) docu-
mented the following observations for calc-

alkalic andesites in the Ichinome—Gata volcano
of the NE Japan arc: (1) hornblende-bearing
hydrous gabbros occur as xenoliths; (2) partial
melting of these xenoliths has been recognized;
and (3) calc-alkalic andesites possess Sr isotopic
compositions identical to those of the gabbroic
xenoliths. As the presence of hornblende in the
melting residue could account for enrichment of
the liquid in silica but not in iron, the above
observations may be consistent with generation
of calc-alkalic andesite by anatexis of horn-
blende-bearing gabbroic lower crust. However,
the petrographic characteristics of calc-alkalic
andesites, such as disequilibrium mineral assem-
blages, cannot be explained solely by rather
simple processes such as crystallization differen-
tiation and lower crustal melting, and thus it may
be safe to say that, at this present stage, such pro-
cesses are not likely to account for the majority
of calc-alkalic andesites.

Experimental results indicate that andesitic
melts can be generated by partial melting of
peridotites under hydrous conditions (e.g.
Kushiro 1969; Mysen & Boettcher 1975; Hirose
1997). Particular andesites with high MgO
content and high Mg/(Mg+Fe) ratios ( = Mg#),
which have been referred to as high-Mg#
andesites (HMAs; Kelemen 1995), may repre-
sent such unfractionated, mantle-derived melts
(e.g. Kuroda et al. 1978; Jenner 1981; Tatsumi &
Ishizaka 1981, 1982; Crawford et al. 1989).
Melting-phase relations for primitive HMAs
indicate equilibration of such magmas with
mantle peridotites at upper mantle pressures
under hydrous, but not necessarily H,O-satu-
rated, conditions (e.g. Kushiro & Sato 1978;
Tatsumi 1981, 1982; Van der Laan et al. 1989;
Umino & Kushiro 1989). Primitive HMAs and
‘normal’ calc-alkalic andesites may form a single
compositional trend, implying that mantle-
derived andesitic magmas could differentiate to
produce calc-alkalic andesites. Tamura (1994)
documented that phenocryst compositions and
magmatic temperatures, inferred from the two-
pyroxene geothermometer, show a systematic
difference between tholeiitic and calc-alkalic
series from the Mio-Pliocene Shirahama Group
in the Izu-Bonin arc, both of which exhibit little
evidence for magma mixing. These observations
may suggest that the two chemically distinct
magmas were produced at different tempera-
tures within the upper mantle. Thus, it has been
speculated that tholeiitic and calc-alkalic
andesites are derived through fractional crystal-
lization of mantle-derived basaltic and andesitic
magmas, respectively (Tamura 1994; Tamura &
Nakamura 1996). However, the majority of
researchers do not favour this mechanism, as
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Fig. 6. Major and trace element characteristics of calc-alkalic (CA) and tholeiitic (TH) rocks in the NE Japan
arc. The former is more enriched in MgO, K,O and Ni than the latter. The tholeiitic trend can be explained by
crystallization differentiation of a basaltic parental magma that was modelled by the computer program
MELTS (Ghiorso & Sack 1995) (broken lines). On the other hand, rather linear trends for calc-alkalic rocks
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compositions close to those of calc-alkalic andesite in the NE Japan arcs. Compositions of continental crust are
from Taylor & McLennan (1985), Christensen & Mooney (1995) and Rudnick & Fountain (1995).
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primitive HMAs rarely occur in subduction
zones. Furthermore, the consanguinity between
HMAs and calc-alkalic andesites, occurring
within a single volcano, has not yet been proven
petrographically or geochemically. Tatsumi et al.
(2002) present petrographical and geochemical
characteristics of calc-alkalic andesites on
Shodo—-Shima Island, SW Japan, which occur in
a close time-spatial relation to mantle-derived
HMAs and basalts (Tatsumi 1982; Tatsumi &
Ishizaka 1982). It was concluded that the calc-
alkalic andesites were produced by mixing of at
least five end-member magmas, including two
types of primitive HMAs, basalt, differentiated
andesite and felsic magmas, and were not simply
the result of fractional crystallization of HMA or
basalt magmas.

Calc-alkalic andesites often exhibit the
following disequilibrium petrographic charac-
teristics: (1) the presence of plagioclase pheno-
cryst with a dusty zone containing fine melt
inclusions and with wide range of compositions;
(2) the presence of reversely zoned pyroxene
phenocrysts with rounded cores mantled by rims
of higher Mg/Fe ratios; (3) the presence of sub-
hedral to rounded olivine phenocrysts rimmed
by pyroxene; and (4) the occurrence of disequi-
librium mineral assemblages such as Mg-rich
olivine and quartz. These petrographic obser-
vations suggest the role of magma-mixing pro-
cesses in the formation of the magmas
(Eichelberger 1975; Sakuyama 1979; Bloomfield
& Arculus 1989; Kawamoto 1992; Clynne 1999).
It should be stressed that calc-alkalic andesites
form rather linear trends on variation diagrams
(Fig. 6), suggesting the role of mixing of two end-
member components.

Couch et al. (2001) demonstrated that the
above disequilibrium features observed in
andesite lava at the Soufriere Hills Volcano
could also be produced by convection within a
magma body, of a single composition, that is
heated from below and cooled from above.
Although this newly developed mechanism may
be valid for magmatic evolution in other arc vol-
canoes, the systematic difference in isotopic
composition between calc-alkalic andesites and
tholeiitic basalts, as discussed later, may suggest
the generalized minor role of such processes in
the production of calc-alkalic andesite magmas.

The range of disequilibrium petrographic
features suggest the involvement of at least two
magmas, one with a higher temperature and
more mafic composition, and the other with a
lower temperature and more felsic composition.
The origin of a mafic end-member magma could
be rather simple, and would be produced essen-
tially by crystallization differentiation of a

mantle-derived basalt magma; i.e. one of the
end-member magmas for calc-alkalic andesites
would be a tholeiitic basalt. However, the origin
of a felsic end-member magma is controversial.
Some workers favour an internal mixing process
for the production of mixed calc-alkalic
andesites (e.g. Sakuyama 1981); such a felsic
magma could be derived from a tholeiitic basalt
magma through crystallization differentiation,
and hence would belong to the tholeiitic series.
On the other hand, a felsic magma could be pro-
duced by anatexis of mafic-intermediate crust
(e.g. Hildreth 1981), and would thus be ‘exter-
nal’ in origin.

In order to investigate internal or external
mixing models for calc-alkalic andesite genesis,
isotopic compositions of tholeiitic and calc-
alkalic rocks that occur in a single volcano in the
NE Japan arc are re-examined. Figure 7 shows
data from the Adatara and Towada volcanoes
(Kurasawa et al. 1985; Fujinawa 1988) and
demonstrates that calc-alkalic lavas possess Sr
isotopic compositions that are systematically
different from the tholeiitic lavas, suggesting
that the two types of magma are not derived
from a single mantle-derived source. More
importantly, the isotopic characteristics suggest
that calc-alkalic andesites cannot be produced
by internal mixing processes, i.e. mixing
between tholeiitic mafic and felsic magmas. If
the mafic end-member magma for a mixed calc-
alkalic andesite is a differentiated tholeiitic
basalt, it would need to mix with a felsic magma
that is derived from a source isotopically distinct
from the upper mantle. One such source could
be the arc crust, which would undergo partial
melting to form a felsic magma.

Hunter & Blake (1995) presented Sr and Nd
isotopic compositions for tholeiitic and calc-
alkalic andesite lavas from the Towada Volcano
and suggested that they did not possess
systematically different isotopic ratios. This
result does not agree with the data of Kurasawa
et al. (1985) shown in Figure 7. This contradic-
tion is derived from the definition of the two
magma series; Hunter & Blake (1995) defined
the calc-alkalic and tholeiitic series as having
compositions lying above and below the dis-
crimination line on a FeO*/MgO v. SiO,
diagram (Miyashiro 1974), whereas Kurasawa et
al. (1985) defined them based both on petro-
graphic observations and compositional trends.
As stated by Miyashiro (1974), the latter defi-
nition is preferable.

It may be intuitive to expect that crust-derived
magmas would generally possess more enriched
isotopic compositions than mantle-derived
magmas; however, this is not always the case. For
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Fig. 7. Srisotopic compositions of lavas from Adatara and Towada volcanoes in the NE Japan arc after
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then a felsic end-member magma may be ‘externay’ in origin, and not a differentiation product of a tholeiitic

basaltic magma.

example, in the NE Japan arc tholeiitic, hence
probably mantle-derived basalts, show remark-
able along-arc variations in 87Sr/®%Sr isotopic
compositions, increasing from 0.7038 in the
northern part to 0.7065 in the southern part (e.g.
Notsu 1983). This, together with the isotopic
characteristics of tholeiitic and calc-alkalic lavas,
suggests that the Sr isotopic compositions of calc-
alkalic andesites, at least in the NE Japan arc, can
be explained by the mixing of tholeiitic mafic
magmas, reflecting isotopically variable upper
mantle, with felsic magmas produced by anatexis
of an isotopically homogeneous arc crust.

Continental crust formation

The continental crust has an average com-
position equivalent to andesites (Taylor &
McLennan 1985; Rudnick & Fountain 1995);
however, modern-day mantle-derived magma-
tism is dominated by basalt. This is probably one
of the greatest dilemmas concerning the origin
and evolution of the solid Earth. The geochemi-
cal characteristics of the bulk andesitic conti-
nental crust, such as incompatible trace element
signatures, are broadly identical to those of
current subduction zone lavas; this has led
several researchers to speculate that continental
crust was created at convergent plate margins
(e.g. Kelemen 1995; Rudnick 1995; Taylor &
McLennan 1995). In order to explain the charac-
teristic andesitic composition of the bulk conti-

nental crust, several mechanisms have been pro-
posed, including: (1) differentiation of HMA
magmas produced by partial melting of a
hydrous mantle (Shirey & Hanson 1984; Stern &
Hanson 1991); (2) partial melting of the sub-
ducting oceanic crust (Martin 1987; Drummond
& Defant 1990); (3) reaction of mantle- or slab-
derived melts with the mantle wedge peridotites
(Kelemen 1995; Rapp et al. 1999); and (4)
basaltic underplating, anatexis of such initial
crust and subsequent delamination of residual,
mafic lower crust (Turcotte 1989; Kay & Kay
1993). Among these, the last two hypotheses are
widely accepted as the major mechanisms for
continental crust formation (Kelemen 1995;
Rudnick 1995). Tatsumi (2000b) demonstrated,
based on geochemical formulation, that the
residual compositions after slab melting cannot
explain the isotopic signature of deep-seated
mantle geochemical reservoirs. On the other
hand, a mechanism that includes delamination
of the residual crusts can comprehensively
account for andesitic crust formation. It can also
account for the complementary accumulation of
the enriched mantle I component (EMI) geo-
chemical reservoir in the deep mantle (Tatsumi
2000a), suggesting that such a mechanism is
likely to have operated in Archean subduction
zones.

It should be stressed, however, that at least
two types of andesites (tholeiitic and calc-
alkalic) are produced in modern-day subduction
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Fig. 8. Incompatible trace element characteristics of calc-alkalic andesites and the bulk continental crust
(Taylor & McLennan 1985; Rudnick & Fountain 1995). N-MORB values are from Sun & McDonough (1989).

zones by different mechanisms. In order to
discuss the origin of the andesitic continental
crust, we therefore need to compare crustal
compositions with those of calc-alkalic and
tholeiitic andesites.

Calc-alkalic andesites v. continental crust

Estimates of bulk continenta! crust composition
are based on observations of the rock types dis-
tributed in the upper continental crust and on
models of lower crustal composition. As the
latter estimates are rather uncertain, current
estimates of the bulk continental crust composi-
tion are variable. These uncertainties aside,
Figure 6 demonstrates that: (1) the bulk conti-
nental crust possesses major element signatures
close to those of calc-alkalic, rather than tholei-
itic andesites; (2) on Miyashiro’s diagram conti-
nental crust estimates plot well within the region
of the calc-alkalic series, although they do not
necessarily form a calc-alkalic ‘trend’; and (3)
they exhibit MgO concentrations higher than
lavas of the tholeiitic series for a given SiO,
content. On the other hand, bulk continental
crust tends to have higher concentrations of the
alkali elements, especially K, than calc-alkalic
andesites of the NE Japan arc (Fig. 6). The
reasons for this discrepancy are twofold. First,
there is a variation by a factor of more than 2 in
the estimate of concentrations of incompatible
elements, such as K, in the bulk continental crust
(Rudnick 1995). Secondly, Figure 6 is derived
from the composition of lavas along the volcanic
front, suggesting that calc-alkalic andesites

occurring in the back-arc-side of the volcanic arc
may have a K content identical to those of bulk
continental crust (cf. Fig. 4). The compositional
similarity between calc-alkalic andesites and
andesitic continental crust is further shown by
their incompatible trace element patterns
(Fig. 8). Both display a rather monotonous
decrease in incompatible element concentra-
tions with decreasing incompatibility, and have a
remarkable ‘Nb-trough’.

Rudnick (1995) compared the composition of
the bulk continental crust with orogenic
andesites and suggested that the former is
characterized by its higher Ni and Cr concentra-
tions. This is certainly true, as illustrated in
Figure 6. This apparent discrepancy could be
explained if we accept higher mantle tempera-
tures for the Archean, which may have produced
more magnesian and Cr- and Ni-rich basalt
magmas than the modern-day mantle. Another
counter-argument is higher light rare earth
element (LREE)/Nb ratios in arc andesites com-
pared to bulk andesitic crust (Rudnick 1995).
However, calc-alkalic andesites on the trench-
side volcanic chain of the NE Japan arc exhibit
Ce/ND ratios (4.0 + 0.8; data from Yoshida &
Aoki 1984) close to those of inferred bulk conti-
nental crust (3.0-3.5; Rudnick & Fountain 1995;
Taylor & McLennan 1995). This small, but prob-
ably significant, difference would suggest the
contribution of intraplate magmatism to the
growth of the continental crust (Rudnick 1995).

Although the compositional similarity
between andesitic continental crust and calc-
alkalic andesites do not necessarily mean that
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they were produced by an identical mechanism,
it is still interesting to discuss the origin of the
andesitic continental crust in comparison with
the genesis of calc-alkalic andesites. As the
majority of current calc-alkalic andesites are
unlikely to have been produced from the simple
anatexis of basaltic crust, it is equally unlikely
that continental crust formed by this process.
Furthermore, although such a process may also
account for the formation of the isotopically dis-
tinct EMI geochemical reservoir in the deep
mantle (Tatsumi 2000a), unrealistically high
degrees of partial melting (c. 60%) of the initial
basaltic crust are required for simultaneously
producing andesitic magmas and pyroxenitic
restites, i.e. the continental crust and the EMI
reservoir, respectively. On the other hand, a
plausible mechanism of calc-alkalic andesite
magma genesis, and hence probably of the bulk
continental crust, is mixing of mantle-derived
basalt and crust-derived felsic magmas. In this
scenario, felsic magmas could be derived by
reasonable degrees of partial melting from an
initial basaltic crust. It is thus interesting to
examine how such a process may account for the
geochemical characteristics of both the conti-
nental crust and a certain geochemical end-
member component in the deep mantle.

Geochemical examination of magma
mixing—delamination model

The aforementioned possible mechanism of
continental crust formation, via magma mixing,
is here examined by geochemical modelling. The
method for the calculation of trace element com-
positions of andesitic melts is identical to that of
Tatsumi (2000a), except that the present model-
ling takes into account the mixing of mantle-
derived basalt and crust-derived felsic magmas
instead of simple remelting of the initial basaltic
crust (Fig. 9). The steps taken and assumptions
made in the modelling are numerated as follows:

1 The composition of the present arc magma
source in the mantle wedge is calculated based
on compositions of modern arc basalts by
assuming a medium-K basalt as the best candi-
date to use and 15% fractional melting of a
peridotite composed of 50% olivine, 30%
orthopyroxene and 20% clinopyroxene.

2 The slab flux is calculated by comparing the
inferred mantle wedge and the normal
MORB (N-MORB) source as the preflux,
original mantle wedge, which is calculated
from N-MORB compositions and inferred
melting conditions.

3 Trace element compositions of slab-derived
fluids are calculated by assuming 0.2 wt% slab
fluid in the magma source. Such an amount of
aqueous fluid yields ¢. 1.3 wt% H,O in a
primary magma, which may be an acceptable
value as H,O content in arc magmas (e.g.
Sisson & Layne 1993).

4 Trace element compositions of subducting
altered oceanic crust (amphibolite) are esti-
mated based on element mobility data
(Kogiso er al. 1997) by assuming a single-step
overprinting process onto the original mantle
wedge.

5 The element mobilization during amphi-
bolization at spreading ridges is estimated by
comparing compositions of the inferred
amphibolitic oceanic crust with the fresh N-
MORB compositions.

6 Ancient altered oceanic crust (amphibolite)
compositions are calculated by applying the
above effect of overprinting during amphi-
bolization onto an ancient MORB produced
by 15% fractional melting of primitive mantle.

7 Compositions of the ancient arc basalt magma
or the initial arc crust (Table 2) are obtained
by the inverse steps of the above formulation.

8 Partial melting of the initial basaltic crust can
be formulated based on experimental results
by Beard & Lofgren (1991), which demon-
strate that a felsic melt with ¢. 74% SiO, is
generated at 0.3 GPa and 900°C from a
basaltic material leaving 55% plagioclase,
22% clinopyroxene, 10% orthopyroxene,
12% magnetite and 1% ilmenite.

9 A 1:1 mixture of this felsic melt and the primi-
tive basalt (Table 2) provides major element
compositions close to the bulk continental
crust.

The incompatible trace element compositions
of an inferred mixed andesitic melt (Table 2) are
shown in an N-MORB normalized (Sun &
McDonough 1989) spidergram (Fig. 10),
together with those of the continental crust. A
good overall agreement (e.g. in the relative
enrichment of large ion lithophile elements and
the relative depletion of Nb) is evident. Small,
but probably significant, discrepancies are
observed between these two for Y and Yb (Fig.
10). Although the present modelling assumes a
pyroxenitic restite for crustal anatexis, it is likely
that garnet, into which such trace elements are
strongly partitioned, would be present as one of
the residual minerals.

A critical problem that needs to be addressed
for the above process is the density of the pyrox-
enitic restite. Delamination of the lower crust
takes place due to its greater density than that of
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Fig. 9. Scheme of geochemical modelling for continental crust formation.



Table 2. Geochemical modelling for continental crust formation

K Rb Sr Pb Ba Yb b'¢ Sm Nd La Zr U Th Nb

Partition coefficient

opx 0.0001  0.00001 0.001 0.0008  0.0001 0.1 0.06 0.02 0.009 0.005 0.01 0.001  0.0008 0.003

cpx 0.007  0.0001 0.1 0.05 0.001 0.4 0.45 0.29 0.19 0.05 0.53 0.08 0.07 0.1

pl 0.3 0.01 3 1.5 0.3 0.008 0.01 0.04 0.05 0.1 0.001 0.001 0.002 0.001

spinel 0.000006 0.000001 0.000001 0.000001 0.000001 0.045 0.015 0.006 0.005 0.004 0.006 0.006 0.005 0.01
Initial crust 7587 20 339 4.7 248 2.5 23 33 12 8.1 58 0.49 1.9 1.6
Crust melt 22767 96 221 54 747 8.7 80 12 47 32 195 2.3 8.9 75
Restite (pyroxenite) 3792 0.53 369 4.5 123 0.95 9.0 1.1 33 22 23 0.044 0.15 0.18
Mixed andesite 15177 58 280 3 498 6 52 8 30 20 127 1 5 5

Abbreviations: opx, orthopyroxene: cpx, clinopyroxene; pl, plagioclase.
Element concentrations are in ppm.
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Fig. 10. N-MORB normalized (Sun & McDonough 1989) muiti-element diagram comparing continental crust
(Taylor & McLennan 1985; Rudnick & Fountain 1995), inferred mantle-derived basalt, crust-derived felsic
magmas and an andesite magma produced by an even mixture of basalt and felsic magmas.

upper mantle. However, the density of the
inferred pyroxenite is c. 3.2, a value less than that
of the normal upper mantle density (c. 3.3). This
model therefore requires some additional
mechanisms, such as crustal thickening and the
transition of pyroxenitic to eclogitic assemblages
presumably associated with arc-arc collision.

Evolution of geochemical reservoirs in the
deep mantle

The subduction factory may also have played a
key role in the evolution of the mantte through
injection of surface materials such as crust and
sediments into the deep mantle, imparting a
significant heterogeneity. The presence of vari-
able components within the mantle is well estab-
lished from geochemical studies on MORBs and
ocean island basalts (OIBs); the isotopic compo-
sitions of such lavas are suggestive of the pres-
ence of at least four end-member components or
geochemical reservoirs (DMM, EMI, EMII, and
HIMU; Zindler & Hart 1986), in addition to
primitive mantle (Fig. 11). Among these,
depleted MORB-source mantle (DMM) is dis-
tinct in its isotopically depleted signature. The
origin of enriched mantle components is essen-
tial for understanding the dynamic processes
and evolution of the deep mantle, as such com-
ponents typify magmas rising from deep-seated

hot spots. It has been repeatedly suggested that
subducted crustal materials significantly con-
tribute to these enriched end-member com-
ponents (e.g. Chase 1981; Hofmann & White
1982; Chauvel et al. 1992; Kogiso et al. 1997),
although some authors argued against such
scenarios (Kamber & Collerson 2000; Rudnick
et al. 2000). Here we review the chemical differ-
entiation processes in subduction zones relevant
to the isotopic evolution of sinking materials and
discuss the role of the subduction factory in the
evolution of the deep mantle.

Oceanic crusts and sediments: origin of
high-u (HIMU) and enriched mantle 11
component (EMII) reservoirs

The upper-crustal portion of subducting oceanic
lithosphere mainly consists of MORB-like
basalts. The upper portion of the basaltic
oceanic crust is hydrated and altered by
hydrothermal processes and through mechani-
cal fracturing before subduction. However, the
rest of the crust remains anhydrous and may
keep its original composition until it reaches the
subduction zone. As the solidus temperature of
anhydrous basalt is higher than estimated tem-
perature distributions along the foundering
lithosphere (Yasuda et al. 1994; Pertermann &
Hirschmann 1999), the fresh (anhydrous) part of
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Fig. 11. Variation of isotopic compositions of subducted fresh MORB, dehydrated residue of hydrous MORB
and sediments. Ages of subduction are shown with symbols and lines. Compositions of the fresh MORB are
calculated with Rb/Sr and Nd/Sm ratios 1% (upper curve) to 10% (lower curve) higher than the MORB
source. U/Pb ratios of the fresh MORB are assumed to be same as the source. The MORB source is assumed
to be derived from the primitive mantle at 4.0 Ga with parent/daughter ratios that changed continuously from
4 Ga to present. Present isotopic composition of the MORB source is: #Sr/368r = 0.7026, 143Nd/*/Nd = 0.5131,
206Ph/204Pb = 17.5, 207Pb/2%Pb = 15.4. Compositions of dehydrated MORB residue and sediments are taken
from Kogiso et al. (1997) and Aizawa et al. (1999), respectively.

basaltic oceanic crust does not melt upon sub-
duction and thus sinks into the deep mantle
without changing its composition. In contrast,
the hydrated part of basaltic crust dehydrates to

release fluids with increasing pressures and tem-
peratures until all hydrous minerals in the crust
break down (Schmidt & Poli 1998). Also,
hydrated basaltic crust may partially melt if the
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slab temperature is high enough to cross the
solidus of hydrous basalt (Peacock 1993; Rapp &
Watson 1995). Therefore, at least three compo-
sitionally different materials should be regarded
as basaltic components that are transported, by
plate subduction, into the deep mantle: fresh
MORB and melting and dehydration residues of
hydrous MORB.

As basaltic oceanic crust is normally gener-
ated by partial melting of depleted MORB-
source mantle (DMM) at mid-ocean ridges, the
trace element signatures of the subducting fresh
MORB crust can be estimated from those of
DMM. MORB crust has higher Rb/Sr and lower
Sm/Nd ratios than its source DMM peridotites,
because the order of compatibility in mantle
peridotites (spinel lherzolites) is Rb < Sr < Nd <
Sm (Green 1994; Hauri et al. 1994; Blundy et al.
1998). Although the partition coefficient of U
between melt and mantle minerals, especially
garnet and clinopyroxene, is highly variable
(Watson et al. 1987; Hauri et al. 1994), it is
smaller than 0.1 (Pertermann & Hirschmann
1999) and largely identical to that of Pb (Hauri
et al. 1994). Consequently, the U/Pb ratio of
MORB crust is likely to be close to that of the
DMM source. It may be thus concluded that
long-term residence of fresh MORB crust in the
mantle results in higher 57Sr/%Sr, lower
143N d/*Nd and similar 2%9Pb/2"Pb values com-
pared with DMM (Fig. 11), suggesting that
accumulated MORB crust may contribute to the
isotopic diversity of the mantle. However,
characteristic high 206Pb/2%*Pb ratios for the
HIMU reservoir cannot be explained solely by
the involvement of the MORB crust.

Several lines of evidence compel a significant
majority of researchers to believe that the sub-
ducting oceanic crust does not melt in most
‘normal’ subduction zones in the modern Earth
(Tatsumi & Eggins 1995). However, in subduc-
tion zones with unusually high-temperature con-
ditions, partial melting of the sinking hydrous
basaltic crust may take place. This might
develop where a young and hot lithosphere
subducts (Drummond & Defant 1990; Peacock
1990; Furukawa & Tatsumi 1999) and thus may
have existed more widely during the Earth’s
early history (Martin 1986). Furthermore, slab
melting and subsequent melt-mantle interac-
tions may produce andesitic magmas with major
and trace element compositions largely similar
to those of the bulk continental crust (Kelemen
1995; Tatsumi 20006). It is therefore interesting
to assess the complementary formation of the
continental crust and the mantle geochemical
reservoirs. Tatsumi (2000b) examined this
process, based on geochemical formulation of

partial melting and melt-solid reactions, and
demonstrated that the Sr—-Nd-Pb isotopic com-
positions of melting residues in the subducting
slab, which may have foundered and been stored
in the deep mantle, do not match those of any
proposed geochemical reservoir.

Dehydration reactions within subducting
hydrated basaltic crust occur continuously from
very shallow levels to over 300 km depth (e.g.
Schmidt & Poli 1998), but experimental studies
on trace element behaviour during dehydration
are almost limited to those related to the amphi-
bolite~eclogite transformation (Kogiso et al.
1997) and element partitioning between
aqueous fluids and garnet-clinopyroxene
(Brenan et al. 19954, b; Keppler 1996; Ayers et al.
1997; Stalder et al. 1998). A notable feature
demonstrated by these experiments is that Pb is
more preferentially partitioned into H,O fiuids
than U and Th, leaving the residue, after dehy-
dration, to have higher U/Pb and Th/Pb ratios
than its original compositions. It is also demon-
strated that Rb and Nd are released from the
subducting crust more readily than Sr and Sm
(Brenan ef al. 1995b; Keppler 1996; Ayers et al.
1997; Kogiso et al. 1997). Thus, residual basaltic
crust post the amphibolite-eclogite transform-
ation will have lower &Sr/%6Sr, higher
143N d/44Nd, and higher 200Pb/204Pb ratios than
hydrated basaltic crust (Fig. 11). 2%6Pb/2%4Pb
ratios of the dehydrated residue are likely to be
significantly greater than that of the HIMU com-
ponent, implying that subducted dehydrated
basaltic crust may contribute to the genesis of
this mantle component (Brenan et al. 1995b;
Kogiso et al. 1997). The Sr and Nd isotopic evol-
ution of the dehydrated crust is dependent on
Rb/Sr and Sm/Nd ratio changes during partial
melting at mid-oceanic ridges and dehydration
reactions in subduction zones. Although it is
difficult to estimate quantitatively, suitable
parent/daughter ratios to produce HIMU-like Sr
and Nd isotopic ratios could be explained
through the above two processes including
accumulation of both fresh and dehydrated
MORB crusts (Fig. 11).

The role of subducting sediments in the for-
mation of EMII, one of the enriched geochemi-
cal reservoirs in the mantle, has been
emphasized by several authors because oceanic
sediments generally have high 87Sr/%Sr and rela-
tively low 143Nd/"Nd ratios (e.g. Devey et al.
1990; Weaver 1991). However, oceanic sedi-
ments that are subducted into the mantle
contain significant amounts of hydrous phases,
all of which will decompose to release fluids,
causing significant fractionation of trace
elements through fluid migration (Aizawa er al.
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1999; Johnson & Plank 1999). Experiments on
sediment dehydration by Aizawa et al. (1999)
have demonstrated that ancient subducted
oceanic sediments, while experiencing composi-
tional modification in the subduction factory,
may evolve to an enriched component having
high 37Sr/%Sr and 205Pb/20“Pb ratios. They
further indicated that the isotopic signature of
the EMII component can be achieved by the
addition of small amounts (c. 1 wt%) of dehy-
drated sediments to DMM-like mantle or primi-
tive mantle (Fig. 11).

Delaminated pyroxenite: origin of enriched
mantle component I (EMI)

Trace-element modelling in the previous section
suggests that the geochemical characteristics of
bulk continental crust can be reasonably
explained by mixing of mantle-derived basaltic
and crust-derived felsic magmas. In order to
make an andesitic continental crust, the melting
residue after extraction of felsic melts should be
removed and delaminated from the initial crust.
It is thus interesting to examine the isotopic
evolution of a delaminated ‘anti-crust’ com-
ponent, based on inferred parent—daughter
element concentrations (Table 2), and to
compare such signatures with those of the
mantle reservoirs.

Seawater is characterized by an extremely
high present-day 87S1/%6Sr ratio of 0.7092 and a
rather high abundance of Sr (8 ppm). Its incor-
poration into the amphibolitic oceanic crust
through alteration processes at oceanic ridges
strongly affects the Sr isotope composition of
the subducting oceanic crust. Furthermore, it is
well known that seawater Sr isotope ratios have
changed through time, with values generally
decreasing with increase in age (e.g. Veizer &
Compston 1976). We have evaluated the effect
of amphibolization at ridges on the Sr isotope
compositions of an oceanic crust by the method
proposed by Tatsumi (2000a). The temporal
variation in seawater compositions is formulated
for the last 2.5 billion years using the following
equation, which is based on the data by Veizer &
Compston (1976): (¥St/%6Sr), = 0.70927 - 2.6944
X 1073 X t (Ga). For ¢ > 2.5 Ga, the ratio is
assumed to be constant at 0.70250. The Nd and
Pb isotope ratios of oceanic crust were assumed
to be unchanged during the alteration processes
at ridges and those ratios of an ancient subduct-
ing amphibolite were calculated based on both
the estimates of primitive mantle compositions
(Sun & McDonough 1989) and the isotopic
ratios in the present bulk mantle. The isotopic

compositions of primary arc basalt magma can
be obtained from those of the subducting am-
phibolite, of the original mantle (primitive
mantle) and the aforementioned formulation.

An important factor for the evaluation of the
isotopic evolution of melting residues in the
initial basaltic crust is the degree of segregation
of felsic melts from partially molten crust. The
viscosity of a partial melt is one of the most
critical parameters governing the velocity of
melt migration. A felsic melt may have a viscos-
ity of about 2 orders of magnitude higher than a
basaltic melt under the same hydrous con-
ditions. It is thus suggested that perfect separ-
ation of such viscous melts from the solid restite
are unlikely. Although quantitative estimation
of the degree of melt separation is difficult, the
present modelling assumes that the slab restites
contain 0-15% of the trapped melt component
that possesses a composition identical to an
extracted felsic melt.

The results of the calculation are shown in
Figure 12, together with the isotope composi-
tions of the geochemical reservoirs in the
mantle. Quite distinct evolutionary curves with
large variations in isotope ratio are obtained,
due to differences in the degrees of involvement
of the felsic partial melt with the residuum, i.e.
the delaminated component. However, a pyrox-
enite with a 10-15% felsic melt component can
reasonably explain the EMI isotopic signature.
Simple mixing of the bulk silicate Earth com-
ponent, which is likely to occupy the deep
mantle, and a 3—4 billion-year-old delaminated
component could form the EMI component.

Conclusions

The subduction factory is the major site of
injection of surface materials into the Earth’s
interior. The raw materials are processed into
magmas, which cause characteristic arc volcan-
ism and makes continental crust through
complex processes including remelting of an
initial basaltic crust and magma mixing. The
waste materials, such as chemically modified
subducting sediments/crusts and melting
residues delaminated from the crust, have
accumulated in the mantle and are likely to have
evolved into enriched geochemical reservoirs in
the deep mantle. Magmas, which tap such
mantle components, are erupting where mantle
plumes are rising from the deep mantle. Recy-
cling of surface materials through subduction
factories and mantle plumes may have played
the central role in the evolution of the solid
Earth.
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was produced by partial melting of an initial basaltic crust, delaminated from the crust and stored in the deep
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Abstract: The collision of the Luzon Arc with southern China represents the best example
of arc—continent collision in the modern oceans, and compares closely with the Early
Ordovician accretion of the Lough Nafooey arc of Connemara, Ireland, to the passive
margin of Laurentia. We propose a general model for steady-state arc-continent collision
in which arc crust is progressively added to a passive margin during a process of compres-
sion, metamorphism and magmatism lasting 3-10 Ma at any one location on the margin.
Depending on the obliquity of the angle of collision, the timing of active collision may be
diachronous and long-lived along the margin. Magmatism accompanying accretion can be
more enriched in incompatible trace elements than average continental crust, contrasting
with more depleted magmatism prior to collision. Accretion of a mixture of depleted and
enriched arc lithologies to the continental margin allows the continental crust to grow
through time by arc—passive margin collision events. During the collision the upper and
middle arc crust are detached from the depleted ultramafic lower crust, which is subducted
along with the mantle lithosphere on which the arc was founded. Rapid (2-3 Ma) exhuma-
tion and gravitational collapse of the collisional orogen forms the Okinawa and South Mayo
Troughs in Taiwan and western Ireland, respectively. These basins are filled by detritus
eroded from the adjacent collision zone. During subsequent subduction polarity reversal,
continuous tearing and retreat of the oceanic lithosphere along the former continent-ocean
transition provides space for the new subducting oceanic plate to descend without need for

breaking of the original slab.

Arc—continent collision is an important part of
the Wilson cycle by which intra-oceanic arc crust
is added to the margins of continents, and is
probably the principle method by which the con-
tinental crust is built, at least during the
Phanerozoic (e.g. Taylor & McLennan 1985;
Rudnick & Fountain 1995). The recognition in
average continental crust of a depletion in Nb
relative to other trace elements, a feature long
associated with subduction magmatism (Pearce
1982), represents compelling evidence to
suggest a subduction-related origin to the conti-
nental crust. However, the link between arc and
continental crustal genesis is not a simple one,
because intra-oceanic arc crust is too mafic and
too light rare earth element (LREE)-depleted to
be a direct analogue for continental crust (e.g.
Kay 1985; Ellam & Hawkesworth 1988).
Although some oceanic arcs do seem to produce
melts with more LREE-enriched chemistries
(e.g. Yogodzinski & Kelemen 1998), these are
typically geographically restricted and are often
in areas of unusual tectonics, such as the oblique
convergence in the western Aleutians.

Active continental margins

The role of active continental, rather than
oceanic, margins in generating new continental
crust is presently unclear. Although isotopic and
geochemical evidence from such arcs does
suggest that much of the output involves
reworking existing continental crust (e.g. Rogers
& Hawkesworth 1989), there must be some com-
ponent of new melt extraction from the mantle.
However, high rates of tectonic erosion limit the
amount of new material added to the continent
by magmatism at many active margins. Subduc-
tion accretion is limited to regions where there is
major influx of clastic sediments from the conti-
nents. Reymer & Schubert (1984) estimated that
globally only 23-33 km3 of new melt were added
every Ma per km of active margin during the
Phanerozoic, but Holbrook er al. (1999) esti-
mated higher rates of 55-82 km? Ma~! km! for
the Aleutians. Similarly, Suyehiro et al. (1996)
indicated long-term, average accretion rates of
66 km? Ma~1 km in the Izu arc. In comparison,
estimated long-term rates of crustal erosion
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reach 70 km?® Ma! km! in Tonga (Clift &
MacLeod 1999), 96 km?*Ma- km! in Costa Rica
(Vannucchi et al. 2001), 96 km3 Ma~! km! in
Honshu (von Huene & Lallemand 1990), 37-54
km3Ma-1km in northern Chile (von Huene et
al. 1999) and 109 km3?Ma' km! along the Peru-
vian margin (Clift et al. 2003b). These rates
imply net loss of continental crust in such set-
tings. In contrast, the accretion of an oceanic arc
to a continental margin represents a clear net
gain in crust, and may be the most efficient
mechanism for producing new continental crust,
at least since the Precambrian.

Arc crustal composition

If oceanic arcs are, in fact, the building blocks of
the continental crust then our inability to relate
the compositions of the two might reflect a mis-
understanding of the bulk composition of one or
the other. One possible solution is that the bulk
crust of oceanic arcs is actually much more silicic
and LREE-enriched than is apparent from the
volcanic cover. This hypothesis was supported
by the identification of lower seismic velocity,
high silica, middle crust in the Izu arc (Suyehiro
etal. 1996). However, subsequent seismic refrac-
tion experiments in other oceanic arcs have
failed to identify similar siliceous crustal units
(e.g. Aleutians; Holbrook et al. 1999). Accreted
island arc crustal sections in orogenic belts also
argue against significant volumes of siliceous
mid crust in oceanic arcs (e.g. Kohistan: Miller &
Christensen 1994; Talkeetna, Alaska: Pearcy et
al. 1990). Although the volcaniclastic apron
surrounding the arc volcanic front may be up to
6 km thick and dominated by silica-rich tephra
(e.g. Tonga: Tappin et al. 1994), these sediments
do not show LREE enrichment (Clift 1995) and
cannot shift the bulk composition of the
accreted crust in the manner required to trans-
form it into LREE-enriched continental crust.

The significance of arc—continent collision

If oceanic arc crust does not have the same com-
position as the continental crust then it is possible
that the process of its accretion to the continent
is instrumental in effecting a transformation.
Draut & Clift (2001) showed that during collision
of the oceanic Lough Nafooey arc, now exposed
in the Caledonides of western Ireland, to the
passive margin of Laurentia during the early
Ordovician (c. 480-470 Ma), volcanism under-
went a transition from mafic and LREE-depleted
to siliceous and LREE-enriched. This syncol-
lisional volcanism (represented by the Tour-
makeady Group in South Mayo, Ireland) is more
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Fig. 1. Large-scale terrane map of Ireland, showing
the major units discussed in this study.

enriched than both average continental crust and
the local Dalradian continental basement of the
adjacent Connemara region (Leake 1989; Draut
et al. 2002), and could thus form crust with a
chemistry close to normal continental values
when mixed with the older oceanic arc crust,
which is similar to modern western Pacific
oceanic arcs in being mafic and LREE-depleted
(Clift & Ryan 1994).

In this paper we investigate the tectonics of
arc—continent collision, a process which would
allow the enriched upper and middle crust to be
detached from the ultramafic, probably
depleted, lower crust (Draut er al. 2002), and
transferred from the oceanic plate to the conti-
nental margin. To do this we draw on evidence
from the Caledonides in western Ireland (Figs 1
and 2), but also from the active arc—continent
collision zone in Taiwan (Fig. 3).

Birth of active continental margins

Regions of arc—passive margin collision are not
only areas where new crust is being added to the
continents, but are also the birth places of active
continental margins. The mechanical difficulties
of breaking cold, stiff oceanic lithosphere imply
that transforming a rifted passive margin into an
active margin would be difficult unless initiated
by arc—continent collision (e.g. Casey & Dewey
1984). Collision of an oceanic arc with a passive
margin, followed by a subduction polarity rever-
sal, represents a simple method for initiating
active margins. In contrast, even when a passive
margin is placed in regional compression a new
subduction zone does not seem to form readily.
The passive margins of southern India have
probably been in compression since the start of
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the India-Asia collision (i.e. >4

1996), but still show no tendency to form a new

5 Ma; Rowley

subduction zone. Instead compression has

caused long-wavelength buckling of the Indian
Ocean crust south of India (Cochran 1990).

Taiwan and Connemara as examples of arc
accretion

Despite its importance to large-scale tec-
tonic and geochemical issues, the nature of
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polarities and the Okinawa Trough opening in the wake of orogenic collapse. Bathymetry in metres.

arc-continent collision remains poorly under-
stood. The collision of the Luzon Arc with the
South China margin is probably the simplest
example of this phenomenon in the modern
oceans (Fig. 3). There, the N-trending Luzon
arc, located above an E-dipping South China
slab, has been in oblique collision with the con-
tinental margin of China since the mid-Miocene
(Teng 1990; Sibuet et al. 2002). Taiwan straddles
the active collision zone; in the eastern (post-
collisional) part of this region, subduction polar-
ity reversal has resulted in the northward
subduction of the Philippine Sea Plate under the
Ryukyu Arc, on the active Eurasian margin
(Fig. 3).

The seismicity and strain involved in arc—
continent collision may be assessed from the
active Taiwan example. However, many deep-
level processes are not exposed there and the
influence of along-strike variations is difficult to

assess. As a result, we also consider a deeply
exhumed example from the Irish Caledonides,
where an orogenic core of metamorphosed
passive margin sediments (called the Dalradian)
and associated mid-crustal arc intrusions is
exposed in Connemara (Harris 1993; Harris et
al. 1994). Associated arc lavas and forearc sedi-
mentary rocks are exposed across a strike-slip
boundary in the adjacent South Mayo terrane,
deformed into a broad syncline known as the
South Mayo Trough (Dewey & Shackleton 1984;
Dewey & Ryan 1990) (Fig. 2). Plate tectonic
reconstructions based on faunal and palacomag-
netic evidence (e.g. McKerrow er al. 1991), as
well as the identification of a late Ordovician—
Silurian accretionary complex south of the
accreted arc terrane (lLeggett et al. 1983),
demonstrate that, although the accretion of the
Lough Nafooey arc to Laurentia did produce
significant orogeny, there is clear evidence for
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continued subduction and a long-lived oceanic
tract offshore Laurentia for ¢. 50 Ma after
collision. This therefore implies that Early
Ordovician arc—continent collision was followed
by a subduction polarity reversal, after which a
N-dipping slab descended below the newly
active Laurentian margin.

Connemara provides a record of collision
between a short section of the oceanic Lough
Nafooey arc and the Laurentian margin during
the Early Ordovician Grampian Orogeny
(475-462 Ma ago; Soper et al. 1999). The sedi-
ment and tuff record in the adjacent South Mayo
Trough is well preserved, with little post-
orogenic deformation or metamorphism. The
temporal evolution of an intra-oceanic arc can
thus be traced through the full collisional
process, with ages constrained by high-resolu-
tion radiometric dating of plutons (Cliff et al.
1996; Tanner et al. 1997; Friedrich et al. 1999a, b)
and graptolite biostratigraphy of sediments and
volcanic rocks (Graham et al. 1989). In both the
modern Taiwan example and the ancient Irish
example, arc—continent collision was followed
by subduction polarity reversal and the develop-
ment of a continental arc and back-arc trough at
a newly active continental margin.

Orogenic exhumation

In the arc—continent collision zones of Taiwan
and western Ireland, the latter stages of collision
involve uplift and exhumation of the new oro-
genic belt. In both Taiwan and Connemara prox-
imity of the passive margin to the trench resulted
in development of an accretionary complex
composed of the passive margin sediments,
which subsequently underwent regional high-
grade metamorphism during arc-continent
collision and orogeny. Because of continued
convergence, subduction magmatism intruded
the metamorphic sequences associated with the
arc crust. Not surprisingly, the geochemistry of
intrusions and volcanic rocks emplaced during
collision shows significant reworking of the con-
tinental crust (Leake 1989; Defant et al. 1990;
Draut & Clift 2001). In Connemara c. 10 Ma of
such magmatism and peak metamorphism was
followed by a rapid transition to uplift, extension
and associated cooling (Friedrich et al. 1999a, b),
probably linked to low-angle detachment fault-
g (e.g. Williams & Rice 1989). The N-dipping
Renvyle-Bofin Slide in northern Connemara
(Fig. 2) has been proposed as one of the major
structures that allow the metamorphosed
passive margin sediments to be rapidly exhumed
(Wellings 1998). Extension on the Renvyle—
Bofin Slide appears to be synchronous with low-

angle thrusting of the Dalradian meta-
morphosed sediments over the syncollisional arc
volcanic units (Draut & Clift 2002). Such
exhumation is similar to that proposed for the
High Himalaya in the India—Asia collision zone
through synchronous motion on the South
Tibetan Detachment and Main Central Thrust
(Burchfiel et al. 1992).

The location of the extensional detachment
faults in Connemara is not well defined.
Williams & Rice (1989) proposed S-dipping
detachment faulting in southern Connemara. In
both proposed models of faulting in Connemara
the metamorphic contrast across the structures
is not high, despite strong evidence of shearing,
implying that while they may be conjugate to the
major detachment these are not the major con-
trolling structures. In Connemara it is possible
that the major detachment surfaces have been
largely eroded or buried by post-orogenic sedi-
mentation. They may be further obscured by
strike-slip faulting that has transferred the Con-
nemara terrane south of the suture zone
(Hutton 1987), thus truncating the original
outcrop. North of Clew Bay where the Dalra-
dian is repeated in North Mayo, a major struc-
ture, the Achillbeg Fault, running E-W along
the north coast of Clew Bay, separates low-grade
rocks of the South Mayo Trough from the higher-
grade rocks of the North Mayo Dalradian.
Although this structure was reactivated during
the later Palaeozoic (D. Chew pers. comm.
2002), it is of the correct magnitude and sense of
motion to be a major orogenic exhumation
structure. Comparison with the exposed detach-
ment surfaces in the Basin and Range Province
of western North America with the situation in
Connemara raises the possibility that the uncon-
formity on which Silurian marine sediments
overlie Dalradian metamorphic rocks rep-
resents an eroded detachment surface. It is of
note that blocks of serpentinite are mapped
along and close to the unconformity, but
nowhere else in the Connemara Dalradian. We
have also found sheared gabbro blocks immedi-
ately below the unconformity, southwest of
Killary Harbour (Fig. 2). A possible explanation
for these relationships is that lower crustal and
mantle lithologies were entrained along a deep-
rooted detachment fault, which brought them to
the surface, where they were subsequently trans-
gressed during the Silurian.

In northern Taiwan, the zone of active
collision between Luzon and southern China,
there is rapid uplift and exhumation of high-
grade metamorphic rocks associated with major
detachment faults, such as the Lishan Fault
(Fig. 4) (Teng 1990, 1996; Lee et al. 1997). Most
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of the Taiwan Orogen appears to represent
deformed and metamorphosed sediments from
the south China passive margin, and thus rep-
resents equivalents of the Connemara Dalradian
metasedimentary rocks, the deformed passive
margin of Laurentia. East of the Longitudinal
Valley Fault in Taiwan, the Luzon arc is rep-
resented as a tectonically shortened section in
the Coastal Range (Dorsey 1992). Lundberg et
al. (1997) have shown that the northern equiva-
lents of the North Luzon Trough, the principal
basin in the Luzon forearc, are overthrust by
eastward (arcward)-directed thrusting of the
accretionary complex south of Taiwan, so that
the old Luzon forearc is buried under syncol-
lisional basins, represented onshore by the
Longitudinal Valley (Lundberg & Dorsey 1990)
(Fig. 4).

Sedimentary response to arc collision

The sedimentary response to uplift, extension
and exhumation of the Connemara Dalradian
collisional orogen is preserved in the South

Mayo Trough directly north of Connemara,
where much of the total sedimentary thickness
(4.4 km out of 6.8 km) is synchronous with, or
post-dates, the tectonic exhumation (Fig. 5). It is
a crucial observation that, although the South
Mayo Trough represents the pre-collisional
forearc to the Lough Nafooey arc (Dewey &
Shackleton 1984; Dewey & Ryan 1990), the sedi-
ment does appear to span the collision and meta-
morphism of the Laurentian margin (Dalradian
passive margin sediments). In that context, the
lack of a recognized unconformity between pre-
and syncollisional sedimentary and volcaniclas-
tic sequences in the northern limb of the syncline
that forms the South Mayo Trough is curious.
The completeness of the section in South Mayo
Trough requires that the collision did not cause
strong deformation to the point of uplift above
sea level in this area. The forearc basin to the
Lough Nafooey arc persisted as an active depo-
sitional environment throughout the time of
collision and orogeny.

On the south limb of the South Mayo Trough
post-collisional sediments (Rosroe and Maum-
trasna formations) are in unconformable contact
with underlying syncollisional volcanic units
(Tourmakeady Formation). Their sandstone and
conglomeratic facies testify to rapid erosion of a
metamorphosed Laurentian (Dalradian) source
(Dewey & Mange 1999; Clift ef al. 20034a). Prox-
imal sedimentation in the Rosroe and Maum-
trasna units occurs in the form of submarine and
alluvial fans, which pass upward into similar
facies of the Murrisk Group (Archer 1984;
Pudsey 1984).

The actively extending Okinawa Trough,
located north of the southward-facing Ryukyu
arc and adjacent to the Taiwan collision zone, is
analogous to the South Mayo Trough of western
Ireland in containing tuffs and proximal volcani-
clastic deposits that succeed arc—continent
collision. Depositional environments similar to
those of the Rosroe and Maumtrasna formations
are noted in northern Taiwan, where alluvial
fans derive material from the Coastal Ranges
that is then transported onto the Ilan Plain and
subsequently offshore into the Okinawa Trough.
Lundberg & Dorsey (1990) demonstrate that
rapid Quaternary uplift of the Coastal Range
has resuited in proximal sedimentation in the
Longitudinal Valley overlying the accreted arc
and forearc. Although erosion rates in the
Coastal Range are high, those in the higher and
more extensive Central Range of the Taiwan
Orogen are greater and contribute the bulk of
the sediment reaching the Okinawa Trough
(Lundberg & Dorsey 1990). Although the
Longitudinal Valley Basin is rather narrower
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than South Mayo Trough (5-10 km v. 20-25 km),
the same progression of pre-collisional forearc
basin overlain by syncollisional basin is recog-
nized in both examples. The provenance of both
South Mayo Trough and Okinawa Trough sedi-
ment deposited in the wake of collision thus
reflects substantial reworking of the deformed
continental passive margin (Clift et al. 2003). In
the Okinawa Trough, like the South Mayo
Trough, sedimentation rates are initially very
high, exceeding 325 cm ka! in Ocean Drilling
Program (ODP) Site 1202 in the southern

Okinawa Trough (Salisbury ef al. 2002). In com-
parison, Graham et al. (1989) estimate 1350 m of
Rosroe sediment deposited during the lower
Artus graptolite zone, 464-467 Ma, according to
the time scale of Tucker & McKerrow (1995); a
mean rate of 45 cm ka™l.

Magmatic evolution

The development of volcanic chemistry during
arc—continent collision in South Mayo was high-
lighted by Draut & Clift (2001) and used to
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demonstrate that the bulk chemical character of
the arc crust could be changed by the collision
from mafic and LREE-depleted material into a
composition close to the continental crustal
average. These authors noted that there was a
strong temporal correlation between changes in
volcanic chemistry and the tectonic evolution of
the arc. In particular, a change was noted in the
trace element chemistry of tuffs in the post-
collisional Rosroe Formation compared to the
underlying syncollisional Tourmakeady Vol-
canic Formation, i.e. during the extensional col-
lapse of the Grampian Orogeny. The wide range
in high-field-strength element (HFSE) enrich-
ment of the Rosroe Formation and its temporal
equivalents suggested the presence of a hetero-
geneous mantle source region, while differences
in the Nd isotopic character of the Tourmakeady
and Rosroe Formation (gyq rises from -14.1 to
—8.3) are consistent with the advection of fresh
mantle material under the arc and a reduced
contribution from continental crust compared to
the magmatism during the compressional defor-
mation that accompanied Tourmakeady Group
development. Although the eruptive centres of
the tuffs found in the Rosroe Formation and
Murrisk Group are not now exposed, they must
have been close o the South Mayo Trough in
view of the great thickness of the tuffs (2-3 m)
and their commonly welded texture.

In central Taiwan, where Chinese continental
margin lithosphere continues to subduct east-
ward under the deformed Luzon arc, the
collision orogen grows to its maximum height.
However, neither arc volcanism nor deep earth-
quakes have been observed and, hence, the plate
interaction remains obscure beneath the orogen.
However, in northern Taiwan, subduction polar-
ity has reversed, and the Philippine Sea Plate is
underthrusting the arc. Here magmatism is con-
trolled by lithospheric stretching and by melting
associated with the new Ryukyu subduction
zone (Teng et al. 2000) (Pliocene volcanic
province, Fig. 4). As extension has advanced in
the southern Okinawa Trough the volcanism has
become focused in the centre of the basin near
the active extension. In this area it is of note that
there is no separate development of a Ryukyu
arc. In practice, the Okinawa Trough volcanism
represents the new arc volcanic front, which only
comes to lie over the non-volcanic forearc ridge
in the central and northern Ryukyu arc where
active extension has ceased (Fig. 3).

In northern Taiwan and the southern
Okinawa Trough magmatism during orogenic
collapse is marked by LREE-enriched
chemistries (Chen et al. 1995). Figure 6 shows
that in terms of high-field-strength (HFSE) and
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Fig. 6. Volcanic rocks emplaced during the orogenic
extension that follows peak metamorphism in both
Taiwan and South Mayo have compositions more
enriched in HFSEs and LREEs than MORB and in
some cases than the continental crust (values from
Rudnick & Fountain 1995).

rare earth elements the Taiwan and Irish vol-
canic rocks are very enriched and several exceed
the bulk continental crustal values (Wang et al.
1999; Chung et al. 2000). This requires fractional
crystallization in addition to crustal assimilation
in order to explain the range of REE composi-
tions (Draut & Clift 2001). The same is true of
the syncollisional mafic intrusions that penetrate
the Connemara mid-crust (Draut et al. 2002),
and implies that the depleted cumulate residue
that would have been produced during the frac-
tionation must have been located in the lower
crust. Nd isotope data were employed by Draut
et al. (2002) to quantify the amount of crustal
recycling in the collisional magmatism, with no
more than 35% of the Connemara mid-crustal
plutons being generated by crustal melting. The
syncollisional Tourmakeady WVolcanic For-
mation showed c. 80-90% of crustal recycling,
but still required an enriched liquid that must
originally have derived from the mantle, to
explain the high LREE enrichment and the Nd
isotope character of the volcanism.

Lower crustal-mantle tectonics

The chemical change in the magmatism seen in
Taiwan and Mayo, coincident with the start of
orogenic extension and exhumation (rep-
resented by the Okinawa Trough and Rosroe
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Formation and Murrisk Group tuffs, respec-
tively), implies a link between these processes.
We suggest that detachment of the upper and
middle arc crust from the lower crust and mantle
root may be part of this process. Orogenic exten-
sion is caused by the topographicload and weak-
ness of the orogenic belt. Once the compressive
forces that form the mountains are released
from the thrust belt, due to renewed subduction
following polarity reversal, there will be a tend-
ency for the stack to collapse and extend under
its own weight. In the case of Taiwan, the motion
of the Philippine Sea Plate towards the north-
west will keep the Taiwan Orogen under com-
pression until the generation of the new
SE-facing subduction zone in the Ryukyu Arc
immediately north of the present Taiwan
Orogen. Once the new Ryukyu Trench has been
lengthened, as the new subduction zone
migrates to the southwest, then the southern
edge of the orogenic stack is unconstrained by
compression. The trench thus forms a free space
into which the orogen can collapse, triggering
extension of the deformed arc and passive
margin sequences (Teng 1996). The load of the
Taiwan Orogen causes flexure of the underlying
Chinese continental crust (Wang 2001; Yu &
Chou 2001). Where the load slides southward
away from the margin’s edge in northern
Taiwan, the continental crust quickly rebounds
and regains much of its normal thickness (Rau
&Wu 1995) as a result of the extensional col-
lapse of the orogen (Teng 1996).

Lower crustal delamination?

An additional cause of uplift and extension may
be the loss of a dense, ultramafic arc lower
crustal root. The relative densities of arc lower
crust and the upper mantle are strongly depen-
dent on composition, temperature and pressure.
However, the cumulate lithologies that com-
prise the lower crustal residue of crystal frac-
tionation are sometimes denser than the upper
mantle (cf. Bird 1979; Houseman et al. 1981; Kay
& Kay 1993; Jull & Kelemen 2001) and might be
susceptible to detachment from the shallower
crust and re-incorporation back into the mantle.
Jull & Kelemen (2001) considered this loss to be
a convective instability of a viscous fluid and sug-
gested that delamination is most likely to occur
on geological timescales <10 Ma where geo-
thermal gradients are high and where the lower
crustal lithologies are gabbronorites or cumulate
ultramafics. Given the arc-collisional setting and
high orogenic heat flow it is possible that the
conditions predicted by Jull & Kelemen (2001)
to favour delamination may be met in Con-

nemara and Taiwan. However, because neither
the Connemara nor the Taiwan arc lower crusts
are now exposed we cannot prove that these
lithologies were present during collision.
Instead, we can only argue that the chemical evi-
dence for fractional crystallization (Draut &
Clift 2001; Draut ef al. 2002) is consistent with
the generation of cumulates, while the chemical
similarity of the South Mayo arc volcanic rocks
to those in modern western Pacific arcs does
argue that gabbronorites or ultramafic cumu-
lates were probably developed.

The density of lower crustal cumulates
exceeds that of typical mantle by 50-250 kg m™3
(Jull & Kelemen 2001), and implies a surface
uplift of 90-360 m for a hypothetical lower
crustal loss of 6 km. This uplift represents <10%
of the total topography in the Taiwan Orogen
and consequently uplift following lower crustal
loss cannot be expected to trigger extensional
collapse by itself.

Lower crustal subduction?

Consideration of the strength profile of synoro-
genic arc crust suggests that the dense lower
crust might be susceptible to detachment from
the shallower levels during collision. Figure 7
shows a hypothetical strength profile based on
the observed lithologies in the Connemara—
Mayo arc (after Kohistedt e al. 1995). Crustal
strength might be expected to increase with
depth in the upper crust, in the manner normally
attributed to Byerlee’s law. Once the tempera-
tures have reached a threshold of ¢. 200°C, at c.
12 km depth, the quartz-bearing lithologies that
make up much of the Connemara middle crust
will be ductile and weak (Carter 1976), as shown
by the common ductile folding seen in the Dal-
radian. In contrast, ultramafic rocks of the lower
crust and mantle lithosphere are stronger
because of their olivine-dominated plasticity
(Kohlstedt & Goetze 1974; Kirby & Kronenberg
1987; Kohlstedt et al. 1995). The weak zone in
the middle crust could form a detachment
surface, allowing the dense, strong lower layers
to be removed and subducted along with the
upper mantle when subduction is renewed
following polarity reversal. The presence of
trace amounts of water in arc lithospheric
mantle will reduce the thickness of the strong
lower layer compared to anhydrous mantle
(Hirth & Kohlstedt 1996), but will not eliminate
the strength contrast between upper and lower
crust in the orogen.

Although unequivocal demonstration of
Ordovician delamination is impossible, seismic
reflection evidence from across the Iapetus
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Fig. 7. Schematic diagram showing the strength of
the collisional arc lithosphere. The upper part of the
plate is cool and brittle, getting stronger with depth
in accordance with Byerlee’s law. The middle crust is
hot and weak due to the quartz-dominated
lithologies and forms a natural décollement surface
within the plate. In contrast, ultramafic cumulates are
likely to be strong in the lower crust, with no
mechanical break between them and the mantle
tectonite rocks below.

suture in Ireland does not show the presence of
fast, reflective lower crust (Klemperer 1991),
such as might be expected from the seismic
character of modern oceanic island arcs (e.g.
Holbrook et al. 1999). In addition, Klemperer
(1991) noted that the Connemara block
appeared to have shallow roots and lie above a
low-angle thrust fault, implying that the Dalra-
dian had been removed from its lower crustal
roots at some stage in the past.

There has been no previous suggestion of
lower crustal delamination in Taiwan, but the
rapid change to extension and exhumation just
prior to gravitational collapse of the orogen in
northern Taiwan, culminating in active basin
extension and volcanism forming the Okinawa
Trough, suggests that this process may be active
here too. Volcanism during extensional collapse

follows the pattern of South Mayo in being very
enriched in LREEs and with widely scattered
HFSE ratios (Wang ef al. 1999; Chung et al.
2000), although not quite reaching the highest
values measured in Ireland. Focal mechanism
solutions of earthquakes associated with the
North Luzon arc indicate slip partitioning with
thrusting perpendicular to the trench between
the arc and the South China Sea Plate to the
west, while strike-slip motion occurs between
the arc and the Philippine Sea Plate to the east.
This implies that the upper part of the North
Luzon arc is already decoupled from the Philip-
pine Sea Plate long before the arc collides with
the Chinese margin. Consequently, when
collision occurs the Philippine Sea Plate is
incapable of dragging the upper arc crust down
with it beneath the Chinese margin, and detach-
ment of the lower crust and upper mantle from
the middle and upper arc crust will occur.

Formation of post-orogenic basins

Letouzey & Kimura (1985) suggested that the
Okinawa Trough opened due to shearing gener-
ated by the extrusion of crust east from the
Taiwan collision zone. However, most earlier
studies favour the Okinawa Trough opening as a
back-arc basin to the Ryukyu arc (Sibuet et al.
1987), with extension driven by trench suction
and slab roll-back. In the back-arc model the
volcanism now located in the southern Okinawa
Trough represents a northward-propagating
spreading centre, while most of the northern
trough is still rifting. Volcanism is focused at the
Ryukyu arc until drawn to the back-arc spread-
ing axis by the active extension.

In contrast, in our revised model we follow the
suggestion of Teng (1996) that the Okinawa
Trough is created by extensional collapse of the
Taiwan Orogen, after which time it remains rela-
tively inactive. There is no activity in the Ryukyu
arc near Taiwan because subduction of the
Philippine Sea slab has only just begun in that
area. Shinjo (1999) notes that mid-Miocene vol-
canic rocks from the southern Ryukyu arc are
not subduction related, but instead similar to
intra-plate volcanism seen in China. Such an
observation implies propagation of the subduc-
tion-related Ryukyu volcanic front into the area
since that time, a hypothesis supported by recent
geochemical evidence from the southernmost
Okinawa Trough (Chung et al. 2000). In our
model the Okinawa Trough becomes increas-
ingly younger to the south, the opposite of the
roll-back model, in which the Okinawa Trough
spreading centres are propagating into the basin
away from Taiwan. Importantly, mid-late
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Miocene (6-9 Ma; Letouzey & Kimura 1985)
extension ages are recorded in the northern
Okinawa Trough, while recent faulting in the
trough adjacent to Taiwan cuts the thick sedi-
mentary sequences right to the seafloor, obser-
vations consistent with a collapse origin of the
trough. The basement to the Okinawa Trough is
inferred to be the extended remnants of the
Taiwan Orogen and the accreted Luzon arc
(Fig. 5).

Although the South Mayo Trough includes
large volumes of post-collisional sediment,
similar to the Okinawa Trough, there is a real
difference between the two basins in that South
Mayo does not preserve evidence for intra-
basinal magmatism or continued normal fault-
ing. The large thicknesses of sediment preserved
do require significant tectonic subsidence of the
basin. The South Mayo area may represent a
special area in the Caledonian Orogen because
the pre-collisional forearc is not deformed and
overthrust in the fashion seen for the North
Luzon Trough. The reason for this might be
related to irregularities in the trend of the Lau-
rentian margin, with the South Mayo Trough
having been located opposite an embayment in
the continental margin.

Subduction polarity reversal

Evidence for a subduction polarity flip is clear in
the Irish Caledonides, where the S-dipping slab
beneath the Lough Nafooey arc (Dewey & Ryan
1990; Clift & Ryan 1994) became a N-dipping
subduction zone after the Grampian Orogeny.
After arc—continent collision there is regional
evidence for N-dipping subduction under a
Laurentian margin that was previously passive,
forming the Bronson Hill arc in the northern
Appalachians and the subduction accretionary
complex in Northern Ireland and the Scottish
Southern Uplands (Leggett et al. 1983; Karabi-
nos et al. 1998; Van Staal et al. 1998) (Fig. 1).
The difference in subduction polarity on
either side of Taiwan is clear from the location of
the volcanic arcs and active seismicity (Teng et
al. 2000). A space problem arises when trying to
accommodate two oceanic slabs that dip in
opposite directions in close proximity to one
another. Teng et al. (2000) suggested that sub-
duction polarity reversal under Taiwan can be
achieved through the break-off of the subduct-
ing South China slab at depth, in the manner
suggested by Davies & von Blanckenburg
(1995). Although a possibility, there is little evi-
dence for this process. If this model is correct
this might represent a non-steady-state con-
dition that followed the initial, very oblique

collision between the Luzon Arc and the South
China margin. Alternatively, the snapping slab
model implies that the collision process operates
in a series of discontinuous steps.

We here suggest a mechanism by which sub-
duction polarity is reversed by a gradual tearing
and roll-back of the South China oceanic slab
towards the west, thereby opening a gap through
which the newly subducting Philippine Sea Plate
can descend (Fig. 8). A progressive tearing of
the lithosphere, approximately along the old
rifted continent-ocean transition, allows the
collision zone and accompanying polarity rever-
sal to migrate continuously westward along the
continental margin. In this way, space is made
for the new subducting slab with no need for
episodic slab break-off. Sibuet et al. (2002)
present seismic reflection data from across the
South Chinese passive margin west of Taiwan
showing a sharp tectonic discontinuity between
an old accretionary complex and an arc—forearc
complex. This lineament and its northeast exten-
sion beneath Taiwan limits to the northwest the
deep earthquakes associated with the subduc-
tion of the South China Sea beneath the Philip-
pine Sea Plate. This discontinuity represents a
pre-existing weakness in the crust, facilitating
the westward tearing we envisage.

Evidence for a tearing of the Chinese margin
crust at the point of collision was first proposed
by Lallemand et al. (1997). More recently, Lalle-
mand et al. (2001) postulated that a tear along
the ocean—continent boundary accommodated
the subduction of the northwestward progress-
ing Philippine Sea Plate beneath the Chinese
margin. Lallemand et al. (2001) highlighted the
importance of a relatively short NW-trending
tear into the continental margin crust across
northern Taiwan that would explain the north-
ward termination of mountain building and a
number of other geological and geophysical
observations. According to Lallemand et al.
(2001), this tear fault forms the northeastern
edge of a piece of Chinese continental margin
subducting southeastward beneath Taiwan and
the Philippine Sea Plate. Using seismic tomo-
graphic data, Lallemand et al. (2001) inferred
that the piece of subducted Chinese continental
plate reaches the 650 km upper-mantle velocity
discontinuity.

In this study we emphasize the dynamic
nature of the Taiwan collision zone and rifting
Okinawa Trough as a westward-migrating zone
of collision and active lithospheric tearing. The
rate of westward migration of the lithospheric
tear is determined by the rate of oblique
collision between the Philippine Sea Plate on
which the Luzon arc is located and South China.
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Fig. 8. Tectonic cartoon of (A) the modern plate tectonic setting around Taiwan with the Luzon arc free to
move semi-independently of the oceanic Philippine Sea Plate as a result of slip-partitioning along large strike-
slip faults. (B) Shows the behaviour of the Chinese Plate by schematically removing the Philippine Sea Plate.
The progressive tearing of the original South China passive margin and the westward retreat of the Manila
Trench provides a space into which the newly subducting Philippine slab can descend. This model removes the
need to snap the old Chinese slab to allow subduction polarity reversal to occur.

We recognize that gravitational instability of a
dense slab would eventually cause failure of the
slab at depth (e.g. Shemenda 1994), but a break
in the slab is not required in our model to make
space for the new slab to descend, as has been
required by previous models of subduction
polarity reversal (e.g. Shemenda 1994; Konstan-
tinovskaya 1999). Teng ez al. (2000), like Lalle-
mand et al. (1997), recognized the lithospheric
tearing along the ocean—continent boundary,
but instead emphasized the importance of slab
break-off in facilitating subduction polarity
reversal.

The progressive tearing of the Eurasian litho-
sphere implies that polarity reversal may happen
more quickly than previously thought, because
the time needed for the lowest part of the slab to
break off and sink far enough through the

mantle to make space for a new slab is no longer
a rate-limiting step. As a result collision,
orogeny and subduction polarity flip may now
be understood to occur within 10 Ma (Table 1).
In Connemara rapid orogeny was documented
by the radiometric work of Friedrich er al.
(1999a, b) to peak at 475463 Ma, consistent
with a rapid reversal of subduction polarity.
Friedrich et al. (1999a) also noted that the age of
the Grampian-Taconic Orogeny is similar along
strike in Canada and New England (Cawood et
al. 1995; Swinden et al. 1997; Karabinos et al.
1998), implying that the arc was oriented in a less
oblique fashion to the continental margin than
the Luzon arcis relative to China and/or that the
plates were moving at higher relative speeds.
Aun important consequence of our new model
is that the Philippine Sea Plate slides laterally
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Table 1. Comparison of the Taiwan and Connemara collisional orogenies showing the equivalent units and
phases of activity during each accretion event. Duration of orogeny may be variable and dependent on the plate

velocity and obliquity of collision

Taiwan Mayo-Connemara Duration
(Ma)
A Continental Volcanic front stabilizes on the Formation of Southern Uplands
arc Ryukyu Arc. End of extension in Accretionary Complex and eruption
Okinawa Trough of Notre Dame Arc
Late orogenic  Submarine volcanism, rapid Eruption of Mweelrea Tuffs; 3-5
collapse sedimentation and active extension deposition of Glennumera and
in Okinawa Trough Mweelrea formations
Orogenic Rapid cooling of Taiwan Orogen,  Rapid cooling of Connemara 2-3
collapse motion on Lishan Fault, Dalradian, motion on Renvyle-Bofin
sedimentation on Ilan Plain. Slide, intrusion of Oughterard
o Volcanism in N Taiwan Granite, deposition of Rosroe and
E Derrylea formations
& Collisional Metamorphism of South China Metamorphism of Dalradian 3-10
orogen margin sediments in Taiwan metasediments, eruption of
Mountains Tourmakeady Formation rhyolites
and intrusion of Connemara
gabbros and quartz diorites
Early collision  Formation of submarine Westport Complex formation, 24
accretionary complex sedimentation of Letterbrock-Sheefry
formations, and eruption of Derry Bay
Formation
Oceanic arc Andesitic-basaltic Luzon arc Basaltic Lough Nafooey Group arc
volcanism volcanism

westward under the southern Okinawa Trough,
so that an oceanic slab is present instantaneously
as the subduction zone propagates. If this lateral
sliding into the gap were not occurring then it
would take >3 Ma for the tip of the new slab to
migrate from the trench to a location under the
Okinawa Trough (Fig. 9).

Continuous arc accretion

Neither Teng et al. (2000) nor Lallemand et al.
(2001) describe the Taiwan Orogeny as migrat-
ing southwestward along the Chinese continen-
tal margin, although they do describe the
arc—continent intersection migrating that way.
Most authors seem to suggest that Taiwan has
been an orogeny that started at that particular
location, rather than as a migrating collision
point. Prior to Luzon-China collision Lalle-
mand et al. (2001) propose a transform fault con-
necting the Manila and Ryukyu trenches that
was consumed ¢. 8 Ma ago when the North
Luzon arc hit the Chinese passive margin. It is
following this collision, close to the location of
modern Taiwan, that the tear fault propagates
westward along the continent-ocean transition.
According to Lallemand et al. (2001), major
mountain building in Taiwan started at 3-5 Ma
ago following the detachment of the Philippine

Sea Plate slab beneath the central and northern
Ryukyu arc and the northwestward propagation
of a tear fault into the Chinese passive margin.
These events allowed the continental Chinese
margin plate to subduct beneath the Luzon Arc.
Rifting of the southern Okinawa Trough started
at ¢. 3 Ma north of Miyako and propagated west-
ward during the Quaternary, as a consequence
of slab pull exerted by the Philippine Sea Plate
slab.

Sibuet et al. (2002) propose that the Luzon
Arc started to form progressively after 15 Ma
ago, since which time the Luzon Arc subducted
beneath Eurasia as part of the Philippine Sea
Plate. In this model it is only from 6 to 9 Ma ago
that the Luzon arc resisted subduction and col-
lided with the Chinese margin, composed of the
extinct portion of a proto-Ryukyu forearc, arc
and back-arc system (Sibuet & Hsu 1997). It is
this collision that is considered to have uplifted
the ancestral mountain belt located at the
present-day position of the southwestern
Okinawa Trough (Sibuet et al. 1998; Hsiao et al.
1999). Sibuet ef al. (2002) note a structural kink
in southern Taiwan between the N-S trend of
the Luzon Arc and the more SW-NE trend of
Taiwan. These authors suggest that this bound-
ary has existed since 15 Ma and was located at
the base of the Chinese margin. The kink
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Fig. 9. Model of continuous arc accretion to a passive continental margin, in which the igneous edifice of the
Luzon arc is accreted to the margin, deformed in the Taiwan Orogen and then overlain by sediments of the
Okinawa Trough or volcanic rocks of the new Ryukyu Arc as the thrust stack collapses.

presently divides the Luzon Arc into two seg-
ments. South of the kink the subduction of the
South China Sea is still active and the Luzon Arc
is still growing as attested by the emplacement of
present-day intra-oceanic rocks on the islands
(Yang et al. 1996; Maury et al. 1998). North of the
kink collision between the Luzon Arc and the
Chinese margin is active.

In our revised model (Fig. 9) the modern
Taiwan Orogen is not the product of a col-
lisional, tearing or slab detachment event, but
represents the modern point of an ongoing and
continuous collision of the Luzon Arc and the
Chinese margin. The recognition of a continu-
ous Taiwan-Sinzi folded zone under the south-
east edge of the East China Sea (Hsiao et al.
1999) would suggest a continuous migration of
the orogen from Sinzi ¢. 12 Ma ago to the present
Taiwan.

Conclusions

The oblique collision of the Luzon and Lough
Nafooey arcs with the South China and Lau-
rentian passive margins, respectively, resulted in
a similar sequence of tectonic and magmatic
events initially involving compressional orogeny
and highly enriched magmatism lasting <10 Ma.
Collision is followed by extensional collapse of
the orogen and variably enriched magmatism.
Collapse is the result of the generation of a new
trench and the release of the compressive forces

of the collision zone. Possible loss of the arc
ultramafic lower crust would enhance uplift and
exhumation, and facilitate subsequent orogenic
collapse. The upper arc crust is accreted to the
continental margin, a process that may be
accomplished through detachment in the ductile
middle crust from the ultramafic lower crust and
mantle lithosphere that forms the western edge
of the subducting Philippine Sea Plate. This
mechanism appears to be the principal mode of
continental crustal growth in the modern
oceans.

Orogenic extensional collapse culminates in
the formation of a basin (the Okinawa and
South Mayo Troughs) located above the
deformed passive margin and forearc of the
accreted oceanic arc. This basin is rapidly infilled
by several kilometres of coarse clastic material
eroded from the adjacent collisional orogen and
by minor tuff and lava units. Each basin is
located adjacent to a new continental volcanic
arc formed by subduction polarity reversal.
Magmatism associated with this new system can
become focused into the basin during active
extension, but subsequently occurs in a stable
trenchward setting above the subducting slab.
Unlike other back-arc basins these basins are
not formed by trench forces. As the collision
point migrates along the margin, the oceanic
lithosphere that adjoins the original passive
margin tears to form a gap through which the
newly subducting oceanic lithosphere can
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descend. Arc—continent collision can thus be
viewed as a continuous and migrating process
that does not require breaking or catastrophic
loss of the subducting slab in order to accommo-
date the plate motions. This in turn allows
collision, orogeny and polarity reversal to be
completed within 10 Ma.

David Chew, Nobu Shimizu, Matthew Jull, Greg
Hirth, Anke Friedrich and Peter Kelemen provided
stimulating discussion on this work, which was sup-
ported by Woods Hole Oceanographic Institution. We
wish to thanks Tony Lee and Tim Byrne for help and
advice in the preparation of this paper. The work ben-
efited from careful reviews by Yoshi Tatsumi, Conall
MacNiocaill and Rob Larter. This is WHOI contri-
bution # 10772.
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Abstract: Large-scale felsic volcanic systems are a common, but not ubiquitous, feature of
volcanic arc systems in continental settings. However, in oceanic volcanic arcs the erupted
materials are dominated by basalts and basaltic andesites, whereas intermediate composi-
tions are rare and dacites and rhyolites relatively uncommon. The Kermadec arc is an intra-
oceanic convergent system in the SW Pacific. Volcanoes occur as a continuous arc that is
mainly submarine. Despite its simple tectonic setting, felsic magmatism is widespread. In
the Kermadec Islands, Macauley Volcano is a basaltic volcano that produced a large felsic
eruption about 6000 years ago. A comparable pattern of magmatic evolution is seen on
adjacent Raoul Volcano, where basaltic activity built the main edifice of the volcano and
where activity during the last 3000 years has been characterized by felsic eruptions of
varying size. Elsewhere in the Kermadec arc and in its northward extension, the Tonga arc,
felsic eruptions are recorded from 11 of the 30 volcanoes for which petrographic infor-
mation is available, and in many cases these are the most recent eruptions. Felsic eruptions
are a widespread recent feature of the arc, and the scale and extent of this magmatism
appears to be unusual for a tectonically simple oceanic subduction system. One explanation
of the origin of the felsic magmatism is prolonged fractional crystallization from a parental
basalt composition, but modelling of the chemical compositions of the felsic rocks does not
support this. A second explanation, albeit apparently at odds with the oceanic setting, is
crustal anatexis. An important feature of the felsic eruptives from the Kermadec arc is that
each tephra sequence or occurrence has a unique chemical composition, although all show
the same generalized characteristics. We suggest that this feature supports a model of
crustal anatexis rather than fractionation of a range of parental magmas. We also suggest
that in the thermal evolution of an oceanic arc system the processes of underplating,
together with the continuous magmatic (and thermal) flux, can generate a crustal thickness
in which dehydration melting of underplated arc material generates felsic magmas. Further,
this condition can represent a unique ‘adolescent’ stage in a developing oceanic arc, as once
the felsic melts are extracted the lower crust becomes an infertile residue.

The presence of high-silica (>70 wt% SiO,) vol-
canic rocks in caldera complexes is a conspicu-
ous feature of many continental arc systems. In
contrast rocks with >63 wt% SiO, are generally
considered to be only a minor component of
intra-oceanic volcanic arcs. However, recent
work on the Izu-Bonin and Scotia arcs (Tamura
& Tatsumi 2002; Leat et al. 2003) has shown that
silicic caldera-forming eruptions can be a signifi-
cant component of oceanic subduction systems.

Recent volcanic activity in the Tonga-Kermadec
arc in the SW Pacific has also involved wide-
spread production of felsic magmas and at least
some of these eruptions have been associated
with formation of calderas. The occurrence of
widespread and relatively large-scale felsic vol-
canism is unexpected in a simple oceanic setting
and its explanation requires an assessment of
both tectonic and petrogenetic factors. Felsic
rocks have been described from Raoul Island

From: LARTER, R.D. & LEAT, PT. 2003. Intra-Oceanic Subduction Systems: Tectonic and Magmatic Processes.
Geological Society, London, Special Publications, 219, 99-118. 0305-8719/03/$15.00
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(Worthington 1998), Macauley Island (Lloyd et
al. 1996; Smith er al. 2003) and Curtis Island
(Smith et al. 1988) in the Kermadec Group, and
dredged from several submarine volcanoes in
the southern part of the arc (Gamble ez al. 1997,
Wright & Gamble 1999). In this paper we review
these occurrences and discuss the origin of felsic
magmas in the Kermadec arc.

Among oceanic subduction settings globally,
the principal occurrences of felsic volcanism are
associated with young calderas in the central
New Hebrides arc (Crawford et al.1988; Robin et
al. 1993; Monzier et al. 1994), calderas of late
Pleistocene~Recent age in the western Aleutian
arc (Miller 1995) and young submarine calderas
in the northern Izu arc (Gill et al. 1992). These
arc segments all share crustal extension and tec-
tonic complexity. Specifically, the central
segment of the New Hebrides arc is associated
with subduction of an extinct arc, the D’Entre-
casteaux Zone (Greene et al. 1988), the west
Aleutian forearc consists of structural blocks
that are rotating relative to each other (Geist er
al. 1988) and the northern Izu arc is actively
rifting (Taylor e al. 1991). Eruptions of felsic
magma have also been recorded from the Bonin,
Mariana and South Sandwich oceanic arcs
(Bloomer et al. 1989; Pearce et al. 1995; Tamura
& Tatsumi 2002; Leat et al. 2003). Although the
Tonga-Kermadec arc is tectonically simple,
felsic volcanism has occurred at 11 of 30 vol-
canoes for which information is available, and
this includes large-scale caldera-forming erup-
tions of a style more characteristic of continen-
tal settings.

The Kermadec subduction system

The Tonga-Kermadec subduction system
(Fig. 1) is an intra-oceanic convergent plate
margin that extends for 2550 km between Tonga
and New Zealand in the SW Pacific Basin. The
Louisville seamount chain intersects the arc at
25.6°S, dividing it into the Tonga arc to the north
and the Kermadec arc to the south. The princi-
pal features of the system are subduction of the
Pacific Plate and its sedimentary veneer at the
Tonga—Kermadec Trench, subduction-related
magmatism along the Tonga-Kermadec Ridge
and crustal extension behind the arc that is
expressed as the Lau Basin and Harvre Trough.
Southward these features extend into the Hiku-
rangi Trench and Taupo Volcanic Zone as the
arc impinges on the continental crust of New
Zealand. Along the length of the arc there is a
systematic change in tectonic parameters. Sub-
duction rates decrease southward from 24 to
6 cm a’! (Bevis et al. 1995; Parson & Wright

\ A Volcano
6 ‘
< lkm depth
New 1 1-2km depth
Zealand

- = 6km depth

Fig. 1. Map of the Tonga-Kermadec arcs with
principle topographic features. Bathymetry after
NGDC (1996). Arrows are a schematic
representation of plate motions at the trench with
subduction rates given in cm year .

1996). For the Tonga arc this reflects a reduction
in the extension rate across the LLau Basin,
whereas for the Kermadec arc the decrease is
primarily a function of distance from the
Pacific—Australian pole of rotation at 60.1°S,
181.7°E (DeMets et al. 1994). In both sectors the
convergence vectors become increasingly
oblique toward the south. The Wadati-Benioff
seismic zone dips westward beneath the arc at a
shaltow angle to a depth of approximately 50 km
and then increases to 70° by 200 km depth. The
volcanoes of the arc are consistently located 100
km above the zone. A lateral inflection of the
slab surface coincides with the boundary
between the Tonga and Kermadec arcs, and the
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Fig. 2. The Kermadec arc. Major topographic
features are defined by bathymetric contours (after
NGDC 1996). Confirmed volcanoes are shown as
solid symbols and inferred volcanoes as open
symbols. Dashed lines separate the subdivisions of
the arc.

behaviour of the slab at depth differs for each
segment. To the west of the Tonga arc it flattens
below 300 km, although it continues to 670 km
depth. To the west of the Kermadec arc, seismic
activity terminates at shallower depths and

cannot be traced below 350 km depth south of
32.5°S, although tomographic images of P-wave
velocity variations in the mantle have been
interpreted to show the slab subducting to
depths greater than 800 km throughout the
length of the Tonga—Kermadec system (Van der
Hilst 1995).

Volcanoes of the Kermadec arc are confined
to a 40 km-wide zone, defining an arc that is
curvilinear in form and convex toward the Ker-
madec Trench. The arc can be subdivided
according to changes in arc-ridge and
arc—trench separation, primarily reflecting
changes in width and structure of the fore arc.
These divisions are the Monowai, northern
Kermadec, central Kermadec and southern
Kermadec segments (Fig. 2).

In the Monowai segment both the volcanic arc
and the trench are offset eastward relative to an
extrapolation of the Tonga arc—trench system,
and the arc-ridge separation progressively
decreases to the south. In the northern Ker-
madec segment the ridge continues as a narrow
feature that is shallower in the north. The only
subaerial volcanoes of the Kermadec system rise
from the ridge in the central and southern parts
of this segment. Each of these, as well as several
submarine edifices, are large low-aspect ratio
volcanoes that extend across most of the arc.
Raoul consists of a series of coalescing strato-
cones with two known summit calderas. Simi-
larly, Macauley is dominated by a large centrally
located submarine volcano formed in part
during a voluminous eruption at 6.3 ka. Curtis
Island is the eroded remnant of an extensive
pyroclastic sheet. L’Esperance has two widely
separated summit peaks whose relative ages are
unknown; L’Esperance rock is located on the
eastern summit and east of the crest of the arc,
whereas Havre Rock, lying to the west and
emergent only at low tide during rough sea con-
ditions, is centrally located relative to the arc. In
the central Kermadec domain both the ridge and
trench are offset 30 km to the east, and the ridge
summit becomes progressively deeper towards
the south. A series of conical submarine edifices
surmounts the ridge but these are not known in
any detail. The boundary of the central and
southern Kermadec segments coincides with the
northern limit of the fore arc Raukumara Basin
and with an increase in the arc-trench separ-
ation. The ridge continues to deepen and
eventually disappears beneath the sediments of
the Raukumara Basin at water depths of 2-4 km.
A series of large volcanic edifices are located
20-30 km west of the ridge and evidence of
recent volcanic activity is found on the eastern,
but not the western, of two E-W paired
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Table 1. The occurrence of felsic rocks in the Kermadec arc

Volcano Details Si0, of felsic
samples
(wt%)
Raoul Eight separate felsic eruptions during last 3.7 ka 63-70
Macauley Large felsic eruption at 6 ka, chemical evidence of an earlier felsic eruption 63-72
Curtis Dacitic pyroclastic flow deposits 63-71
Russian Seamount Dacite pumice fragment dredged 70
34°8 Dredged dacite pumice 67
Brothers Abundant felsic pumice in dredge collections 64-67
Healy Abundant dredged felsic pumice 67-71
Rumble II Dacite pumice dredged 64
Rumble IV Dredged pumice 65-67
Tangaroa Abundant dredged pumice 63-68
Clark Pumice dredged 65

volcanoes (Wright et al. 1996). The only con-
firmed eruption in historic times was that of
Rumble IITin 1986 (Wright 1994). Rumble I11 is
an unpaired eastern volcano and has the largest
volume of any of the Tonga-Kermadec vol-
canoes. The southern boundary of this segment
is the Vening Meinesz Fracture Zone marking
the transition of the arc from intra-oceanic to
continental.

Felsic rocks of the Kermadec arc

Kermadec arc volcanoes that have subaerial
exposure or have been surveyed in detail form
widely separated groups in the northern and
southern parts of the arc. Recent high-quality
bathymetric maps show a series of topographic
highs along the trace of the arc (Chase 1985,
CANZ 1997; Smith & Sandwell 1997). Those
that have more than 500 m of relief and a conical
form are inferred to be previously unrecognized
volcanoes (Fig. 2) and in some cases their exist-
ence is corroborated by geophysical transects
(Tagudin & Scholl 1994).

Felsic rocks have been described from the
Raoul, Macauley and Curtis islands, and
dredged from Russian Seamount in the Ker-
madec Group. They have also been dredged
from 34°S, Brothers, Healey, Rumble II,
Rumble IV, Tangaroa and Clark submarine vol-
canoes in the southern part of the arc. Thus, of
the 18 Kermadec volcanoes for which lithologi-
cal information is available, 11 are known to
have erupted felsic magma. There is presently
no lithological information for a further 19
inferred volcanoes, mainly from the central Ker-
madec and Monowai segments of the arc.

The record of felsic volcanism in the Ker-
madec arc is extremely variable. The most
detailed is that of the last 3.7 ka from Raoul

Volcano, where the physical characterization
and petrological nature of eight felsic units have
been described in detail (Worthington 1998).
Macauley Istand, immediately to the south of
Raoul, also provides good exposures of deposits
from a large felsic eruption about 6300 years
ago, as well as evidence for earlier felsic erup-
tions. Elsewhere in the arc felsic rocks are
known only from dredged samples and the ages
and volumes of the eruptions they represent are
problematic, although the association of felsic
material with caldera structures suggests erup-
tion on a medium to large scale.

Although the record of volcanism in the Ker-
madec arc is limited by the submarine nature of
most of its volcanoes, the available data do
suggest that felsic eruptions have been a signifi-
cant aspect of this subduction system in recent
times. Details of the records from individual vol-
canoes are given below and summarized in
Table 1.

The Kermadec islands

Raoul Island is the emergent summit of a large
submarine volcanic massif that rises 900 m from
the crest of the Kermadec Ridge and is 28 X 20
km at its base. Assuming a simple cone rising
from a plateau, Raoul Volcano has a volume of
214 km? of which the island represents 4 km3
(2%). Physiographically the island is dominated
by two adjacent collapse structures. Raoul
Caldera is approximately 3 X 3 km across and
occupies the central part of the island. Denham
Caldera forms the western margin of Raoul
Island and is mostly submarine (Worthington et
al. 1999).

The stratigraphy of Raoul Island has been
described in papers by Brothers & Searle (1970)
and Lloyd & Nathan (1981). The oldest exposed
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rocks are pillow lavas, hyaloclastite and
interbedded calcareous sediments. Uncon-
formably overlying this basement are the
deposits of three successive strata cone-building
episodes, each consisting of subaerial lava and
volcaniclastic deposits that range from basalt to
andesite. An abrupt change to explosive erup-
tions of felsic magma occurred at 3.7 Kka,
together with a reduction in the frequency of
basalt and andesite eruptions. Raoul Caldera
formed as the youngest basaltic cone collapsed
early during this period and Denham Caldera
either formed or was reactivated during a large-
scale felsic eruption about 2.2 ka Bp. Tephra for-
mations record 16 eruptions since 3.7 ka; dacite
was erupted in eight of these eruptions, andesite
in two and the remaining six were phreatic
(Lloyd & Nathan 1981).

Macauley Island is the small emergent frag-
ment (c. 3km?) of a large submarine volcano,
Macauley Volcano, which has an area of about
380 km? at the 900 m isobath. Immediately to the
north of the island there is a roughly circular
submarine depression, about 12 km in diameter
and up to 1.1 km deep, that is interpreted as a
young caldera (Lloyd er al. 1996). Despite the
small size of the island, excellent coastal ex-
posures provide a record of the most recent vol-
canic episodes from the volcano. The oldest
deposits are the products of phreatomagmatic
and effusive eruptions, and they provide a
record of the submarine—subaerial development
of a basaltic volcano. A series of basalt lava flows
exposed on the shore platform around most of
the island represents a subaerial basaltic shield
about 4 km in diameter and 150 m above sea
level. A large felsic eruption at 6310+190 years
BP (Lloyd et al. 1996) from a vent area just north
of Macauley Island produced the Sandy Bay
Tephra and caused the collapse of the summit
area, thus creating Macauley Caldera. More
recently, renewal of basaltic volcanism built a
composite tephra and lava cone at the western
end of the island.

The Sandy Bay Tephra was produced by a
medium-scale felsic eruption in an oceanic arc
setting. Because of very limited subaerial ex-
posure and only limited knowledge of the sub-
marine distribution of tephra, the size of the
eruption can only be estimated within wide
limits. Deposits of the Sandy Bay Tephra on
Macauley Island have a total volume of between
0.1 and 0.2 km?, but this only represents a
portion of one sector of the dispersal area of
erupted material and there would undoubtedly
have been a large, widely distributed, tephra fall
component. Bearing this in mind, Lloyd ez al.
(1996) estimated that a minimum size for the
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eruption would be in the range 1-5 km3. Lithic
fragments of pitchstone and obsidian with a dis-
tinct composition occur within the Sandy Bay
Tephra and provide evidence for an earlier felsic
eruption from Macauley Volcano.

Curtis Island is a steep-sided, flat-topped
island with an elevation of about 100 m above
sea level. A crater enclosed by steep walls and
breached on its northern side dominates the
interior of the island. This crater is interpreted as
a collapse feature. The island is composed of
subaerial pyroclastic material cut in places by
thin (<1 m) dacite dykes. The pyroclastic rocks
consist of pumice and dense lithic clasts in a
poorly sorted tuffaceous matrix. The pumices
are dacitic, and the rock fragments are dacite
with subordinate andesite and rare basalt. Curtis
Island is the subaerial summit of a shallow (<100
m water depth) submarine platean. The nature
of its constituent rocks together with its geo-
morphology indicates that it is part of an exten-
sive felsic pyroclastic unit, possibly a pyroclastic
flow, but its eruption source is not known.

South of Curtis Island at 30.41°S, submarine
mapping has defined a volcano (referred to as
Russian Seamount) with a diameter of 12-15 km
rising to at least 800-1000 m from the sea floor,
with a broad plateau-like summit on which there
are active hydrothermal plumes (Stoffers et al.
1999). Little is known of the petrography of this
volcano apart from dredged pumice and vol-
caniclastic breccia (Smith er al. 1988; Stoffers et
al. 1999).

Southern Kermadec arc

In recent years a programme of systematic
bathymetric mapping and dredge sampling has
revealed the presence of large, young submarine
volcanoes in the southern part of the Kermadec
arc (Wright, 1994; Wright et al. 1996; Stoffers et
al. 1999). Further mapping has recently been
completed in the central segment.

In the north of the south Kermadec arc
segment, the volcanic edifice on the arc linea-
ment, but behind the Kermadec Ridge, at 34°S
has not been mapped in detail and is known only
from dredged samples (Stoffers et al. 1999).
These samples include basalt and a significant
proportion of dark grey aphyric pumice.

In the southern Kermadec segment of the arc
there is a well-defined, linearly distributed group
of 12 submarine volcanoes lying immediately
behind the ridge crest (Fig. 2). They have been
well described by Wright (1994), Wright et al.
(1996), Gamble et al. (1997), Stoffers et al. (1999)
and Wright & Gamble (1999). Felsic rocks have
been dredged from six of these volcanoes and
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make up a significant proportion of collections
from the Brothers and Healy volcanoes. Broth-
ers, Healy and Rumble II all have calderas that
were associated with the eruption of felsic
magmas,

Petrography of felsic rocks in the
Kermadec arc

The predominant lava types in the Kermadec
arc are basalts and basaltic andesites containing
abundant phenocrysts of plagioclase with sub-
ordinate and typically smaller phenocrysts of
clinopyroxene, olivine and orthopyroxene
(Ewart et al. 1977). Aphyric to sparsely por-
phyritic basaltic and intermediate rocks are a
minor component of Kermadec sample collec-
tions. These rocks are typical of those found in
oceanic arcs worldwide.

Felsic rocks occur as pumiceous clasts in pyro-
clastic flow and fall deposits on Raoul, Macauley
and Curtis islands, and as dredged material from
the southern volcanoes of the arc. They range in
colour from cream through shades of grey to
dark reddish or brownish grey and may show
pink-pale grey interiors, Less common in pyro-
clastic deposits of the subaerial volcanoes and in
the dredged material are dense dark grey-black
pitchstone and obsidian lithic fragments.

Most pumiceous pyroclasts are similar in
appearance. In general, they are strongly vesic-
ulated, averaging 80% vesicles, although the
total range of vesicularity is 10-90%. They
contain sparse, subhedral-anhedral, plagioclase
phenocrysts <1.4 mm across, together with
smaller augite and hypersthene, and accessory
magnetite and ilmenite. Plagioclase phenocrysts
commonly occur as clusters, with or without
smaller pyroxene crystals. The groundmass is
typically colourless or rarely pale brown glass.
Flow banding is defined by elongation of
vesicles, layers with different vesicle sizes or by
degree of vesicularity or microlite orientation.

Pitchstone and obsidian lithic fragments are
dense, lack vesicles and are therefore more
phyric (3-10% total crystals), although their
modal characteristics are essentially the same as
those of the pumices. Devitrification banding is
common. The groundmass of obsidian is
colourless—pale brown glass, devoid of signifi-
cant crystalline phases; that of the pitchstones is
variably microcrystalline, grading to textures in
which glass is a minor interstitial phase.

A consistently observed feature of the felsic
rocks is the presence of a bimodal phenocryst
assemblage consisting of: (A) sodic plagioclase
(andesine-labradorite) together with hypers-
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thene and magnetite = ilmenite; and (B) rela-
tively calcic plagioclase (bytownite—anorthite)
together with one or more of augite, orthopy-
roxene and olivine with molecular 100 X
Mg/Mg+Fe ratios >50. Small rounded globules
of basaltic glass containing assemblage (B) have
been reported within pumice clasts from
Macauley Island. Assemblage (A) has been
interpreted as the equilibrium product of crys-
tallization of felsic magma and assemblage (B)
as a basaltic contaminant (Smith et al. 2003);
these petrographic features appear to be
common in Kermadec felsic rocks

Geochemistry

The sample suite from the Kermadec arc com-
prises an extensive set of samples collected from
subaerial exposures in the Kermadec Islands
and dredged samples from submarine volcanoes
in the southern part of the arc. It should be
emphasized that there is considerable variation
in the numbers of samples from different vol-
canoes and that in all cases they represent only a
small part of the volcanic history of their respec-
tive edifice. The data set (NZAP-Kermadec) is
available at www2.Auckland.ac.nz/glg/geoweb/
research.htm and representative analyses of
felsic rocks are presented in Table 2. The
predominant magma compositions represented
in the data set are relatively high-Al (typically >
16 wt% Al,O5) basalts and basaltic andesite with
low Mg-numbers, but there is compositional
diversity at any given SiO, content, including
some relatively primitive compositions (1.e. Mg
numbers > 65) (Smith ef al. 1997). Intermediate
compositions are a minor component of the
suite, but felsic rocks (SiO, > 65 wt %) are locally
abundant.

The sample suite is essentially bimodal in
terms of SiO, content with mafic-intermediate
rocks defining a roughly normal distribution
between 47 and 64 wt% SiO, with a peak at
50-55 wt %, and felsic rock compositions ranging
from 65 to 73 wt% SiO, with a peak at 67-69
wt% (Fig. 3). The felsic rocks thus range contin-
vously from dacite to rhyolite. There are no
clear petrographic criteria on which to distin-
guish dacitic pumice and pitchstone from rhyo-
litic pumice and obsidian, and on the basis of this
SiO, distribution we have used the term felsic
for compositions covering the spectrum with
Si0,>65 wt%.

Figures 4-7 serve to illustrate the spectrum of
compositions in the Kermadec arc. For the most
part the arc is low-K verging on medium-K in
terms of Gill's (1981) classification of arc-type
rocks (Fig. 4a). There is no discernible grouping
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Table 2. Representative chemical analyses of felsic rocks from the Kermadec arc

Sample 46333 23392 23404 46309 46386 46381 45623 45637b 45644 45634d Br 58/6 Bre7/1
Raoul Volcano Macauley Volcano Brothers Volcano
Eruption Rangitahua Green Lake Fleetwood Sandy Bay Tuff Felsic lithics
wt%
Si0, 65.53 66.63 65.09 69.49 63.80 67.94 67.17 71.18 65.30 68.65 63.92 63.82
TiO, 0.66 0.66 0.59 0.59 0.58 0.63 0.57 0.57 0.88 0.83 1.01 0.95
AlLO; 14.60 14.58 14.03 14.08 13.70 14.43 12.26 12.91 13.53 13.41 15.26 14.09
Fe,0; 6.23 6.28 5.91 515 5.79 6.00 4.67 4.56 7.35 6.12 6.45 5.52
MnO 0.21 0.21 0.17 0.18 0.21 0.18 0.15 0.14 0.21 0.17 0.12 0.13
MgO 1.69 1.68 1.92 1.12 1.73 143 113 0.72 1.63 0.85 1.79 1.29
CaO 5.65 5.59 4.19 453 5.24 5.08 2.95 2.82 5.0 3.81 4.62 3.70
Na,O 3.24 3.29 331 3.52 3.66 3.39 5.46 4.64 3.20 3.49 4.37 4.63
K,0 0.51 0.50 0.63 0.61 0.68 0.63 1.49 1.64 1.09 1.16 1.85 2.16
P,05 0.13 0.14 0.14 0.15 0.15 0.16 0.11 0.12 0.29 0.26 0.293 0.260
H,0O- 0.06 0.10 1.02 0.04 0.98 0.02 1.60 0.08 033 0.31 0.19 1.19
LOI 1.00 0.14 2.7 0.29 3.07 —0.02 2.29 1.15 0.93 1.09 -0.03 212
Total 99.51 99.80 99.77 99.75 99.59 99.87 99.85 100.53 99.77 100.15 99.86 99.86
ppm
Ba 182 196 227 212 204 210 392 428 323 336 988 987
Rb 7 8 10 9 9 10 25 28 18 15 43 41
Sr 173 174 150 170 167 165 142 141 185 186 257 203
Pb 5 7 8 4 5 5 7 7 4 6 6 9
Zr 72 73 77 80 75 80 146 163 107 112 173 182
Nb 2 2 2 2 2 2 1 1 <1 1 4 4
Y 39 39 38 41 38 41 42 48 47 47 43 44
La 5 3 6 5 6 3 11 12 11 11 15 14
Ce 14 6 14 13 16 12 20 24 15 17 37 35
Sc 22 27 24 24 21 21 14 13 24 20 15 11
v 60 63 71 23 49 45 9 7 66 20 133 85
Cr 6 5 11 5 10 4 2 <1 5 3 7 12
Ni 4 3 6 2 4 2 <1 <1 1 <1 6 3
Cu 8 7 27 5 1 10 15 14 24 13 12 32
Zn 109 107 104 83 88 90 82 85 114 92 67 81
Ga 16 16 15 15 15 16 12 14 15 16 18 17
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Fig. 3. Distribution of SiO, content in the Kermadec
arc sample suite (total number of samples 480). The
upper part of the diagram shows the range of SiO,
content with respect to latitude southward along the
arc. The lower part of the diagram shows the number
of samples in 1% increments through the
compositional spectrum.

within this compositional spectrum with respect
to position in the arc. Brothers Volcano near the
northern end of the southern Kermadec
segment and Clark Volcano at the southern end
adjacent to the New Zealand continental margin
are distinguished by unusually high K,O con-
tents. The sample suite from both of these vol-
canoes includes mafic and felsic compositions
that are typical of the Kermadec arc generally, as
well as the high-K rocks. The presence of high-
K magmas from Clark Volcano was noted by
Gamble et al. (1997), who interpreted them as a
rare example of near-slab small-volume melts of
a mantle wedge source enriched by sediment
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Fig. 4. K,O variation with respect to Si0, in
Kermadec arc rocks. The lines indicating low-K,
medium-K and high-K arc type compositions are
from Gill (1981). (a) The total compositional
spectrum. Northern Kermadec and Monowai
segments shown as open diamonds, southern
Kermadec segment shown as dots except for the
Brothers and Clark volcanoes, which are represented
as solid triangles. (b) Rocks with SiO; >60 wt%.
Symbols are: solid diamonds, Raoul; open diamonds,
Macauley; open circles, Curtis Island and Russian
Seamount; dots, southern arc segment; solid triangle,
Clark; open triangles, Brothers.

and fluid transfer from the descending litho-
spheric slab. The high-K suite from Clark
includes one high-K dacite. Mafic samples from
Brothers are typical Kermadec basalts and
basaltic andesites. Felsic samples from Brothers
are almost entirely high-K.

Figure 4b illustrates K,0-SiO, variation
among the felsic rocks of the Kermadec Arc.
Raoul and Curtis Island felsic rocks define a low-
K trend, Macauley Island, Russian Seamount
and most southern Kermadec volcanoes (includ-
ing one sample from Brothers) define a medium-
K trend and most of the sample collection from
Brothers, together with one from Clark, define a
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Fig. 5. SiO, variation with respect to Mg-number
(mol.% MgO/(MgO+FeQ); Fe,04/FeO ratio = 0.2).
Symbols as for Figure 4b.

high-K group. An important observation is that
there is considerable compositional diversity
amongst the felsic rocks erupted from Kermadec
arc volcanoes.

The spectrum includes compositions that are
relatively Mg-rich (up to 10 wt% MgO) as well
as probable cumulates and low-Mg basalts and
basaltic andesites. Felsic compositions show a
considerable range of Mg-numbers (Fig. 5) and
we argue below that this suggests complex and
variable processes of magma generation. Simi-
larly, the variation in alkali ratio and CaO
content (Fig. 6) shows Kermadec felsic composi-
tions defining multiple trends and groups rather
than the simple variation pattern that could be
expected of a simple petrogenetic process
involving one type of parental basalt. Further
chemical plots (Fig. 7) also serve to support our
central point that the composition of Kermadec
felsic rocks define fields that are distinct both
between volcanoes and, as far as can be deter-
mined, within the petrological evolution of
single volcanoes, even within short time spans.
This is particularly evident for Raoul Volcano,
where closely spaced felsic eruptions of different
sizes have produced batches of magma that are
quite distinct and which do not fall along a single
liquid line of descent.

Rare earth element (REE) abundances are
available for a representative suite of samples
from Raoul (Worthington 1998), for a limited
group from Macauley (Smith et al. 2003) and for
some of the southern Kermadec segment vol-
canoes (Gamble er al. 1997) (Fig. 8). From this
limited data set there appear to be two types of
REE abundance pattern among Kermadec felsic
rocks. A light REE-depleted pattern is corre-
lated with the low-K trend (e.g. Raoul, Tan-
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Fig. 6. Molecular alkalies v. CaO for Kermadec rocks
>60 wt% SiO,. Symbols as for Figure 4b.

garoa) and a slightly light REE-enriched pattern
correlates with the medium-K trend (Macauley,
Rumble 1V), and is also found in a high-K
sample from Clark Volcano. A small negative
Eu anomaly is a feature of both types of pattern.

Isotopic data for a limited range of Kermadec
felsic rocks are illustrated in Fig. 9. As noted by
previous authors (Gamble ef al. 1996; Turner et
al. 1997), there is a correlation between isotopic
composition and latitude that defines a Ker-
madec trend. The available data for felsic rocks
indicate that they follow the trend defined by
mafic rocks, but for individual volcanoes com-
positional fields are typically slightly displaced
relative to the trend for mafic rocks from the
same volcano.

In summary, the chemical compositions of
felsic rocks from the Kermadec arc show a
pattern of distinct compositional groups, with no
consistent trends either between volcanoes or
within individual volcanoes. Clearly, because of
the submarine nature of most of the volcanoes,
samples representing all stages of their petro-
logical evolution are unlikely to ever be avail-
able. Because of this, emphasis is placed on the
Raoul data set in developing a petrogenetic
model.

The origin of intra-oceanic felsic
magmatism

One of the most difficult aspects of studying
felsic rocks in oceanic settings is the fragmentary
nature of the subaerial record and the limi-
tations of sampling in the submarine environ-
ment. In the Kermadec arc, felsic rocks have
been sampled from the subaerial fragments of
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Fig. 7. Chemical variation in Kermadec arc felsic rocks. Symbols for the plots on the left-hand side of the
diagram are as for Figure 4b. The right-hand side of the diagram illustrates variation in Raoul felsic batches.
Samples from some of the larger individual eruption units are encircled to emphasize their distinct

compositions.

major submarine volcanoes in the northern
segment and from submarine exposures of large
volcanoes in the southern segment. Although it
is clear that these volcanoes have been built

mainly of basalt and basaltic andesite, the extent
to which felsic materials have been produced
during their lifetimes is a major uncertainty. In
Recent times an abrupt change from early
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Fig. 8. Chondrite-normalized (values from Wasson & Kallemeyn 1988) rare earth element abundances for
Kermadec felsic rocks. Data sources are Raoul (Worthington 1998), Macauley (Smith et ai. 2003) and Southern

Kermadec arc (Gamble et al. 1997).

cone-building eruptions of basalt and basaltic
andesite to pyroclastic eruptions of dacite
occurred on Raoul and Macauley islands. No
evidence of earlier felsic volcanism has been
found in the more extensive stratigraphic record
of Raoul Island. On Macauley the most recent
felsic eruption has been followed by a return to
basaltic eruptions.

Felsic magmas in intra-oceanic settings could
be generated by either fractional crystallization
of basaltic parents or by crustal anatexis. Frac-
tional crystallization models require relatively
high degrees of crystallization of the parent
magma and would be expected to generate small
volume melts containing complex phenocryst
assemblages that show evidence of a long crys-
tallization history. Derivative melts originating
in this way should be erupted intermittently
throughout the life of the volcano. A further pre-
diction arising from this type of model is that
different batches of felsic magma should be
broadly similar in their geochemical character-
istics as their evolution should be governed by
phenocryst-melt equilibria involving only five
phases ~ plagioclase, olivine, clinopyroxene,
orthopyroxene and magnetite. Because no
evolved crustal material exists beneath the

Kermadec arc an external component cannot
be appealed to as a source of compositional
variation.

In fact, none of the predictions expected of a
fractional crystallization model are met in the
suites of samples available from the Kermadec
arc. There is a wide diversity within eruption
sequences from individual volcanoes and
between different volcanoes of the arc. Perhaps
the most compelling example is that of Raoul
Volcano, where more than 15 km? of sparsely
porphyritic magma has been erupted during the
last 3.7 ka, mostly in the large-scale Fleetwood
eruption but also in smaller eruptions that pre-
ceded and followed it. Each eruption produced
geochemically homogeneous felsic magma, yet
each batch is geochemically distinct. The trends
defined by this sequence of eruptions from a
single volcano cannot be modelled by fractional
crystallization if either the parent magma or the
fractionating assemblage is held constant. This
implies a model in which every magma batch is
generated by a unique fractionating assemblage
or from a unique parent magma; this appears to
us to be unnaturally complicated. On a broader
scale, these observations can be applied to the
whole Kermadec arc where each volcano has
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Fig. 9. Plots of isotope ratios for Kermadec felsic samples. Fields after Hergt & Hawkesworth (1994), Turner
et al. (1997) and references therein, data on felsic rocks from Gamble ef al. (1997), Worthington (1998) and

Smith ef al. (2003).

produced felsic magma that is distinct, despite
the fact that potential parental magmas are
essentially similar.

Crustal anatexis

Models that invoke crustal anatexis can explain
compositionally diverse magma batches by the
generation of near-liquidus melts from a lower

crust that in detail is of heterogeneous composi-
tion. Many of the petrological characteristics of
Kermadec arc dacites that are obstacles to frac-
tional crystallization models are not problems
for models based on crustal anatexis. The
sparsely porphyritic character of the dacites and
their almost complete lack of groundmass crys-
tals are suggestive of near-liquidus primary
magmas unmodified prior to eruption.
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The critical factors of an anatectic model in
oceanic environments are the thermal structure
of the crust and the mineralogical and chemical
makeup of the lower arc crust. Knowledge of the
subarc Kermadec crust can be deduced from
information available for the basement of the
Tonga segment of the arc (Duncan et al. 1985;
Bloomer et al. 1994; McDougall 1994) and from
dredge sampling of basement exposed along the
inner trench wall near 20°S, where sediment and
lava outcrop from 5 to 7 km water depth, arc lava
and gabbro from 7 to 8.5 km, and harzburgite
and dunite from 8.9 to 9 km (Bloomer & Fisher
1987). P-wave velocities increase to >6 km s at
9-10 km depth below the Tonga-Kermadec
Ridge, coinciding with the appearance of
arc-type peridotite in the inner trench wall, and
the crust-mantle boundary is at 16-19 km depth
(Shor et al. 1971; Dupont 1988).

The Eocene inception of both the Tonga—
Kermadec and Izu-Bonin—-Mariana subduction
systems was marked by volcanism over a zone
>65 to several hundred kilometres wide (Falloon
& Crawford 1991; Stern & Bloomer 1992;
Bloomer et al. 1994). Models constructed to
explain these observations envisage that subduc-
tion systems are initiated when old oceanic crust
founders along a transform fault, inducing exten-
sion and subsidence on both sides of the crustal
break (Stern & Bloomer 1992). These models
predict a progressive change from initial mid-
ocean ridge basalts (MORB)-like magmatism
across a belt up to several hundred kilometres
wide, to boninitic- and supra-subduction-type
magmas and eventually to typical subduction-
related magmas focused along a narrow volcanic
front.

If subduction systems develop along the lines
described above, the lower crust of the
Tonga—Kermadec Ridge will be a collage of
foundered and metamorphosed Mid-Eocene
MORB, boninite and subduction-related lava,
together with plutonic equivalents of these
extrusive rock types, pelagic and deep-sea sedi-
ment, and pre-Eocene oceanic crust. The extru-
sive rocks in this assemblage will have been
erupted in a submarine environment and it is
reasonable to assume that they will have been
hydrothermally altered. Although the bulk com-
position of the crust would be basaltic, two
important implications of this model are, first,
that the subarc crust may be heterogeneous in
composition over small horizontal and vertical
distances and, secondly, that parts will be
hydrated and in appropriate pressure-tempera-
ture (P-T) conditions will be metamorphosed to
greenschist- and amphibolite-facies rocks
(Peacock et al. 1994).
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1994).

A major interface in oceanic arc systems is the
base of the crust where ascending magma
encounters a density change and becomes neu-
trally buoyant and where ambient temperatures
in crustal lithologies are highest. Rock densities
near the base of the crust should be between 3.0
(basalt) and 3.3 g cm3 (peridotite), giving a
lithostatic pressure range of 0.44-0.61GPa
(15-19 km of overlying basalt—peridotite). The
temperature near the base of the crust can be
estimated from average and maximum geo-
thermal gradients in oceanic crust of 35 and
40°C km™! (calculated from heat flow data in
Spear 1993) and a possible range is 525-760°C.
Thus, a reasonable estimate of the ambient P-T
conditions near the base of the crust is 0.5 GPa
and 600°C.

In water-undersaturated conditions, fluid-
absent (dehydration) melting of amphibole-
bearing metabasalt commences at some
temperature between the wet and dry solidi
(Beard & Lofgren 1991; Rushmer 1991;
Peacock et al. 1994; Rapp 1995; Rapp & Watson
1995; Nakajima & Arima 1998), and produces
melt and an anhydrous residue. The tempera-
ture at which amphibole decomposes, the melt
composition and the actual make-up of the
residual solid assemblage are all sensitive to the
bulk composition of the system (Beard &
Lofgren 1991; Rushmer 1991; Rapp 1995).

A plausible P-T trajectory for Kermadec arc
crust starting from ambient conditions of ¢. 0.5
GPa and 600°Cis illustrated in Figure 10. Assum-
ing that the crust is not water-saturated, heat
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derived from the flux of magma through the
system will drive the conditions in the crust along
an isobaric path toward higher temperatures.
When sufficient heat is transferred, melting will
begin at a temperature below the amphibole-out
phase boundary that depends on bulk composi-
tion and water content. Amphibole will be totally
consumed at the amphibole-out boundary
between 900 and 950°C, generating magma and
an anhydrous granulitic residue. Further heat
transfer would take the restite assemblage
towards the dry solidus located at a temperature
above 1100°C. However, extraction of melt, and
therefore removal of heat from the system,
makes it unlikely that such temperatures will
actually be reached.

The geochemistry of the melt generated by
heating metabasalt is a complex function of P, T,
water content and bulk composition of the
system (Bloomer et al. 1994; Winther 1996;
Springer & Seck 1997). To a first approximation
the effect of water content on the ratio of plagio-
clase to amphibole entering the melt phase is
dominant below the garnet-in boundary. Water-
saturated experiments consistently generate
peraluminous alkali-rich melts that reflect the
melting of plagioclase and quartz, but these are
unlike the compositions that are actually
observed among the materials that have been
erupted from Kermadec arc volcanoes. Dry
experiments produce metaluminous melts with
relatively low alkali and silica contents, and
these do resemble most of the dacites and rhyo-
lites erupted from Kermadec volcanoes

One of the major issues in crustal anatectic
models is the origin of the thermal energy
needed to raise potential source materials above
the ambient P-T conditions that can be reason-
ably assumed for the base of the crust. In conti-
nental environments, models involving tectonic
shear heating (Hochstein et al. 1993) or high heat
flux resulting from herniation of the mantle into
the lower crust have been suggested. In the rela-
tively simple oceanic setting of the Kermadec
arc, evidence for such processes is lacking and
we propose an alternative in which the control-
ling factors are time and the flux of mafic magma
from the mantle.

A thermal budget for generating crustal melts
in an oceanic arc is given in Table 3. The aim of
the model is to assess whether the amount of
heat required to melt the crust (Qy) is of the
same order of magnitude as the amount of heat
that could reasonably be added to the crust by
the flux of magma from below. An important
point here is that it is only magma that remains
at or near the base of the crust that will have an
effect on potential source areas.

JANEM.SMITH ET AL,

Estimates of the volumes of magma involved
in individual felsic eruptions from Kermadec
volcanoes range up to 15 km? for the Fleetwood
Tephra eruption from Raoul Volcano. Experi-
mental work (Beard & Lofgren 1991; Rapp
1995; Nakajima & Arima 1998) has shown that
dehydration melting of metabasalt typically
yields a melt fraction of 15-25% at the amphi-
bole-out boundary. Assuming a melt fraction of
20% and a magma volume of 10 km?3, a reason-
able estimate for the volume of crust involved in
a melting episode (V) is 50 km?. A value of 3.1
g cm™ is a reasonable estimate for the density of
crust (pc) composed of basalt with an ultramafic
component. Assuming an ambient lower crustal
temperature (7T4) of 600°C and a melt tempera-
ture (T of 950°C, the crustal heat content (H 4,
Hyc) at T and Ty can be calculated for average
oceanic crust by interpolating from thermody-
namic data listed in Robie et al. (1979). The
latent heat of fusion of Kermadec dacite (AHE)
can be estimated from thermodynamic data
listed in Lange & Carmichael (1990) and the
density (py) can be calculated using the method
of Bottinga & Weill (1970). The magnitude of
Qv is most sensitive to errors in V¢, Vy; and Ty
and relatively insensitive to possible errors in p
or to assumptions used in calculating [ and AHE.

For a first-order model the heat added to the
subarc crust (Q4,) is provided by the latent heat
of crystallization of underplated magma cooling
from an initial temperature (Tg) to the solidus
temperature (Tx), and of the resulting crys-
talline accumulation to the temperature at which
dehydration melting occurs in the adjacent crust
Ty The major uncertainties in this calculation
are the volume of magma that underplates the
crust, the estimated volume of crystals formed
and the assumptions made regarding the ratio of
intruded to erupted magma. A reasonable esti-
mate for the volume of magma that underplates
the crust is 300 km? (V) and this crystallizes 50
km? of cumulates. The complementary fraction-
ated magma rises through the crust, building a
volcanic edifice of approximately 200 km3 that is
the approximate size of many Kermadec vol-
canoes. Magma generated in the mantle has a
temperature of about 1250°C and the density of
primitive melts is about 2.8g cm™ (Stolper et al.
1981). A reasonable estimate for Ty is 1100°C. A
crystal cumulate composition based on 50%
fractionation at the olivine-clinopyroxene
cotectic and 50% fractionation within the
plagioclase-dominated interval is 15% olivine,
50% pyroxene, 30% plagioclase, 5% oxide.
Cumulate heat content, latent heat of crystal-
lization and density of the cumulate pile can be
estimated using data from Deer ef al. (1966),
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Table 3. A thermal budget for generating felsic magmas in intra-oceanic arcs by crustal anatexis (values for

variables given are assumed or (estimated)

(a) Heat required to generate a crustal melt (Qy)
Om = [Ve X (Huc—Ha) X pc] + [Viy X AHE X py]

= [(1.0 X 10%) X (990 — 580) X 3.1] + [(1.0 X 10'6) X 313 X 2.52]

=2.06 x 101?
Ve Total volume of crustal source 1.0 % 101%¢m?
Hye Heat content of crust at melting temperature Ty (J ) 9901 g!
Hy Heat content of crust at ambient temperature T, (J g1) 5807) gt
Pe Density of the crust (g cm) 31gem™
Vum Volume of melt produced (cm?) 1.0 x 1016
AHg Latent heat of fusion (J g™') 313J ¢!
PMm Density of the melt (g cm~) 252 gem™
(b) Heat available to heat the crust by underplating magma (Qp)
O =[Ve X (Ty—Tx) X Cg X pg] + [Vx X AHx X px]+[Vx X (Hx-Hux) X px]

= [(3.0 X 10'7) X (1525 - 1370) X 1.23 X 2.8]+[(5.0 X 106) X 580 X 3.27]

+[(5.0 X 10'%) X (1160 — 980) X 3.27]

=28.44 x 1017
Vi Volume of magma underplating crust (cm?) 3.0 X 107¢m?
Ty Temperature of magma reaching the lower crust (K) 1525 K
Tx Temperature at which last crystals form (K) 1370 K
Cg Specific heat capacity of the magma (J g! K1) 1.23J gt K!
Pa Density of the magma (g cm3) 28gcem™
Vx Volume of the crystal cumulate (cm?) 5.0 X 10'6cm?
AHy Latent heat of crystallization (J g!) 5807 ¢g!
Px Density of the crystal cumulate (g cm3) 3.27gem™
Hy Heat content of crystal cumulate at T (J g™') 11607 g!
Hux Heat content of crystal cumulate at Ty (J g') 98071 g!

Robie et al. (1979) and Lange & Carmichael
(1990). Substantial variations in the composition
of the crystal assemblage cause small changes in
these parameters. The specific heat capacity of
basalt magma is taken as 1.23 J gt K-! (Guffanti
et al. 1996). The magnitude of Qg is most sensi-
tive to Vg, Vx and Tx. Approximately 55% of
Oz is released during cooling of the magma,
35% during crystallization and 10% by cooling
of the crystal pile.

The calculations presented in Table 3 show
that to a first approximation there is enough heat
contributed by the process of underplating and
deep crustal intrusion to drive the physical con-
ditions in the lower crust into the P-T window
where dehydration melting is feasible. Approxi-
mately 90% of Qy is required to heat the crust
prior to melting. In reality, the problem of heat
transmission is significant but difficult to quan-
tify. However, once a fluid is present even within
a small volume of source material, heat trans-
mission becomes more efficient and melting can

propagate through a volume of pre-conditioned
material. In this way, once melting is triggered,
relatively large volumes of felsic magma can be
generated rapidly.

A time-span of the order of 1 Ma is required
for convective heating of the subarc crust to the
point of anatexis; this timescale is consistent
with recent modelling of the thermal effects of
deep magma intrusion (Annen & Sparks 2002)
and also with the suggestion that the Kermadec
arc has entered into a felsic phase in Recent
times. An implication of the proposal that time
is the controlling factor in determining the
process of anatexis in oceanic arcs is that it is a
unique and irreversible process. Once the crust
has dehydrated no more melting can occur
unless the crust is rehydrated or the temperature
raised to unrealistic levels, in which case partial
melts will not resemble Kermadec dacites.
However, it must be recognized that this con-
clusion is based on a record that is far from
complete.
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Structural setting of felsic volcanism

Both Denham Caldera on Raoul (Worthington
et al. 1999) and the larger and more complex
Macauley Caldera 110 km to the south (Lloyd et
al. 1996; Smith ez al. 2003) are elongate with their
long axes trending 065°, suggesting control by a
regional fracture system. However, the margins
of Denham Caldera are not coincident with pre-
ferred fault directions on Raoul Island, which
are either parallel (015°) or orthogonal (105°) to
the Tonga-Kermadec arc and reflect a stress
field dominated by extension orthogonal to the
arc (Apperson 1991; Lloyd & Nathan 1981).
Instead, the long axes of both Denham Caldera
and Macauley Caldera are subparallel to the tec-
tonic fabric of the active back arc Harvre Trough
(045°-060°) (Caress 1991; Worthington et al.
1999).

Crustal extension across the Lau-Colville
Ridge (a Miocene arc) commenced at about 6
Ma culminating with the separation of the
Tonga—-Kermadec Ridge and inception of the
back-arc Lau Basin-Havre Trough (Hawkins
1995). Volcaniclastic sediments record a period
of voluminous felsic eruptions during the arc
rifting phase analogous to that of the presently
rifting northern Izu arc. At both arcs voluminous
felsic volcanism has been attributed to a strongly
extensional stress regime (Gill et al. 1992; Clift
1995). Subsequently, the Tonga—Kermadec arc
has developed since 3 Ma and mafic volcanism
has predominated (Clift 1995). In the back-arc
basin, new crust is generated at spreading centres
in the Lau Basin north of 23°S, whereas crustal
extension continues throughout the Havre
Trough (Wright 1993; Parson & Wright 1996).

The northern Harvre Trough is now 120-130
km wide and the period of felsic volcanism
associated with rifting of the Lau—-Colville arc is
long gone. It is suggested that the recent volu-
minous reoccurrence of felsic eruptions at Raoul
and Macauley reflects the geometry of the Havre
Trough, in which extension takes place within a
series of en echelon rifts that are oblique to the
arc (Caress 1991; Wright 1993). This model
envisages that these 045°-060°-trending rifts
propagate to the volcanic front, where they
transfer a significant component of extension to
the magmatic system and overlying crust. This
facilitates both the ascent of relatively viscous
felsic magmas and caldera formation. A series of
060°-trending bathymetric depressions can be
seen crossing the northern Havre Trough and
heading towards the volcanic front near Raoul,
Macauley and elsewhere on high-resolution
maps compiled from satellite altimetry (Smith &
Sandwell 1997). These depressions are inferred
to be rifts.

Conclusions

A significant feature of the petrology of felsic
rocks in the Kermadec arc is their variability
within and between volcanoes despite the fact
that the predominant basaltic-andesitic rocks
are essentially the same along the length of the
arc. This leads us to the conclusion that an ana-
tectic model provides a more likely explanation
for the origin of the felsic magmas than fraction-
ation in this particular arc setting. First-order
quantification of the thermal structure and evol-
ution of the Kermadec arc indicates that suf-
ficient heat is available to drive crustal anatexis
provided that there was sufficient time for trans-
fer of heat from underplating and intruding
magma. We suggest that by extrapolating the
thermal models for cooling of single plutons
(e.g. Norton & Knight 1977) that the time
involved in attaining anatectic conditions in the
subarc crust is of the order of 0.1-1.0 Ma. This
timescale of <1 Ma for convective cooling of
magma and convective heating of adjacent lower
crust is one of the keys to understanding the
origin of large-scale felsic magmatism in oceanic
arcs.

The widespread felsic magmatism observed in
the recent record of the Kermadec arc is
anomalous. Dehydration melting of lower arc
crust best explains the observed diverse chem-
istry of felsic magmas, and the timescale of heat
transfer by means of the flux of primitive magma
from the underlying subduction system is com-
parable with the age of the arc. An important
question is whether the crustal anatexis in
oceanic arc settings is a singular event in the
evolution of an intra-oceanic arc or whether,
once initiated, it accompanies basaltic-andesitic
subduction-related magmatism through the sub-
sequent life of the system.

Observations from the Kermadec arc show
that felsic magmatism has become a feature of
the system in Recent times but the record is
limited. Observations from other oceanic arcs
shows that felsic magmatism is relatively rare in
this type of tectonic environment. These obser-
vations can be reconciled if, once the lower crust
has dehydrated, no more crustal melting can
occur in the anhydrous lower crustal residue.

Following from this argument, oceanic arcs
can be seen as evolving through four stages
(Fig. 11).

1 Generation of subduction-related basaltic
magmas initiates a volcanic system on oceanic
crust. Primitive magmas underplate and
intrude the subarc crust across a (typically) 40
km-wide zone. Underplating magmas cool
and crystallize, and hydrothermal convection
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Fig. 11. Schematic model for the evolution of intra-
oceanic volcanic arcs (see text for explanation).

develops through the lower crust. Isotopic
constraints suggest that the source of water is
the underplating subduction-related magma
(e.g. Borg & Clynne 1998). Subduction-

related magmas do contain significant water,
there is experimental evidence for up to 4
wt% water in arc-type basalts (Sisson &
Grove 1993). However, if this is the only
source of water there is a finite limit on the
extent to which hydrothermal systems can
modify the deep subarc crust. At the top of the
system relatively fractionated (but still essen-
tially basaltic) magmas begin to build a vol-
canic edifice.

2 During arc infancy {0.5-1.0 Ma) heat is trans-
ferred by convection to the lower arc crust.
Hydration of crust through reaction of pyrox-
enezxolivine-bearing lithologies with hydrous
fluids produces amphibole and this is an
exothermic reaction (Spear 1993) that further
raises crustal isotherms. Surficial eruption
continues with eruption of basalt-andesite
magmas.

3 A stage of arc adolescence (1-2 Ma) com-
mences as the temperature of a significant
volume of lower crust approaches the amphi-
bole-saturated solidus at 850-950°C.
Initiation of dehydration melting fluxes the
crust and melt votumes of a few km? to tens of
km? are rapidly generated. A 20-30% melt
fraction segregates from a granulitic residue
and ascends to upper levels in the system.
Triggering mechanisms include episodic
transfer of extensional strain into the crust or
a pulse of magma associated with a major
recharge event. Felsic magmatic eruptive
activity may be interspersed with continuing
basaltic—andesitic activity.

4 Arc maturity (>3 Ma) sees a continuation of
basaltic to andesitic activity. The lower crust
having undergone dehydration melting is now
anhydrous granulite significantly below its
solidus temperature and it acts as a thermal
insulator preventing convection of hydrother-
mal fluids. Further anatexis can only occur if
appropriate source materials remain to partici-
pate in the hydration—-dehydration cycle.

This model predicts that felsic magmatism in
intra-oceanic systems will be a feature of those
arcs passing through adolescence. This fits the
observation from the Kermadec arc of wide-
spread Recent felsic volcanism and the relative
scarcity of felsic rocks in other intra-oceanic
arcs.
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Abstract: The New Zealand American PLUme Mapping Expedition (NZAPLUME) pro-
vided the first systematic survey of chemical emissions along a submarine volcanic frontal
arc. Chemical plumes emanated from seven of 13 volcanoes that line a 260 km-long section
of the southern Kermadec arc northeast of New Zealand. Hydrothermal plumes ranged in
depth from <200 to 1500 m and are generally more shallow than plumes over mid-ocean
ridges (MORs). The chemical signatures of plumes along the southern Kermadec arc are
unusually diverse and have concentration anomalies for CO,, H,S and Fe that can exceed
those for MOR settings by 5-10 times, or more. Projected end-member fluid concentra-
tions of carbon and sulphur gases at some volcanoes require a magmatic vapour source,
while unusually high Fe concentrations and Fe/Mn values are consistent with venting an
iron-rich magmatic brine. Thus, vent-fluid emissions on the Kermadec arc volcanoes often
appear as hybrid mixtures of hydrothermally evolved sea water influenced by water—rock
reaction with compositionally diverse arc lavas, and exsolved magmatic fluid present as
gaseous (CO, and SO,+H,S) and liquid (Fe-rich brines) components. While rock-buffered
fluids in arc settings are expected to vary compositionally from one another and from MOR
fluids, it is the magmatic components that clearly differentiate arc emissions as being super-
enriched in sulphur gases and ionic metals. These first systematic observations of spatially
frequent and chemically robust fluid emissions from southern Kermadec arc forecast arcs

as being a potentially important source of chemicals to the oceans.

Volcanic arcs are a natural and ubiquitous con-
sequence of plate convergence and subduction.
Constructional arc volcanism profoundly
inflates our planetary morphology and globally
contributes about 15% of crustal accretion
(Crisp 1984). Magmatic volatiles discharged
from subaerial arc volcanoes add significantly to
the global atmospheric budgets of non-
anthropogenic trace metals (Nriagu 1989).
While magmatic-hydrothermal processes on
submerged divergent plate boundaries (i.e. the
¢. 60000 km-long system of mid-ocean ridge
(MOR) spreading centres) clearly affect the
chemistry of sea water (Von Damm 1995),
generically similar processes on submarine vol-
canic arcs associated with oceanic convergent
plate boundaries have been neither rigorously
explored nor considered for effect. Volcanic arcs
located within oceanic basins extend c. 21500
km (Fig. 1) and are populated by at least 700 vol-

canoes, of which over 200 are submarine (de
Ronde et al. 2003). Arguably, the most pro-
nounced submarine emissions from arcs
emanate from the western basin of the Pacific
Ocean, where three intra-oceanic arcs
(Izu-Bonin—-Mariana, New Hebrides and
Tonga-Kermadec) stretch ¢. 6400 km and host
¢. 150 submarine volcanoes (Bloomer et al. 1989;
Worthington 1998; Glasby et al. 2000; de Ronde
et al. 2003). While island arcs in adjacent seas
may also contribute fluid emissions, their dis-
charge is commonly subaerial and provides little
direct input to the oceans (e.g. Baker et al.
2002b).

The New Zealand American PLUme
Mapping Expedition (NZAPLUME) in March
1999 marked the first systematic reconnaissance
of any oceanic arc for submarine hydrothermal
activity (de Ronde er al. 2001; Baker et al. 2003).
The southern Kermadec arc (SKA) northeast of

From: LARTER, R.D. & LeAT, PT. 2003. Intra-Oceanic Subduction Systems: Tectonic and Magmatic Processes.
Geological Society, London, Special Publications, 219, 119-139. 0305-8719/03/$15.00

© The Geological Society of London 2003.
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Fig. 1. Global distribution of active marine volcanic arcs (after Worthington 1998). Intra-oceanic arcs
commonly are submarine, whereas island arcs typically have higher proportions of subaerial volcanoes.
Almost 22 000 km of arc front exist globally, with ¢. 20 000 km of that within the western Pacific Basin and its
boundary seas. Less than 3% of arc front has been surveyed for hydrothermal activity. Of the ¢. 9100 km of
non-sedimented MOR located in the eastern Pacific Basin, ¢. 3200 km (35%) has been systematically explored

for hydrothermal activity.

New Zealand was surveyed using conventional
plume reconnaissance techniques (Baker ef al.
1995). Seven of the 13 volcanoes that comprise
this 260 km-long intra-oceanic arc section were
confirmed to be hydrothermally active based on
plume anomalies in optical light-scattering, *He,
pH, H,S, Mn, Fe and Cu. On average, one
hydrothermally active volcano was found along
each ¢. 33 km of arc front. While Baker et al.
(2003) do not discriminate between venting fre-
quency on the SKA and slow- and intermediate-
rate spreading MORs (average frequency
approximately one site per 100 km of ridge
crest) due to uncertainties in the available data,
it is clear that SKA venting is appreciable when
compared to MORs.

Here we expand on the preliminary results of
NZAPLUME reported by de Ronde et al. (2001),
and the distribution and particle composition of
plumes discussed by Baker ez al. (2003) to more
fully discern the chemical origins and nature of
fluid emissions from the SKA volcanoes. We
show that, in addition to having a high spatial fre-
quency, the plumes also are commonly robust in
concentration and chemically diverse relative to
plumes on MORs. We interpret unusually high

concentrations of CO,, sulphur gases and Fe to be
magmatic in origin, and seafloor discharges often
to be hybrid mixtures of hydrothermal and mag-
matic fluids. Based on this first systematic assess-
ment of venting at < 7% of known submarine arc
volcanoes, we propose that submarine arcs may
provide a significant contribution to sea-water
chemistry.

Venting on submarine arc volcanoes

Hydrothermal systems on submarine arc vol-
canoes have much in common with MOR, back-
arc basin (BAB) and hot-spot volcano venting
(e.g. a magmatic heat source, permeable crust,
subseafloor water—rock interaction, polymetallic
mineral deposits and sea-water hydrothermal
plumes; Fig. 2). It is, however, the largely unex-
plored differences in arc hydrothermal settings
and the consequent effects on fluid emissions
that make arc hydrothermalism valuable for
chemical study. Important differences include a
generally shallow depth of venting when com-
pared to MORs and BABs (where discharge is
volumetrically significant) and more highly
differentiated compositions of arc magmas
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Fig. 2. Schematic cartoon of a venting system on a submarine arc volcano. These systems are driven by magma
bodies that range in temperature depending on composition, typically 1100-1250°C for basalts, 1000~1150°C
for andesites, 900-1050°C for dacites and 700-900°C for rhyolites. Dashed lines represent permeable crust into
which sea water penetrates to form a hydrothermal circulation cell with ascending fluids discharging at c.
100-350°C, depending on depth (see text). White bubbles and sawtooth arrows represent exsolved magmatic
fluid (vapour and liquid components, respectively) that may become incorporated into the hydrothermal
circulation to form hybrid magmatic-hydrothermal (or volcanic) fluid. Some chemicals within volcanic vent
fluid may precipitate near the seafloor interface as hydrothermal mineralization (e.g. volcanogenic massive
sulphide (VMS) ore deposits). The remaining (most) chemicals will buoyantly rise to form ‘black smoker’
plumes characterized by metal sulphides (Me,S,) and horizontally dispersing neutrally buoyant hydrothermal
plumes that are typically 7000~ to >20 000-fold dilutions of vent fluids. Hydrothermal plumes are sensed as
temperature anomalies (A) or optically detected as light scattered off iron oxyhydroxide (FeOOH) and native
sulphur (S°) particles and detected chemically as gas (*He, CO,, CH,, and H,S) and metal (Fe2+, FeOOH,
Mn?+, Me, S, S°) concentration anomalies.

mantle 'wedge

compared to basalt-dominated MORs. We most interesting aspect of arc hydrothermalism
discuss these differences below. stems from the compositional diversity and high
Discharge from active submarine hydrother- volatile contents of arc magmas (Ishibashi &
mal systems on arcs occurs noticeably shallower Urabe 1995). In contrast to basalt-dominated
than 1800 m, whereas MOR and BAB spreading MORs, arc lavas span a wide range of composi-
centres vent predominantly at depths greater tions ranging from basalt to andesite, dacite and
than this with a mode near 2600 m (Fig. 3a). rhyolite. As magmatic differentiation increases
Thus, hydrostatic confining pressures and in this sequence the resulting lavas are progres-
maximum fluid discharge temperatures on arc sively depleted in FeO-bearing minerals,
volcano summits will be lower than on most become more oxidizing and are richer in water
ridge crests due to a lower pressure~tempera- compared to basalt (Table 1).
ture threshold for phase separation (i.e. boiling; The Fe(1I)/Fe(III) rock buffer sets the redox
Fig. 3b). To the extent that water—rock reactions  (reduction—oxidation) poise for water-rock
and mineral stabilities are sensitive to lower reaction within hydrothermal circulation cells
physical property values, chemical transport and  on arc volcanoes (Giggenbach 1992). Hence, the
deposition may be affected. relatively low abundance of FeO-bearing miner-
From a chemical perspective, probably the alsin arclavas can result in vent fluids with a low
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Fig. 3. Physical attributes of submarine hydrothermal venting. (a) Depth histogram for submarine venting on
volcanic arcs and MOR and BAB spreading centres (references available from corresponding author). Sites
include direct observations of seafloor venting and detections of hydrothermal plumes (binned as plume
depth+100 m). (b) Two-phase boundary (boiling) curve for 3.2 wt% NaCl sea-water analogue solution
(Bischoff & Rosenbauer 1988). Fluids at pressure/depth—temperature greater than that for venting will rise
until intersection with the boiling curve, and then adiabatically boil-cool during continued ascent along this
curve, thus constraining maximum venting temperature. Note steep gradient in boiling curve at temperatures
<300°C and < c. 850 m depth. A smooth extrapolation was inferred between 100 and 250°C. Boiling curve
extends to highest observed venting temperature c. 412°C.

buffer capacity. That is, when these fluids are
titrated by oxidized sea water, mineral depo-
sition may be accelerated and locally enhanced
(Herzig et al. 1993). Rock-buffered vent fluids
on arcs will be more oxidizing as the Fe content
of host rock decreases and the oxidation index
(FeyO5/(FeO + Fe,03)) increases (Table 1).
Mineral phases deposited from these redox-
moderated fluids should therefore reflect these
conditions.

Intrusions of water-rich arc magmas are com-
monly accompanied by exsolution of magmatic
fluid (Hedenquist & Lowenstern 1994). Mag-
matic fluid, as discussed in the context of this
paper, is composed of two components — mag-
matic vapour (gaseous volatiles) and magmatic

liquid (metalliferous brines) — which may or may
not be simultaneously exsolved from the parent
magma. Recent empirical evidence suggests
magmatic brines may be some of the most chem-
ically concentrated natural fluids on Earth (e.g.
Ulrich er al. 2001). The necessary intimacy of
hydrothermal circulation cells with subseafioor
magma intrusions invokes the high probability
that fluid exsolved from a given magma and
local, hydrothermally evolved sea water will
follow common pathways to the seafloor to form
a hybrid and conceivably highly chemically
enriched venting system (Fig. 2). We hereinafter
refer to the hybrid magmatic-hydrothermal
fluid as volcanic fluid.

Siliceous arc volcanoes have been referred to
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Table 1. Chemical properties of volcanic substrates

Lava type Total Fe as FeO" Oxidation index' H,O!
(wt%) (Fe,05/(FeO + Fe,03)) (wt%)
Basalt 9-11 0.25 0.28
Andesite 68 0.58 1.70
Rhyolite 1-2 0.68 4.50

‘Representative data for Solomon arc suite (Stanton 1994).
fOxidation index for Solomon lavas showing same general trend as broader literature base but 0.1-0.2 units

more oxidized (Stanton 1994).
+Values for melt inclusions (Giggenbach 1996).

as ‘water volcanoes’, compared to basaltic ‘CO,
volcanoes’ when considering the main pressure-
generating species in the respective magmas
(Giggenbach 1996). Andesitic arc volcanoes
have also been described as ‘ventholes’ allowing
excess subducted volatiles to be recycled to the
surface (Giggenbach 1992). After H,O, the
primary gases contributed from arc magmas are
CO,~CH, and SO,~H,S. Using subaerial White
Island (New Zealand) as a model arc volcano
system, Giggenbach (1987) showed that the
redox poise of the magmatic vapour phase at
high temperature (>400°C) is controlled by the
sulphur gas buffer dominated by (oxidized) SO,.
At temperatures <300°C the carbon gases
provide the primary buffer with (reduced) CH,
dominant. The ultimate redox fate of hybrid
magmatic-hydrothermal systems will depend on
the outcome of the ‘battle of the buffers’ (rock:
Fe(Il)/Fe(11I); fluid: CO,~CH, and SO,-H,S;
Giggenbach 1987) with both fluid and rock con-
tributing to the so-called more oxidizing arc-
venting environment. The high concentrations
of sulphur gases present as magmatic volatiles
(CO,:S; = 10:3 for andesitic volcanoes, where
S = SO, + H,S; Giggenbach 1992) result in the
production of acid and native sulphur when
mixed with sea water:

4802 + 4H20 - 3H2804 + HQS (1)

3S0, + 2H,0 — S + 2H,S0, )]
H,S0,— HSO, + H* 3)
H,S + 2H,0 —» SO + 2 H* ()]
H,S + %0, — S + H,0. 5)

Sulphur degassing at White Island has resulted
in congruent dissolution of wallrock by acid con-
densates (i.e. advanced argillic alteration) and
surface deposits of native sulphur (e.g. Giggen-
bach & Glasby 1977). Similar residues of mag-
matic sulphur degassing have been reported in
the submarine environment at Esmeralda Bank
and Kasuga volcanoes on the Mariana arc

(Stiiben ef al. 1992; McMurtry et al. 1993) and in
association with arc-like lavas at the Manus and
Lau back-arc spreading centres (Gamo et al.
1997; Herzig et al. 1998).

Chloride complexing stabilizes metals in mag-
matic brines, allowing very high concentrations
of metals to be transported to the seafioor where
ore deposition may take place. For example,
magmatic brines are the presumed source for
ancient submarine Kuroko ore deposits
(Fe-Zn-Pb+CuxAu+Ag-rich; Urabe & Marumo
1991). High concentrations of metals in melt
inclusions (Cu—~Zn and Fe) derived from arc-like
lavas hosting an actively forming polymetallic
sulphide deposit (Cu—Zn-Pb-Ag-Au-rich) on
the Manus back-arc spreading centre suggest an
exsolved ore-metal-rich magmatic fluid may
have contributed to the formation of that and
other seafloor ore deposits (Yang & Scott 1996,
2002). These examples and others support an
hypothesis that the bulk of heavy metals in some
marine ore deposits is not derived from
water-rock reaction inherent to hydrothermal
circulation, but rather from magmatic fluids
entrained in hydrothermal flowstreams (Stanton
1994). Unveiling modern magmatic-hydrother-
mal systems on arcs and associated seafloor
mineral deposits provides a means to test the
magmatic fluid hypothesis for ore genesis. The
work presented here is an initial step in that
direction on the southern Kermadec arc.

Southern Kermadec arc

The southernmost 260 km of active arc associ-
ated with the c. 2500 km-long Tonga—Kermadec
subduction system is defined by 13 submarine
volcanoes that comprise the southern Kermadec
volcanic frontal arc (Fig. 4). The SKA lies within
the back-arc region 20-30 km west of the Ker-
madec Ridge escarpment and c. 220 km west of
the subduction trench (Wright 1993). The tran-
sition between New Zealand continental and
oceanic arc crust occurs just south of Clark
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Fig. 4. (a) The Tonga—Kermadec subduction system extends c¢. 2500 km north of New Zealand, where the
plate boundary lies along the Tonga and Kermadec trenches. The world record rate for plate convergence, 24
cm a~! (white arrows and numbers) occurs at the northern end of this system and decreases to 25% that value
near New Zealand. The active arc front is marked by a 40 km-wide zone of 34 known volcanoes (triangles)
that lie up to 65 km west of the Tonga and Kermadec ridges. The southern Kermadec volcanic frontal arc
domain is defined by the 13 southernmost oceanic volcanoes, which are all submarine (see boxed area).
Modified after Worthington (1998). (b) Expanded view of NZAPLUME study area (shown as box in (a). The
13 volcanoes surveyed for hydrothermal activity are labelled and extend north from Whakatane to Brothers,
along 260 km of arc front. Solid site markers indicate volcanoes confirmed to be hydrothermally active during

the NZAPLUME expedition. KR, Kermadec Ridge. Modified after de Ronde et al. (2001) with permission

from Elsevier Science.

volcano (Fig. 4b) (Gamble et al. 1997). Thus,
with the exception of Whakatane Volcano, the
SKA is intra-oceanic. The SKA volcanoes range
widely in relief (900-2180 m height above the
seafloor) and summit depth (220-1350 m).
Brothers, Healy and Rumble II West volcanoes
have calderas c¢. 2-3 km in breadth and
200-400 m in depth from the top of the caldera
walls (Wright & Gamble 1999). The remaining
10 volcanic edifices are simple volcanic cones.
Volcano spacing along the SKA varies from 7 to
52 km, with a mean of 24 km (Worthington
1998), similar to the apparent world average for
oceanic arcs of ¢. 27 km (de Ronde et al. 2003).
Volcanic rock compositions along the arc reflect
various degrees of magmatic differentiation with

compositions ranging from basalt to basaltic
andesite, through to andesite, dacite and rhyo-
lite. Overall, the SKA has a pronounced
bimodal total alkali-silica distribution (Gamble
et al. 1997; Wright & Gamble 1999).

Methods

Operational protocols developed over the past
two decades for hydrothermal exploration on
ridge crests (e.g. vertical casting, ‘tow-yo’
section profiling, and optical and chemical
plume detection; Baker et al.1995; Lilley et al.
1995) were used to survey chemical plumes on
the SKA. When applied to an active arc front
several efficiencies were realized: detailed site
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surveys could be focused a priori near volcano
tops and inter-volcano station spacing was com-
monly greater than when surveying ridge crests.
Continuous sensing for physical property
plume anomalies in temperature (A8) and optical
light-scattering (A-NTU, where NTU refers to
nepelometric turbidity units, a dimensionless
optical standard) was performed using con-
ventional profiling equipment and procedures
described elsewhere (Baker et al. 20024 and
references therein). Continuous profiling for
chemical anomalies of dissolved H,S was accom-
plished using The Submersible System Used to
Assess Vented Emissions (SUAVE), an in situ
chemical analyser fixed to the profiling tow-
package (Massoth & Milburn 1997; Massoth et al.
1998). The H,S data reported here were deter-
mined using the methylene blue method of
Sakamoto-Arnold et al. (1986) with in situ cali-
bration and a detection limit of ¢. 200 nmol I,
Discrete samples were collected in Teflon-
coated 19-1 PVC bottles closed on demand using
silicone tubing. Bottle closure was commonly
coincident with maxima in A-NTU, which was
monitored during profiling operations. Samples
were drawn into copper tubes and cold-weld
sealed (Young & Lupton 1983) for shore-based,
independent determinations of He isotopes and
concentration. He isotope measurements were
made on a 21 cm-radius mass spectrometer with
a 1o precision of 0.2% in §He. He concentra-
tions were referenced to calibrated laboratory
air standards with an accuracy of 1%. Sample
pH was determined on board ship after attaining
thermal equilibrium at 20-25°C (+0.2°C for any
given station). Conventional potentiometric
techniques and calibrations referenced to NBS
(National Bureau of Standards) standards were
employed with a precision of +0.01 pH units.
Samples for determinations of total dissolvable
(TD) Fe and Mn (TDFe and TDMn) were drawn
directly into I-Chem™ polyethylene bottles and
acidified to pH c. 1.6 using ultra-clean HCL
TDFe was determined on board and in the
laboratory using the direct injection N,N-
dimethyl-p-phenylenediamine dihydrochloride
colorimetric detection method of Measures et al.
(1995). TDMn was determined simultaneously
with Fe using a dual-channel linear photo-diode
array detector and the leuco-malachite green
method of Resing & Mottl (1992) modified by
adding 4 g of nitrilotriacetic acid per litre of
buffer. The 1o precisions for the determinations
of Fe and Mn were < 8% and <6%, respectively.
Suspended particulate matter was collected by
pressure filtration on to 0.4 pm-polycarbonate
filters and analysed for particulate phosphorus
(PP), sulphur (PS) and iron (PFe) by thin-film

energy dispersive X-ray fluorescence (XRF)
spectrometry following the methods described
in Feely et al. (19914). The analytical precision
was 1, 2 and 11%, respectively, for particulate
Fe, P and S. Native (volatile) sulphur was
determined by taking the difference between PS
concentrations measured before and after
evacuation of the sample chamber (Feely et al.
1999). A broad spectrum of elements (Mg
through to Zn plus several higher atomic
number elements) was surveyed by XRF to
detect unusual enrichments.

Results and discussion

A general overview of the results from the
NZAPLUME expedition and details of the
physical properties of plumes are presented else-
where (de Ronde ez al. 2001; Baker et al. 2003).
Hydrothermal particle plumes detected ship-
board by optical light-scattering at (in order of
decreasing scattering intensity) Brothers,
Rumble I, Tangaroa, Rumble V and Healy
confirm hydrothermal activity at these volcanoes
(Figs 4 and 5) (Baker ef al. 2003). Two venting
sources were identified at Brothers Volcano. A
plume at >1300 m depth results from a vent site
perched on the northwest caldera wall (hence-
forth referred to as Brothers NW) and a second,
shallower plume emanates from a cone structure
near the south crater rim (henceforth referred to
as Brothers Cone). Two additional plumes over
Clark and Rumble II West volcanoes (Fig. 5b,
Table 2) (de Ronde et al. 2001) were verified
(along with the five particle plume sites) by post-
cruise laboratory determinations of &°He
(=100[(R/R)-1], where R =°He/*He and R, is
the ratio for air). Thus, 54% (seven of 13) of the
arc volcanoes are known to be hydrothermally
active. While the results for ®He demonstrate
the utility of chemical plumes as sensitive
markers of hydrothermal activity, our full suite of
chemical data allow additional and useful insight
into the subseafloor magmatic-hydrothermal
processes responsible for the genesis of vent
fluids and plumes. Here we present the results for
five key chemical tracers of seafloor venting: >He,
pH and H,S as indicators of gaseous vent fluid
components, and Fe and Mn as indicators of
aqueous ionic vent fluid components.

Gaseous components

3He. The single-most analytically sensitive and
unequivocal tracer of seafloor hydrothermal
activity (and ultimately a mantle-magmatic
source) is He. While past work has demon-
strated that He may transfer from the seafloor
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Fig. 5. Longitudinal sections along the southern Kermadec active frontal arc showing results for: (a) optical
light-scattering expressed as A-NTU (nephelometric turbidity units, a non-dimensional optical standard); (b)
&°He, the percentage increase in *He/*He over air; (¢) TDFe (total dissolvable iron); and (d) TDMn (total
dissolvable manganese). Station distributions for the respective plume tracers are marked by ticks on the top
of each panel, discrete sample points are indicated by dots. Contour intervals are indicated on side bar keys
and are not constant for panels (b)-(d). W, Whakatane; Ck, Clark; T, Tangaroa; L, Lillie; R5, Rumble V; R3,
Rumble IIT; R2, Rumble II East, S2, Silent II; Ct, Cotton; H, Healy; B, Brothers. (a) and (b) are reprinted
from de Ronde et al. (2001) with permission from Elsevier Science.
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Table 2. Chemical characteristics of hydrothermal plumes over southern Kermadec arc volcanoes and selected

mid-ocean ridge sites

Volcano! Depth &He ApH H,S PS TDFe TDMn  Fe/Mn
(m) (%) (nM) (nM) (nM) (nM) (mol/mol)
Clark 880 37 -0.10 - 11 7
Tangaroa 705 116 -0.22 - 32 560 98 5.7
Rumble V 405 105 -0.35 18700 98 39 200 0.2
680 54 8 6.8

Rumble III 190 71 -0.28 360 167 1300 106 12.3
Rumble IT West 1410 24 - - 5 7
Healy 1455 34 -0.04 - 16 203 148 9.9
Brothers

Cone 1195 63 -0.27 4250 760 4720 260 18.2

NW 1455 74 -0.06 - 300 955 150 6.4
Rumble II East 115-2297 - - 3.8+19 25+1.8 1.7+0.8
MOR
JdFR># 1900-2100 234 15 140 770 265 21+12
EPR>7 2200-2500 75 -0.04 260 500 193 3014
MAR#10 1650-3300 68 450 175 42 32-78

Abbreviations: MOR, mid-ocean ridge; JAFR, Juan de Fuca Ridge (Cleft and Endeavour sites); EPR, East
Pacific Rise (sites between 11°N and 32°S); MAR, Mid-Atlantic Ridge (23°, 26° and 37°N sites). ApH is
the deviation from the regional depth trend (+ 0.01), PS is particulate sulphur, TDFe and TDMn are total
dissolvable Fe and Mn or the sum of dissolved and particulate Fe and Mn; nM, nanomoles per litre; mol,
moles per litre. Values reported for volcanoes represent the most enriched samples from neutrally
buoyant plumes, except for Healy where unpaired data are shown and Rumble I East where composite
data reflect the concentration background. Discharge known to be influenced by magmatic intrusions has
been excluded from MOR values; mean + 16 is given for Fe/Mn where large data sets exist, otherwise
range is indicated; — , below detection; blank space, not analysed.

References: !this work and de Ronde et al. (2001); 2Massoth et al. (1994); 3Radford-Knoery et al. (2001); “R. A.
Feely pers. comm. (2002); SBaker et al. (2002a); Field & Sherrell (2000); "Lupton et al. (19934); 3Jenkins et
al. (1980); *Radford-Knoery et al. (1998); “James & Elderfield (1996).

to the ocean independently of heat (Lupton et al.
1989; Baker & Lupton 1990) and other chemical
species (Massoth et al. 1994), its exclusive trans-
port through hydrothermal pathways is not dis-
puted (Lupton 1983). Thus, the detection of *He
plumes over seven SKA volcanoes (Figs 5b and
6a; Table 2) confirms magmatic sources and
hydrothermal circulation at these sites. Particu-
larly large 8He signals at Rumble III, Rumble
V, Tangaroa (largest measured anomaly at
116%) and Brothers volcanoes coincide with the
most intense particle plumes (Fig. 5a, b).

Our observations of 3He plumes unaccom-
panied by particle plumes at Clark and Rumble
II West (not shown in Fig. 5) are unusual. The
lack of particle plumes indicates that high-tem-
perature hydrothermal discharge is unlikely at
these sites. If magmatic degassing is responsible
for the 3He signals, very high concentrations of
CO, in the corresponding vent fluids (tens to
hundreds of mM) would be expected (Butter-
field et al. 1990; Sedwick et al. 1992a; Tsunogai et
al. 1994). Because low-temperature (<200°C),

CO,-rich fluids are especially corrosive to vol-
canic wallrock (Bischoff & Rosenbauer 1996),
Fe-rich vent fluids and particle plumes such as
seen in association with CO, degassing at Loihi
volcano (Sakai et al. 1987; Sedwick et al.1992b;,
Wheat et al. 2000) would be expected. Discov-
eries of massive sulphide mineralization at
Clark (de Ronde pers. comm. 2002) and
Rumble IT West (Wright et al. 1998; de Ronde
et al. 2002) confirm that high-temperature
hydrothermal discharge has occurred on these
volcanoes in the past. Whether the contem-
porary sources of 3He at Clark and Rumble 11
West are magmatic or hydrothermal (i.e. liber-
ation of 3He trapped in vesicles or glass by high-
temperature water-rock reaction), the
relatively low intensity and near-seafloor prox-
imity (< ¢. 20 m) of the 3He signals imply diffuse
discharge.

When the absolute concentrations of 3He and
4He for the SKA data set are compared, a single
linear trend emerges, which is representative of
the isotopic composition of the end-member
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Fig. 6. Vertical distributions of (a) 8*He and (b) pHygs showing maximum plume concentrations for these key
indicators of gas emissions from the seven hydrothermally active southern Kermadec arc volcanoes. Note the
wide range of venting depths extant over only 260 km of arc front. The two active sites at the Brothers Volcano
(Cone and NW) are represented as plumes above and below 1300 m depth, respectively. The regional depth
trends for 8He and pHygg are shown as broad grey lines and were determined from non-hydrothermally

influenced samples collected throughout the study area.

vent fluids (Fig. 7). A linear regression fit to
these data gives a slope of 8.34 + 1.1X10°5, which
corresponds to R/R, = 6.0 + 0.8, identical to the
average value given for subduction zone helium
(Lupton 1983), and within the range for north-
west Pacific subaerial arc volcanoes (6.5 = 1.5;
Poreda & Craig 1989). The R/R, value for the
SKA is slightly lower than found on MORSs (e.g.
along a similar length of the Juan de Fuca ridge,
erupted MORBSs range 7.6-8.9, and hydrother-
mal plumes average 8.3; Lupton et al. 1993b; J.E.
Lupton pers. comm. 2002). However, it is the
similarity of these values compared to that for
crust (R/R 4 < 0.1) that constrains the underlying
mantle wedge and not subducting oceanic crust
as being the major source for *He along the SKA
(Lupton 1983; Poreda & Craig 1989).

Helium vented from submarine arc volcanoes
may be less recognizable as a far-field oceano-
graphic tracer compared to that emitted from
MORs or hot-spot volcanoes due to the rela-
tively lower R/R, value for arcs. Tracing emis-
sions of 3He (discerned with highest resolution
as 8°He) from the Loihi Volcano near Hawaii
provides an interesting comparison. Like arc

volcanoes, Loihi is an insular source located at
relatively shallow depth (c. 1100 m). However,
unlike arc volcanoes, Loihi helium has a hot-
spot R/R, signature value of ¢. 23, about four
times the average value for arc helium. While
the helium plume dispersing from Loihi clearly
can be detected 400 km distant, and arguably
discerned for >2000 km (Lupton 1996), analyti-
cal limitations will almost certainly preclude
similar scale mapping from arcs.

The broad depth range for 3He emissions
along the SKA highlights an important contrast
between arc and ridge crest venting, and a
second reason why distal plumes of arc helium
may be difficult to detect. If such depth-variable
discharge is generally characteristic of sub-
marine arcs, then basin-wide 3He plumes, like
those that congregate and disperse from long
sections of near-constant-depth ridge crest in the
eastern Pacific (Lupton 1998), may not emanate
from western Pacific arcs, which also extend
several thousands of kilometres in cumulative
length. It therefore may be misleading to
discount the relative significance of arc dis-
charge within the Pacific Basin based on an
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Fig. 7. Absolute *He concentration plotted against
4He concentration for water column samples
collected during the NZAPLUME expedition.
Symbols as in Fig. 6.

absence of large, shallow isopycnal surface
plumes of *He.

pH. pH does not provide a direct measure of
dissolved gas concentration, although large
negative anomalies in this property (-ApH),
such as observed during NZAPLUME (Fig. 6b,
Table 2), may be taken as reliable indicators of
magmatic gas discharge (Sakai et al. 1987,
Resing & Sansone 1996). Proton additions
resulting from the discharge of CO,, H,S and Fe
can account for most of observed pH anomalies
in hydrothermal plumes (Resing & Sansone
1996). Here we expand this reasoning to include
volatile-rich arc magmas, which in subaerial
settings typically discharge SO, in greater abun-
dance than H,S (Giggenbach 1996). Hence, we
consider CO,, H,S, and SO, collectively as mag-
matic gas contributors to pH shifts in plumes
originating from arc volcanoes.

Resing et al. (1999) related plume anomalies
in pH to additions of CO, and protons resulting
from post-discharge oxidation and hydrolysis
reactions involving Fe and H,S:

ACO, + AH* = X(-ApH) (6)

where X represents a factor determined using
measured carbon system variables, ambient sea-

water properties (temperature, salinity, and
oxygen and nutrient concentrations) and the
CO, system modelling program of Lewis &
Wallace (1998). Using hydrographic data from
World Ocean Circulation Experiment (WOCE)
line P158, station 107 (35°00.18'S, 169°59.58'W;
website:  cdiac.ornl.gov/oceans/home.html),
values for X vary from 370 uM at Brothers to
500 puM at Rumble III. When applied to the
maximum pH anomalies listed in Table 2, the
predicted ACO, + AH* values range from
152 uM for the plume at Rumble V to 15 uM for
the plume at Healy.

Every mole of discharged sulphur gas that
does not oxidize to elemental sulphur (Equation
5) has the potential to generate 0.7-2 moles of
protons through oxidation and hydrolysis
(Equations 1-4). Every mole of Fe?* will
generate two moles of protons when fully oxi-
dized:

Fe2* + 2.5H,0 + 0.250, — Fe(OH); + 2H*. (7)

Using the most enriched TDFe values observed
during NZAPLUME (Table 2) and assuming
conservative behaviour of iron within near-field
plumes (Feely et al. 1994; Massoth et al. 1998),
we calculate maximum proton contributions
from Fe to be less than 5% of the whole-plume
values listed above. Unlike Fe, by-products of
the dissociation of the sulphur gases do not
provide a measurable indicator of proton gener-
ation. For example, H,S values reflect instead
the residual potential for acid generation (Equa-
tions 1, 3 and 4). Hence, we first estimate the
total sulphur gas (S;) contributions by assuming
CO, and S, are present at a ratio of ¢. 10: 3 (e.g.
Giggenbach 1992). If we further assume a
proton production efficiency with respect to our
plume observations of one mole per mole of
sulphur gas, then ¢. 70% of the measured pH
anomalies are estimated to be due to CO; dis-
charge (ignoring the small contributions from
oxidation of Fe?). This corresponds to plume
anomalies in CO, ranging from 11 to 106 pmol 11
along the SKA, comparable to the value of
50 pmol 1t excess CO, reported by Sakai ef al.
(1987) for a hydrothermal plume over magmati-
cally degassing Loihi Seamount near Hawaii.
Vent fluid end-member concentrations of CO,
can be estimated from paired plume samples,
provided background concentrations and
mixing ratios are known. Neutrally buoyant
plumes are commonly sampled as 7000- to
>20000-fold dilutions of vent fluids (e.g. Field &
Sherrell 2000), although rare samples collected
within buoyantly rising plumes (e.g. Feely er al.
1994) can result in dilutions as low as c. 2000-
fold. If we conservatively assume the SKA
plume maxima reflect minimal 2000-fold
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dilutions of vent fluids, the estimated CO, end-
member fluid concentrations are: ¢. 25 mM at
Healy and Brothers NW, >50 mM at Clark,
>100 mM at Tangaroa and Brothers cone, and
¢. 200 mM at Rumbles IIT and V. Even these
potentially underestimated values suggest all of
the SKA sites with pH anomalies are CO,-rich
by MOR hydrothermal vent fluid standards
(£ 22 mM, Von Damm 1995). The higher con-
centrations (>50 mM CO,) clearly require a
freely degassing magmatic source (e.g. Butter-
field er al. 1990; Sedwick et al. 1992b).

The contrasting pH observations at Clark and
Rumble II West suggest different venting
modes for the two volcanoes. The detection of a
very large pH anomaly at Clark volcano (cf.
Resing et al. 1999; Baker ef al. 2002a) and no
anomaly at Rumble II West (Fig. 6b), when
combined with the 3He data, is most consistent
with diffuse magmatic and hydrothermal dis-
charge at the respective sites. Similarly, the con-
trasting enrichments of 8He and CO, (as
inferred from —ApH values) in the NW and
Cone plumes at Brothers Volcano allow us to
differentiate these plumes as deriving from
chemically distinct sources, consistent with
spatial plume mapping results (Baker et al.
2003). While both 3He and high CO, concentra-
tions have magmatic origins, the CO,-rich
Brothers Cone site is clearly volumetrically
more enriched in magmatic gas. Whether the
relatively low estimated vent-fluid concen-
tration of CO, at Brothers NW (c. 25 mM)
reflects robust hydrothermal discharge or is the
result of differential fractionation of these gases
by progressive degassing following a magma
intrusion (e.g. Sedwick ef al. 19924) is beyond
the scope of the available data. The plume
above Healy Volcano is among the least
enriched in CO, and 3He, yet the erupted rhy-
dacitic volcanic products that dominate this site
(Wright & Gamble 1999; Wright et al. 2003)
derive from the most highly differentiated and,
by inference, most volatile-rich magma of any
SKA volcano. This seeming disparity suggests
the present magmatic source at Healy is com-
positionally different from previously erupted
lavas. Alternatively, magmatic and hydrother-
mal discharge may follow different evolutionary
timne paths (e.g. Giggenbach 1987; Sedwick ez al.
19924), with perhaps the volumetricaily most
significant magmatic discharge having occurred
in association with historic pyroclastic pumice
eruptions at this site (Wright et al. 2003). What-
ever the explanation, the Healy data illustrate
an important observation: that the composition
of erupted volcanic rocks may not be a good
predictor of present-day fluid chemistry.
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H,S. The detection of H,S within the plume
above Rumble IIT and the very high concentra-
tions determined at Rumble V and the Brothers
Cone site (Table 2) are consistent with a mag-
matic origin. Concentrations at the latter two
sites greatly exceed MOR plume values
(Table 2). The coincidence of high concentra-
tions of sulphur gases (if SO, is discharged some
proportion will dissociate and be determined
indirectly as H,S; Equation 1) with highest
inferred CO; emissions provides additional evi-
dence for magmatic sulphur discharge. Making
the conservative assumption that all vented
sulphur at Rumble V and the Brothers Cone
sites was diluted 2000-fold and sampled as
plume H,S, estimated vent-fluid concentrations
at these sites are 37 and 8.5 mM, respectively.
While these are minumum values (S; is not
expected to mix conservatively or uniquely as
H,S), they exceed the end-member values for
most MOR fluids (Von Damm 1995).

Dissolved sulphur gases are the precursors of
particulate sulphur (PS). The poor correlation
between the concentrations of sulphur in the
dissolved and particulate phases (Table 2)
implies that phase transformations are complex
and not only dependent on dissolved sulphur gas
abundance. ‘Black smoker’ metal sulphides
enriched in Fe and Cu are characteristic of
venting at high temperatures (7 > ¢. 300°C) and
contribute significantly to the PS compositions
within Rumble ITI, Tangaroa and the Brothers
NW and Cone site plumes (de Ronde ez al. 2001;
Baker et al. 2003). Native sulphur comprises
70% of total PS at Rumble V and 55% of PS in
the plumes above the NW and Cone sites at
Brothers. Large pieces (> 5 cm in diameter) of
native sulphur recovered from the seafloor at
Rumble V and Brothers Cone site (de Ronde ez
al. 2001) further attest to magmatic sulphur dis-
charge (Cheminée et al. 1991; Sedwick et al.
1992b; McMurtry et al. 1993; Gamo et al. 1997,
Herzig er al. 1998). Unusually high concentra-
tions of particulate Al and Zn detected within
the plume overlying Brothers Cone site suggest
the seafloor here is being extensively altered by
acid condensates resulting from magmatic
sulphur degassing (e.g. Giggenbach & Glasby
1977).

Aqueous ionic components

Fe and Mn. Fe and Mn commonly are the most
chemically enriched (c. 10%-fold relative to sea
water) ionic species (Fe?* and Mn?*) in vent
fluids, and hydrothermal discharge is the major
source of these metals in sea water. Thus, Fe and
Mn are ideal tracers of hydrothermal emissions
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Fig. 8. Vertical distributions of TDFe (solid circles)
and TDMn (open circles) over the Clark Volcano and
within the caldera of Rumble II West Volcano.
Lowermost samples were collected within 20+£2 m of
the seafloor.

when diluted as plumes, where they transform to
particulate compounds that are important mod-
erators of geochemical processes in sea water.
Iron and Mn plumes were detected at all of the
hydrothermally active SKA sites (Figs Sc, d and
8; Table 2). While there is generally good agree-
ment among plume distributions reported previ-
ously for particles (A-NTU) and °He (de Ronde
et al. 2001) and reported here for TDFe, and
TDMn (Fig. 5), the lack of an appreciable Fe
plume over Rumble V is unusual (see below).
Because iron oxyhydroxide particles formed
after fluid discharge provide primary surfaces
for light-scattering (Massoth et al. 1998; Baker et
al. 2003), the low Fe concentrations at Rumble V
are also shown as a weak particle plume (Fig.
5a). Even lower concentration anomalies for Fe
and Mn detected near the seafloor at Clark and
Rumble IT West (Fig. 8) do not appear as plumes
in Figure 5, although their coincidence with 3He
and pH (Clark only) plumes (Fig. 6) requires
common seafloor origins. Whether these origins
are magmatic or hydrothermal cannot be
deduced from the low-level metal enrichments.
Metal concentrations at Tangaroa, Rumble II1,
Rumble V (Mn only) and Brothers volcanoes

are comparable to, or higher than, values for
MOR plumes (e.g. Fe at Rumble III and the
Brothers Cone sites is 1.7-6 times the highest
MOR plume value, Table 2). If we accept that
representative dilutions of vent fluids have been
sampled everywhere, then predicted vent-fluid
end-member concentrations for Fe and Mn at
many of the active SKA volcanoes are similarly
comparable to, or more enriched than,
hydrothermal discharge along ridge crests.
Possible mis-interpretations due to sampling
bias when comparing concentration data from
different sites can be circumvented by normaliz-
ing the Fe and Mn values to hydrothermal heat
and to each other. Unlike the situation at deep
ridge crests in the eastern Pacific, where hydro-
graphic variations within the ambient ocean are
small and smoothly distributed, large and
irregular gradients in potential temperature and
density above the relatively shailow arc vol-
canoes commonly preclude resolution of a tem-
perature anomaly (A0). Only within the deep
caldera at Brothers Volcano were A0 values
quantified. Seven discrete samples collected
within the deep Brothers NW plume had tem-
perature anomalies that ranged from 0.008 to
0.054°C and corresponding Fe/heat and
Mn/heat values that averaged 2.5+1.5 and
0.53+0.21 nmol J, respectively; where:

metal

1
! mol kg~ ®)
eat

CphB

the heat capacity of sea water C, = 3915 J kg1,
and A8 = 0 — (k,0y + k042 + b), where 0 is poten-
tial temperature, Gy is potential density, and &
and b are regression coefficients for the second-
order fit of 6 as a function of oy (Baker ez al.
2002a). Comparable Mn/heat values (means:
0.30-0.67 nmol J-1) were obtained for plumes
over the Juan de Fuca Ridge (Massoth et al.
1994, 1995; Resing et al. 1999), Gorda Ridge
(Massoth et al. 1998) and Southern East Pacific
Rise between 14°-18°30’'S and 27°30'-32°18'S
(Massoth & Hey 1998). By contrast, mean
Fe/heat values for the eastern Pacific plumes
(0.78-1.97 nmol J-!) range consistently below
the mean value for the deep plume at Brothers
NW. An even greater contrast may exist for the
plume above the Cone site at this volcano, where
Fe concentrations were five times higher.

The availability of Fe/Mn values for all of the
SKA plumes (Fig. 9a) allows a broader com-
parison to MOR and BAB fluids (Fig. 9b). Tan-
garoa, Healy and Brothers NW plumes have
Fe/Mn values that lie primarily between 2 and 8,
identical to the range for most MOR plumes and
vent fluids. Rumble V plumes have very low
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Fig, 9. Histogram distributions of Fe/Mn (mol/mol) for: (a) samples collected within hydrothermal plumes
over SKA volcanoes (determined as TDFe and TDMn); and (b) average values for chronic and event plumes
over MOR sites and vent fluids collected from non-sedimented MOR and BAB sites with temperatures
greater than 60°C (references available from corresponding author). Event plumes are the result of magma
intrusions near the seafloor (cf. Massoth et al. 1998 and references therein). The close correspondence in
ranges for MOR vent fluids and plumes suggests that direct comparison of the respective Fe/Mn data is valid.
‘While hot-spot volcano Fe/Mn values extend to 58 (not shown), they are not included here because these rare
emissions are not likely be volumetrically important to sea-water chemistry.

Fe/Mn values (0.2 + 0.1), consistent with vent
fluids sampled at BAB sites, which generally are
sulphur-dominated (i.e. Fe/S: 0.01-0.5). A
similar situation may exist at Rumble V, where
the concentration of H,S in the plume is the
highest observed on the SKA (18.7 uM, implying
a high-temperature magmatic source as dis-
cussed above) and exceeds that for TDFe by
almost 500-fold. Given that there are also high
concentrations of Mn in the plume at Rumble V
(again implying a high-temperature source), the
most obvious explanation for the low Fe/Mn
values is near-quantitative precipitation of Fe as
iron sulphide minerals below the seafloor. This
would require penetration of oxidized sea water

into the subseafloor environment sufficient to
destabilize the gas/rock-buffered Fe and S
species responsible for the chemical mobility of
these elements within volcanic fluids. An
alternative explanation requires a stratabound
Mn deposit on Rumble V. Such deposits, formed
by diffuse discharge of low-temperature
hydrothermal fluids, have been reported on arc
volcanoes (including the northern Tonga-
Kermadec arc) and back-arc ridges (average
Fe/Mn c. 0.04; Hein et al. 1990, 1997). While it is
conceivable that gas-rich hydrothermal warm
springs could pass through a relict stratabound
Mn deposit at Rumble V to create a plume with
a low Fe/Mn value and high Mn concentration,
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observation of this phenomenon is unprece-
dented.

Of greater importance regarding the transport
of metals to the oceans are the unusually high
Fe/Mn values for plumes at Rumble IIT (13.7 +
1.4) and Brothers Cone (11.6 + 6.5) (Fig. 9a). As
these ratios are also associated with extremely
high Fe concentrations (Table 2), arc volcanoes
such as Rumble III and Brothers may provide an
enhanced source of Fe (and other associated
elements) to sea water. Three processes, all
magmatic in origin, may be responsible for the
high Fe concentrations and Fe/Mn values. (i)
Chemical weathering of wallrock by magmatic
CO,. An example of this is given by Loihi
Volcano, where Fe/Mn values for vent fluids
reach up to 58, which is near the value for the
basaltic substrate (e.g. Sedwick er al. 1992b;
Wheat et al. 2000). (it) Congruent dissolution of
wallrock by highly acidic fluids resulting from
the discharge of SO, and H,S, similar to that
observed at White Island where Fe/Mn values in
acid stream waters reach 42 (Giggenbach &
Glasby 1977). (iit) Direct exsolution of liquid
brine, possibly coincident with magmatic
degassing. For example, fluid inclusions con-
sidered to have exsolved as brine from a dacitic
magma intrusion have been analysed using laser
ablation inductively coupled plasma-mass spec-
trometry (ICP-MS) and show Fe/Mn ratios as
high as 12 and Fe concentrations as high as 4 M
(Ulrich et al. 2001). Iron-rich brines also may be
generated by physical phase separation.
However, laboratory experiments (Bischoff &
Rosenbauer 1987) and field data (e.g. phase-sep-
arated fluids are included in the MOR and BAB
data presented in Fig. 9b) demonstrate that Fe
and Mn do not fractionate during phase separ-
ation to produce high Fe/Mn values. Whether
the Fe enrichments are secondary, i.e. induced
by post-exsolution reaction of magmatic acid
volatile gas(es) with volcanic rock, or primary,
resulting from direct exsolution of liquid brine
from magma, is difficult to discern at present.

Comparison of Fe/Mn data for SKA plumes to
that for volcanic rock at the respective volcanoes
provides insight regarding the nature of the Fe
enrichments (Fig. 10). If either of the proposed
secondary magmatic processes (i) and (ii) above
were predominant, Fe/Mn values approaching
that of wallrock and co-variant over the range of
wallrock compositions extant along the SKA
would be expected; clearly, this is not the case.
This does not necessarily preclude these pro-
cesses, only that their effects may be overprinted
by secondary processes, such as incorporation of
liberated Fe into alteration mineral phases.
Nevertheless, the similarity of Fe/Mn values for

14r A
12 °

10

Plume TDFe/TDMn

Rock Fe/Mn

Fig. 10. Scatter plot of average TDFe/TDMn in
plumes v. average Fe/Mn in volcanic rock dredged
from the respective hydrothermally active volcanoes
along the SKA. All values are mol/mol. Symbols as in
Fig. 6. Multiple points for Clark Volcano reflect the
diverse rock compositions reported for this site. Rock
data are from Gamble ez al. (1993, 1997), Gamble &
Wright (1995), Wright & Gamble (1999) and T.
Worthington (pers. comm.). The cross represents the
range of values sampled along the Southern East
Pacific Rise MOR between 14° and 32°S for plumes
(c. 900 km of plume coverage; Baker ef al. 20024),
and between 14° and 23°S for volcanic glasses
(detailed sampling over >1000 km; Sinton et al. 1991).

magmatic brine fluid inclusions reported by
Ulrich et al. (2001) and for plumes at the Rumble
IIT and Brothers Cone sites poses an intriguing
explanation of the high Fe/Mn values for these
plumes. While it is unreasonable to suggest that
magmatic fluid could volumetrically dominate
volcanic discharge, it is conceivable that even
small contributions of molar-level Fe-bearing
liquids could elevate Fe concentrations, and,
hence, Fe/Mn values in volcanic fluids and
resulting plumes. For example, vent-fluid con-
centrations of Fe at the Rumble IIT and Brothers
Cone sites are conservatively predicted from
(2000-fold diluted) plume data to be 9.4 and 2.6
mM, respectively; 100-400 times less concen-
trated than magmatic fluids containing 1 M Fe.
Also evident in Figure 10 is a c. fourfold (or
greater) disparity between Fe/Mn values for
hydrothermal discharge and the respective host
rock. This trend of lower hydrothermal values is
universal for submarine hydrothermalism with
the noted exception of hot-spot volcanoes. Until
there is a firm understanding for why this large
disparity exists, the relatively small variations in
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volcanic fluid Fe/Mn values (Fig. 9a) will be diffi-
cult to explain. It is incongruous that such widely
differing Fe/Mn values should exist given that Fe
and Mn co-vary as major components within the
composition range of ferromagnesian silicates,
consistent with affinities of both Mn?* and Fe?*
for common lattice positions (Stanton 1994).
Thus, any hydrothermal water-rock reaction
pathway would be expected to first liberate
these elements at bulk rock ratios and Fe/Mn
then positively correlate in Figure 10.

The general scatter of Fe/Mn values along 260
km of the SKA is much greater than that
observed along almost 900 km of MOR, rep-
resented by the large cross in Figure 10. This
clearly illustrates the greater diversity of arc
rock and fluid compositions compared to MOR
settings, as well as the possible overprinting of
rock-buffered signatures by geochemical pro-
cesses active on arcs but not MORs. The scatter
in SKA Fe/Mn values may be useful for regional
plume tracking. For example, a weak plume
¢. 280 m beneath the summit on Rumble V not
only lies on the same plume horizon as the
adjacent Tangaroa Volcano plume, it has an
almost identical Fe/Mn signature, which is dis-
tinctly different from the summit plume at
Rumble V (Fig. 5c, Table 2). While the chemical
data and our experience of summit venting
argue that the deep Rumble V plume is a 22 km
distal expression of Tangaroa fluid emissions,
more detailed exploration will be required to
rule out a deep source at Rumble V.

The effects of Fe on sea-water geochemical
processes may be especially apparent near arc
volcanoes. The colloidal iron oxyhydroxides
formed following oxidation of vented Fe?* are
efficient scavengers of phosphate from sea
water, potentially removing 10-30% of riverine
P input (Feely er al. 1990, 1991b and references
therein). Using data from two different oceans,
Feely et al. (1991b) postulated that the efficiency
of this removal, as reflected by the particulate
P/Fe ratio, is directly proportional to the concen-
tration of dissolved phosphate in sea water. The
wide distribution of venting depths along the
SKA allows the first vertical test of this hypoth-
esis within a small area of the ocean. Plume
samples collected over a range of venting depths
at Rumble III (¢. 120-220 m), Tangaroa
(c. 650-780 m) and Brothers (c. 1070-1770 m)
volcanoes have P/Fe values (mol/mol) of 0.06,
0.21 and 0.26, respectively (Fig. 11a). Phosphate
concentrations over these venting intervals
average 0.4 nM at Rumble ITI, 1.6 pM at Tan-
garoa and 2.3 uM at Brothers volcanoes (Fig.
11b). Normalizing these trends (to highest
values at Brothers) for easier comparison shows

similar progressions (P/Fe 1.00:0.81:0.23 and
phosphate 1.00:0.70:0.17), verifying scavenging
dependency on the availability of dissolved
phosphate and demonstrating that arc discharge
over a wide range of depths can have a variable
effect on the oceans. Thus, while greater dis-
charge of Fe from arcs may equate to greater
removal of phosphate from the ocean, the
efficiency of this removal in shallow sea water is
likely to be only a small fraction of that for
deeper arc discharge.

Summary

¢ The seven plumes first identified from particle
and &*He signatures (de Ronde ef al. 2001) are
also recognizable as Fe and Mn anomalies. All
of the volcano plumes, with the exception of
the one at Rumble II West, have distinct pH
anomalies. The spatial frequency of chemical
plumes along the SKA is appreciable com-
pared to MORs. The relatively shallow yet
wide depth range of insular vent sites along
260 km of southern Kermadec arc front dis-
tributes hydrothermal emissions over a much
broader depth range than seen along com-
parable lengths of MOR.

¢ The concentrations of measured (H,S) and
inferred (CO,, SO,) gases and of Fe within
plumes at three (Rumble III, Rumble V and
Brothers) of seven actively venting SKA vol-
canoes generally exceed concentrations
reported for MOR and BAB hydrothermal
plumes. The chemical intensity of Mn emis-
sions appears to be similar at arc (as rep-
resented by the SKA) and MOR-BAB
settings. Coupled with the high venting fre-
quency and the appreciable arc length within
the Pacific Basin (c. 6400 km for intra-oceanic
arcs), the SKA chemical data suggest that
fluid emissions from submarine arc volcanoes
may be an important chemical source to the
ocean.

* SKA volcano plumes are diverse in the magni-
tude of chemical signals and also with respect
to MOR plume chemistry. While the compo-
sition of SKA volcanic rocks is also chemically
variable compared to MORB, there does not
appear to be a general correspondence
between plume chemistry and the composi-
tion of erupted volcanic rocks at the respec-
tive SKA venting sites. This suggests that
geochemical process(es) may provide a
primary control (over ‘apparent’ magma
source composition, i.e. Fe content, oxidation
index, volatile content) on the chemistry of
fluid emissions from some submarine arc vol-
canoes.
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Fig. 11. (a) Particulate phosphorous (nmol) v. particulate iron (nmol) for plumes over Brothers (both NW and
Cone plumes shown as solid circles), Tangaroa (solid diamonds) and Rumble III (open circles) volcanoes.
Linear regression slopes are indicated for the respective volcano plume data and for hydrothermal plumes in
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line P14, station 7, 34°8.0'S, 175°18.1'E; website: cdiac.ornl.gov/oceans/home.html). Labelled boxes indicate

depth ranges for plume data in (a).

¢ Magmatic iron enrichment may occur by
direct injection of liquid brine from magma
into the hydrothermal circulation, or as a
result of secondary reactions between
exsolved magmatic CO, and/or SO,-H,S and
wallrock within the volcanic fluid circulation.
The magmatic Fe signature may be masked by
reaction with sulphur gas(es) prior to plume
sampling (e.g. low plume values for Fe and
Fe/Mn due to quantitative precipitation of
iron below the sea floor as iron sulphides).

These early chemical results support further
systematic investigation of the remaining esti-
mated and largely unexplored >90% of sub-
marine arc volcanoes. Better resolution of the
spatial frequency of venting on arc fronts is
needed in conjunction with more detailed
chemical characterizations of plumes, particu-
larly for magmatic components. Measurements
of thermal and chemical flux at representative
volcanoes are needed to quantify the magnitude
of arc chemical emissions for comparison with
MOR fluxes. Correlated temperature and
chemical sampling of fluids venting from arc vol-
canoes are needed to compare arc sources with

the existing global data set for hydrothermal
emissions.
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Abstract: Hydrothermal activity on submarine volcanic arcs in the western Pacific Ocean
is known but mostly unexplored. In March 1999, the New Zealand American PLUme
Mapping Expedition (NZAPLUME) cruise conducted the first systematic exploration of
hydrothermal venting along a sizeable section of an intra-oceanic arc, visiting 13 volcanoes
along 260 km of the southern Kermadec arc, just northeast of New Zealand. Conclusive
evidence of hydrothermal plumes exists for seven of the 13 volcanoes; at two other vol-
canoes plume indications were weak and uncertain. The hydrothermal origin of the parti-
cle plumes was confirmed by positive anomalies in the ratios of sulphur, iron and copper
to titanium relative to non-plume particles, in mass concentrations similar to particles col-
lected from hydrothermal plumes over mid-ocean ridges. The spatial density of active sites
along the southern Kermadec arc is at least 2.7 per 100 km (2.7/100 km), probably not
significantly different from the weakly constrained value of c. 1/100 km on slow- and inter-
mediate-rate mid-ocean ridges. An analysis of the number of hydrothermal fields produced
for the magma delivery rate in each of these environments suggests that the southern
Kermadec arc presently has relatively abundant hydrothermal activity. While this result
cannot yet be generalized to other Pacific arcs, submarine volcanoes may contribute signifi-

cantly to the global hydrothermal budget.

Since the discovery of hydrothermal venting on
mid-ocean ridges more than two decades ago,
approximately 20% of the roughly 60 000 km of
the Earth’s divergent plate boundary has been
surveyed for the presence of venting, resulting in
the discovery of over 200 active vent fields
(Baker et al. 1995; see also the InterRIDGE web
site at http:/triton.ori.u-tokyo.ac.jp/~intridge/).
Conspicuously absent to date, however, has
been the systematic mapping of hydrothermal
venting within modern arc-back-arc systems
along convergent plate boundaries. The first
compilation of such hydrothermalism within
these tectonic settings identified only 22 sites of
active venting along 11 000 km of western Pacific
Plate boundary extending from central Japan to
New Zealand (Ishibashi & Urabe 1995). Fifteen
of these sites occurred on back-arc spreading
centres or rifts, with only seven submarine arc
volcanoes reported to host active hydrothermal
activity.

The paucity of information about such
hydrothermalism within the western Pacific

largely stems from our lack of data on arc
volcano distribution. A compilation of volcano
distribution along active margins (de Bremond
d’Axrs et al. 1995) listed the Tonga arc as includ-
ing only nine. A more recent study of the
Tonga-Kermadec arc identifies 20 subaerial and
17 submarine volcanoes, with satellite altimetry
providing strong evidence for an additional 57
submarine volcanoes along the arc (Worthing-
ton 1998). If the submarine volcano population
has been similarly underestimated along the rest
of some 22 000 km of island arcs, then submarine
arc volcanoes probably number in the hundreds
(de Ronde ef al. 2003).

The principal objective of the New Zealand
American PLUme Mapping Expedition
(NZAPLUME) cruise in March 1999 was a
systematic investigation of all 13 volcanoes in
the southern Kermadec arc (SKA). de Ronde et
al. (2001) gave an overview of the NZAPLUME
results with an emphasis on some of the unusual
characteristics of arc-related venting; Massoth et
al. (2003) characterize the chemistry of gaseous
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and fluid emissions from the SKA volcanoes in
an effort to identify the signature of a magmatic
component. Here we present the first detailed
observations of the distribution and composition
of the particulate fraction of the SKA
hydrothermal plumes, from which we estimate
the location and extent of presently active
hydrothermal discharge at each volcano. We use
these new data to compare the spatial frequency
of hydrothermal systems in arc and mid-ocean
ridge environments and to speculate on the
extent of volcano-hosted hydrothermalism in
other volcanic arc settings.

Study area and methods

The Kermadec-Tonga complex is a classic
example of an evolving arc-back-arc basin
system (Karig 1971) (Fig. 1). West of the Ker-
madec and Tonga ridges back-arc extension pro-
gresses from full oceanic spreading in the Lau
Basin, through rifting of arc crust along the
Harve Trough, to rifting of the continental crust
of New Zealand (Parson & Wright 1996; Delteil
et al. 2002). The subduction rate (convergence
plus back-arc widening) of this convergent
boundary correspondingly decreases from
c.24 cm a! at 16°S to ¢. 5 cm a1 at 38°S (Bevis
et al. 1995; Parson & Wright 1996). The southern
Harve Trough, 34°-37°S, is the southernmost
section of rifting arc crust along the
Kermadec-Tonga complex (Fig. 1). Here the
active Kermadec volcanic arc forms a line of 13
submarine stratovolcanoes and calderas (Parson
& Wright 1996; Wright et al. 1996) that extend
some 260 km from Whakatane in the south to
Brothers in the north (Fig. 1). The volcanoes
range in depth from 220 m at the summit of
simple cones (e.g. Rumble IIT) to 1850 m at the
bottom of enclosed calderas (e.g. Brothers).
During the NZAPLUME cruise we deployed
61 conductivity—temperature—depth—optical
(CTDO) vertical casts and 11 deep CTDO tow-
yos to map optical and thermal anomalies along
the SKA segment. The sensor and sampling
package was identical to those used in previous
plume studies (e.g. Baker 1998). For tow-yos the
CTDO package followed a sawtooth path
through the water column as the cable winch
continuously payed in and out and the ship
steamed steadily at a speed of ¢. 2.5-3.5 km h-L.
The sawtooth wavelength varied between c. 0.5
and 2 km according to the water depth.
Elemental composition of particulate matter
was determined by X-ray primary- and second-
ary-emission spectrometry with a Pd source, and
Mo, Ge, Co and Ti secondary targets using a
non-destructive thin-film technique (Feely et al.
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1991). Precision relative to standards averaged
2% for Fe, Ti and Cu, and 11% for sulphur.

Hydrothermal discharge from vents on deep
mid-ocean ridges creates plumes that rise tens or
hundreds of meters above the seafloor. These
plumes are readily identified by enrichments in
various dissolved and particulate species (e.g.
3He, CHy4, CO,, Mn, Fe, Cu) and by local anoma-
lies in the turbidity and temperature of the
plume waters (e.g. Lupton et al. 1985; Baker ez al.
1995; Feely et al. 1996). Tracers that can be con-
tinually measured and observed in real time,
such as light backscattering and temperature,
are most useful for detecting and mapping
hydrothermal plumes, and this paper uses these
tracers to map the hydrothermal plume distri-
butions around SKA volcanoes. Our principal
plume mapping tool was a light backscattering
sensor (LBSS) that yields nephelometric turbid-
ity units (NTUs) (APHA, 1989) according to the
expression

ANTU = (V-Vy)la,

where ANTU = the plume LBSS anomaly above
ambient water, V, = the raw voltage reading of
the LBSS, V;, = the background voltage of
ambient water not affected by hydrothermal
plumes and a, = a factor unique to each LBSS
determined from a laboratory calibration using
formazine (Baker et al. 2001).

ANTU values were a good predictor of parti-
cle mass concentration (C,,) and an even better
predictor of the particulate Fe+S (nmol I-!) load-
ings in this study. For the entire set of 114 filtered
(pore diameter = 0.4 pm) samples, a least-
squares regression of C, and ANTU yielded a
correlation coefficient 7 = 0.54. (The 12 value
increases to 0.80 while the regression slope and
intercept remain unchanged by eliminating five
samples collected in regions of extremely high
vertical ANTU gradients. At these locations the
sampling bottles probably did not collect water
representative of the instantaneous ANTU
value.) (See Fig. 2a.) For these samples a ANTU
increment of 0.001 is equivalent to a C,, incre-
ment of ¢. 0.48 pg I'L. The correlation coefficient
between ANTU and the sum of Fe+S (nmol I),
the primary particulate hydrothermal elements,
improves to 0.60 (and to 0.91 after again elimi-
nating the five suspect samples) (Fig. 2b). Thus,
the LBSS is a sensitive indicator of the mass
concentration of hydrothermally precipitated
particles suspended in the water column, as has
been consistently observed within deep-sea
hydrothermal plumes (Baker et al. 1995).

The other real-time tracer commonly used
to track deep-sea hydrothermal plumes,
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Fig. 1. Location of the 13 studied volcanoes along the southern Kermadec arc. Volcanoes marked by solid
circles were confirmed hydrothermally active. Stars mark the location of core samples analysed for sediment
chemistry (Table 1); a third core is off the map at 32°20.6'S, 178°32.3'W (Gamble et al. 1996) Inset map shows
the regional setting of the study area and the trend of the Kermadec-Tonga volcanic arc front. Modified after
de Ronde et al. 2001 with permission from Elsevier Science.
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Fig. 2. (a) ANTU v. particle mass concentration (Cy) for all NZAPLUME samples. (b) ANTU v. Fe+S (nmol
I'Y). Open circles denote five samples collected in regions of extremely high vertical gradients, where the
instantaneous ANTU value may not be representative of the collected water sample. Solid lines are least-
squares regression fits for all samples. For (a) ANTU = -0.025 + 0.0021Cy, (+* = 0.54; 0.80 after removing the
five suspect samples); for (b) ANTU = 0.0038 + 0.00036(Fe+S) (#? = 0.60; 0.91 after removing the five suspect

samples).

temperature anomaly (A0) (Lupton et al. 1985),
proved of limited use because of the shallow
depths of many volcanoes and variability in the
slope of the regional temperature-salinity
profile (e.g. Lavelle et al. 1998). At depths <
¢. 1200 m (i.e. all plumes except those within the
deep calderas of Brothers and Healy), the verti-
cal temperature gradient is a minimum of
¢.0.01°Cm™. At these depths, even plumes with
intense optical and hydrothermal chemical
anomalies (Fig. 3a) do not create a resolvable
bydrographic anomaly. The variability of the
local temperature profile would conceal a robust
A8 as high as 0.1°C or more. In deeper waters
with weaker temperature gradients, however,
the hydrothermal A6 mirrors the ANTU
anomaly (Fig. 3b). In the absence of A9 infor-
mation there might be concern that processes
such as sediment resuspension could produce
optical anomalies misinterpreted as hydrother-
mal plumes. de Ronde ez al. (2001) and Massoth
et al. (2003) reassuringly show that plumes from
each active volcano contain distinct anomalies of
unmistakably hydrothermal species such as 3He
and dissolved Mn, anomalies that are generally
congruent (although far less detailed) with the
optical definition of the plumes as presented in
this paper.

Regional overview

A transect of the ANTU distribution along the
SKA defines four distinct particle layers (Fig. 4).

A thin, high-intensity layer in the upper 200 m
marks the influence of euphotic zone produc-
tivity. A layer of variable, but declining, ANTU
between 200 and 700 m is likely to be a mixture
of settling particles from surface production and
hydrothermal discharge from shallow vol-
canoes. A broad mid-depth minimum in ANTU
extends from 700 m to about 1500 m, coincident
with low-salinity Antarctic Intermediate Water
(McCave & Carter 1997). Below 1500 m a
steadily increasing ANTU defines a bottom
nepheloid layer that may represent, at least in
part, filaments of Upper Circumpolar Deep
Water flow leaking west through the Kermadec
Ridge into the Harve Trough as it moves north-
ward along the Kermadec Trench (Warren et al.
1994; McCave & Carter 1997).

Superimposed upon this regional trend are
distinct particulate plumes associated with at
least five volcanoes (Tangaroa, Rumble V,
Rumble III, Healy and Brothers), and possible
plumes at two others (Whakatane and Clark),
discharging hydrothermal effluents into the
water column at depths ranging from <200
to >1800 m. Similar plots showing the distri-
bution of 3He and total dissolvable Mn, two
unambiguous hydrothermal tracers, match the
particle plume distribution and additionally
confirm hydrothermal sources at Clark and
Rumble II West (de Ronde er al. 2001;
Massoth et al. 2003). In the following section we
examine the distribution of plumes at each
volcano.
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Fig. 3. (a) Vertical profiles of ANTU, potential temperature (0) and total dissolved Mn through a
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hydrothermal plume emanating from Tangaroa. Note that any hydrothermal effect on the 6 profile (typically

of the order of 0.1°C) cannot be resolved within the variability of the ambient profile. (b) The same profiles

through a plume within the Brothers caldera, but substituting the hydrothermal temperature anomaly, A8, for
6. A8 at each depth z = 8(2) — (k104 (2) + k204 (2)* + b), where 04 (z) is potential density, and k and b are
regression coefficients for a second-order fit of 0 as a function of 6, immediately above the plume horizon. At
these depths the vertical temperature gradient is small enough (c. 0.003°C m-1) and smooth enough to reveal

the AO signal.

\/

Fig. 4. Longitudinal section through the southern Kermadec arc of ANTU from vertical casts and tows; ticks

368 -366 -364 -362 -360 -358 -356

Latitude (°S)

354 352 -350 -34.8

ANTU

0.028
- 0.024
0.020
0.016
0.012
0.008
0.004
0.000

along top axis indicate profile locations, which were concentrated over Tangaroa, Rumble V, Healy and

Brothers. W, Whakatane; Ck, Clark; T, Tangaroa; R5, Rumble V; L, Lillie; R3, Rumble III; R2E, Rumble II

East; S2, Silent II; Ct, Cotton; H, Healy; B, Brothers. Modified after de Ronde et al. 2001 with permission from
Elsevier Science. Rumble IV is directly west of Rumble V, and Rumble II West is behind Rumble II East.
Note that the ANTU maximum centred near 1300 m between Whakatane and Clark is not constrained by the

data and is a gridding artifact.
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Fig. 5. Vertical profiles of ANTU for V4 (solid line) and V5 (dashed line) over Whakatane (inset). Both
profiles show increased scattering near the seafloor, possibly indicative of hydrothermal venting. Map contour

interval is 50 m.

Site plume mapping

Whakatane

Whakatane is a slightly elliptical edifice with two
summits c. 4 km apart at depths of 1100 and 1350
m (Fig. 5). Water samples were not collected in
the vicinity of Whakatane, so plume inferences
rely solely on two CTDO profiles. Both profiles
show near-bottom increases in ANTU, but only
one, above the shallower summit, has a clear
indication of an above-bottom ANTU maximum
(c. 0.09) suggestive of a neutrally buoyant
hydrothermal plume rather than a plume
derived from sediment resuspension. The

absence of supporting chemical data mean the
presence of active hydrothermal discharge at
Whakatane is equivocal and awaits further
sampling.

Clark

Clark is also an elliptical, dual-cone edifice, with
summits at depths of 900 and 1300 m (Fig. 6).
Two vertical casts over the cones showed no
clear optical evidence for hydrothermal plumes,
but analysis of water samples at station V7 over
the shallower, northern cone found elevated
3He, Fe and Mn between 800 and 900 m (de
Ronde et al. 2001; Massoth et al. 2003.). This



HYDROTHERMAL PLUMES FROM ARC VOLCANOES 147

177°

AL

Depth (m)

=

1400 |llI'Illl'l!UI'I'I'IlII'II'IIIII'I'I'IIII'IIIII'II'I'II

0 0.01

0.02 0.03 0.04 0.05 0.06 0.07 0.08

ANTU

Fig. 6. Vertical profiles of ANTU for V6 (dashed line) and V7 (solid line) over Clark (inset). No strong optical
plume signals were observed during NZAPLUME, but a 1998 camera tow during RV Sonne-135 (Stoffers et al.
pers. comm.) (grey line) around the V7 position found exceptionally high ANTU. Arrows mark depths of V7
bottles with a 8(*He)% anomaly, ‘X’ marks depths with no anomaly. Map contour interval is 100 m.

horizon corresponds exactly to the depth inter-
val of intense ANTU mapped in October 1998
during a camera tow from RV Sonne cruise SO-
135 (Stoffers et al. 1999; Wright er al. 2002b)
around the peak of the northern cone. The
Sonne camera tow also observed a barite
chimney emitting shimmering water and sur-
rounded by Fe-stained sediments.

Tangaroa

Tangaroa’s summit shallows to <700 m and is
one of high relief over a distance of c¢. 1 km
aligned along a NW-SE trend (Fig. 7). The first

station occupied found a thick, multilayered and
intense optical plume c. 1 km southeast of the
summit, but six subsequent casts encountered no
significant plumes. Interactions between cur-
rents and the complex bathymetry apparently
produced plumes of high spatial variability. To
better map and sample the Tangaroa plumes we
conducted three CTDO tow-yos in a roughly
radial pattern over the summit. All three tows
encountered spatially discontinuous plumes
between 600 and 900 m, most strongly evident to
the south and west of the summit. The most
intense plumes congregated within the 650-750
m depth interval, where we sampled a §(*He)
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Fig. 7. Vertical transect of ANTU from tow T12 (dashed line) over Tangaroa. Tow paths (red arrows) and
vertical casts (yellow dots) are shown on the inset map. Map contour interval is 50 m.

value of 116% at 705 m, the largest 3(*He%)
value of the present study (de Ronde ez al. 2001)
(8(CHe)% = 100(R/R,;; — 1); R = 3He/*He and
R,;, is this ratio normalized to air).

Rumble IV and Rumble V

Rumble IV and Rumble V are the most recent
constructions of a long-lasting arc magma melt
that has built a prominent cross-arc ridge
(Wright et al. 1996). Rumble V, on the present
arc front, is a near-symmetrical cone with a
summit depth of ¢. 470 m (Fig. 8). The summit of
older Rumble IV, about 16 km to the west, is a
several kilometres-long ridge rising to a
minimum depth of 440 m. One of four casts at
the summit of Rumble V detected a moderate
optical plume between 380 and 450 m; two sub-
sequent tow-yos quartering the summit mapped
more intense plumes in the same depth interval
directly above the summit, plus weaker plumes
centred at 520 and 660 m around the volcano
flanks (Fig. 8). The plume horizon at 660 m was
most broadly distributed, especially to the south.
There was no convincing optical evidence for
active discharge on Rumble IV, as a single tow
along its summit found ANTU anomalies of only
¢. 0.002-0.003 at the same depth intervals as the
much stronger Rumble V plumes (400 and

660 m). The origin of the 660 m plume is enig-
matic. This plume occupied exactly the same
depth (and density) interval as the more intense
Tangaroa plume, and had both dissolved (de
Ronde et al. 2001; Massoth et al. 2003) and par-
ticulate chemistry (Table 1) more similar to the
Tangaroa plume than to the shallow Rumble V
plume. The single cast between Tangaroa and
Rumble V detected elevations in both ANTU
(Fig. 4) and He (a 8(*He) increase of c. 6%:; J.
Lupton pers. comm.) between 600 and 700 m, at
levels much lower than around Tangaroa but
roughly comparable to those at the same depths
near Rumble IV and V (de Ronde et al. 2001).
The evidence is presently insufficient to deter-
mine if the deep plume originates from flank
venting at Rumble V (or IV) or advection from
Tangaroa.

Rumble III and Lillie

The Rumble III-Lillie complex appears to be
two coalesced volcanoes, with a major summit
shallowing to ¢. 220 m (Rumble III) and a minor
summit 15 km south reaching only 1500 m
(Lillie) (Fig. 9). A single cast over Lillie found
no evidence of plumes. Two casts over the
shallowest cone on Rumble III found intense
particle plumes between 170 and 220 m, the
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Map contour interval is 50 m.

same horizon where 8(3He) values exceeded
70% (Massoth et al. 2003). A single cast over a
600 m-deep secondary cone 3 km to the north-
west encountered no plumes. The complete
absence of plumes only 3 km to the northwest of
an intense plume source indicates a strong
current with a dominant southward component
at the time of the survey.

Rumble II (West and East)

Two casts over Rumble II (East), a symmetric
cone rising to ¢. 1050 m, found no evidence of a
particle plume. Rumble II (West) is a partially
collapsed caldera with a diameter of ¢. 3 km and
a summit floor at 1450 m supporting a c. 200 m-
high volcanic dome at its centre (Wright &
Gamble 1999). Four casts within the caldera
found no optical evidence of plumes, but below
¢. 1300 m discrete samples were slightly elevated
in total dissolvable Fe and Mn, and 3He
(Massoth et al. 2003). These samples, the recov-
ery of massive sulphides from the caldera wall
(Wright er al. 1998) and evidence from fluid
inclusions within those sulphides for tempera-
tures up to 268°C (de Ronde et al. 2002) imply
that vents at Rumble II (West) presently dis-
charge diffuse hydrothermal fluids and/or leak
magmatic gases, and that high-temperature fluid

discharge has occurred some time in the recent
past. The inconsistency both here and at Clark of
anomalies in dissolved tracers, despite the
absence of a backscattering signal, furnishes
cautionary testimony that some volcanoes can
produce hydrothermal or magmatic emissions
undetectable by optical methods.

Silent II and Cotton

Both these volcanoes are near-symmetrical edi-
fices with cones rising to mid-water depths (Fig.
4). Casts over both found neither optical nor
chemical (de Ronde et al. 2001) indications of
hydrothermal venting.

Healy

Healy, along with Brothers, is one of two known
dacitic-rhyodacitic calderas along the SKA
(Wright & Gamble 1999; Wright ez al. 2002a).
The floor of the 3.5 km-diameter caldera reaches
1620 m, and the effective rim depth of the
surrounding walls is ¢. 1420 m. The main edifice
adjacent to the caldera shoals to a broad dome
at 1150 m water depth (Fig. 10). We found evi-
dence of hydrothermal activity over and around
the Healy edifice crest, but the most intense
plumes, with multiple maxima, were contained



Table 1. Particulate chemistry of hydrothermal plumes

Volcano Number of Fe S Ti Cu S/Fe S/Ti Fe/Ti Cu/Ti
samples

Tangaroa 11 144 + 202 6.1+28 042 +0.25 026 +026 0.63+1.3 18 + 10 449 + 471 0.73 +0.58
Rumble V (c. 400 m) 4 226 +0.35 59+ 28 0.25+0.03 0.16 + 0.20 2615 245 + 143 9+1 0.62 + 0.44
Rumble V (¢. 660 m) 1 439 3.8 0.82 0.03 0.09 4.6 54 0.036

Rumble II1 9 390 + 332 36 + 50 0.41 +£0.17 022+020 035+0.7 96 + 136 1081 +£ 1107  0.50 +0.37
Healy 32 348 +14.9 27122 0.39 £ 0.15 013+£021 0.09£0.05 8+11 99 + 56 0.17 £ 0.14
Brothers (<1300 m) 20 242 + 314 112 + 208 0.31 +0.09 053+081 094+£27 263 + 445 738 + 846 0.42 + 1.04
Brothers (>1300 m) 14 214 + 244 112 + 142 0.50 + 0.20 130+£145 094+24 183 + 245 379 + 411 141 +1.73
Rumble II West (> 500 m)* 7 247 +0.88 1.9+03 0.29 + 0.08 0.05+0.04 086+0.3 T7+£2 8+£2 017 £0.14
Local Sediments® 3 203£022 - 020+£0.03 0.004 £0.001 - - 10£1 0.2+0.03
SEPR (13°-19°S)* 190 156 + 243 34+ 38 0.04 +0.05 12+3 0.44 + 0.6 628 + 640 1428 + 1000 0.57 +0.50
SIdFR# 123 47 =50 6+6 047 £0.29 0.16 + 0.14 0.2+0.2 14 + 12 112 +137 0.37 +0.31

Plume concentrations in units of nmol 1-!, sediment concentrations in wt%

*Background profile, no particle plume observed.
fGamble et al. (1996).
*Southern East Pacific Rise (Feely er al. 1996)

§Southern Juan de Fuca Ridge (Feely unpublished data)
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within the caldera, although some leakage
occurred through topographic minima along the
caldera wall. The strongest plumes were found
on tow TS near the western caldera wall between
1400 and 1500 m, the same interval in which the
maximum J8(PHe)% values were sampled
(Massoth et al. 2003; J. Lupton pers. comm.).
Similar, but weaker, plumes were present
adjacent to the northern wall during tow T4. The
common presence of intense plumes near the
caldera walls, rather than its centre, suggests
hydrothermal venting is most probably focused
along normal faults bounding the west—south-
west sectors of the caldera. This distribution of
venting is common in hydrothermally active sub-

marine volcanoes with calderas, such as Axial
Volcano on the Juan de Fuca Ridge (Embley et
al. 1990) and Myojin Knoll on the volcanic front
of the Izu—Ogasawara arc (lizasa et al. 1999).

Brothers

The other dacitic-rhyodacitic caldera, Brothers,
hosts the most extensive and vigorous
hydrothermal system yet discovered in the SKA.
The caldera, slightly elongated along a NW-SE
axis, has an outside diameter of ¢. 3.5 km. The
inside depth of the caldera exceeds 300 m, from
the floor at ¢. 1850 m up to an effective rim depth
of ¢. 1500 m (Fig. 11). A volcanic cone coalesces
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with part of the southern wall and shoals to
¢. 1200 m.

Hydrothermal plumes apparently emanate
from two separate sources: within the caldera
itself (principally the northwest quadrant) and
on the cone. Seafloor hydrothermal activity at
both locations has been observed with camera
tows (Stoffers et al. 1999). This combined dis-
charge formed multiple thick plume layers that
extended through more than 700 m of the water
column, from the caldera floor to ¢. 1100 m
depth (Fig. 11). Discharge within the caldera
itself formed the deepest layer, most concen-
trated just below the rim depth at ¢. 1540 m. This
layer may accumulate plumes from a range of
source depths, as the negligible density gradient
in the caldera allows plumes to rise quickly to
the rim depth before spreading laterally. Trans-
port of these plumes outside the caldera must be
controlled by episodic flushing of the caldera
waters, as has been inferred at the hydrother-
mally active Vailulu’u submarine caldera (Hart
et al. 2000). The most intense plumes were found
immediately over the cone at depths between
1150 and 1200 m, where ANTU values on tow T6
exceeded 1.0 (Fig. 11).

Particulate chemistry

We collected samples for particulate chemistry
analysis at six of the active volcano edifices (Fig.
12, Table 1). For comparison, Table 1 also
includes the particulate chemistry of docu-
mented hydrothermal plumes over the super-
fast-spreading southern East Pacific Rise
(13°-19°S) where recent volcanic activity is
thought to have occurred (Feely ef al. 1996), the
Cleft segment of the intermediate-spreading
Juan de Fuca Ridge (Feely unpublished data),
where no volcanic eruptions have been detected
for at least a decade, and of local SKA sediment.
The sediment composition is based on three sur-
ficial samples from gravity cores adjacent to the
SKA volcanoes (Fig. 1) (Gamble er al. 1996).
With the exception of Rumble IT (West), all sites
showed distinctive chemical signatures in the
plume particulates.

The elements we discuss here include Fe and
Cu, characteristic of metal-rich, high-tempera-
ture discharge, and S, which may precipitate as
elemental sulphur from magmatic outgassing
(e.g. H,S) and/or as metal sulphides (Feely et al.
1990, 1999; Lilley et al. 1995). Flement concen-
trations, particularly for Fe and Cu, varied
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roughly as the optical intensity of plumes, with
Brothers plumes having consistently high con-
centrations in all species. To separate the influ-
ence of plume composition from plume
concentration we here compare each plume in
terms of elements ratioed to Ti to identify
hydrothermal enrichments in excess of detrital
trends, as Ti has a negligible hydrothermal input
and a nearly constant concentration in detrital
materials (Feely et al. 1996, 1998). In addition,
we compare the S/Fe ratio of each plume to
identify plumes with sulphur enrichments
beyond those of metal sulphides.

Plumes from every volcano except the shallow
plume at Rumble V were elevated in particulate
Fe relative to the background cast at Rumble IT
(West) (Fig. 12, Table 1). Iron concentrations
were similar to those found in ridge crest
plumes. Values of Fe/Ti in the plumes were
¢. 5-100 times those in local sediments, con-

sistent with a hydrothermal origin for the
plumes. The Rumble ITI plume had the highest
Fe/Ti values sampled, followed closely by the
shallow plumes (<1300 m) originating on the
Brothers’ cone. Plumes in the Healy caldera and
the deep Rumble V plume had much lower
enrichments in particulate Fe, while the shallow
plume from Rumble V had Fe/Ti values indis-
tinguishable from non-plume particles or the
local sediments. Copper, generally indicative of
high-temperature, black-smoker discharge
(Feely et al. 1990, 1996), was significantly
enriched only in the shallow and deep plumes at
Brothers.

Fewer samples were more enriched in S than
in metals. S/Ti values were elevated above back-
ground only in plumes from Rumble III and V,
and in both the deep and shallow plumes from
Brothers. In terms of S/Fe values, the shallow
Rumble V plume showed enrichments 20 times
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higher than any other volcano, thereby explain- enrichments at Rumble V (and Rumble I1I and
ing the observation of an intense optical signalin  Brothers as well) probably result from the
the absence of Fe enrichments. The particulate S oxidation of sulphur gases (H,S and SO,) to
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elemental sulphur (Massoth ef al. 2003). Hydro-
gen sulphide concentrations in the shallow
Rumble V plume far exceeded those of any
other SKA plume, and were also detected at
Rumble III and the shallow Brothers’ plume (de
Ronde ez al. 2001; Massoth ez al. 2003). Fe/Ti,
Cu/Ti and S/Ti values in SKA plumes span the
range of mean values from the ridge crest sites,
except for highly elevated Cu/Ti ratios in plumes
from Brothers and S/Fe ratios from Rumble V.

Spatial frequency of hydrothermal systems

Of the 13 edifices investigated, seven (Clark,
Tangaroa, Rumble V, Rumble III, Rumble IT
West, Healy and Brothers) were confirmed
active by optical or chemical measurements at
the time of the survey, and two more
(Whakatane and Rumble IV) have suspected
activity. As at least 200 submarine volcanoes
may populate the 20 000 km of intra-oceanic and
island arcs in the western Pacific (de Ronde et al.
2003), might arcs supply hydrothermal effluents
at rates comparable to divergent plate bound-
aries? At present, the SKA provides our only
reliable measure of along-arc hydrothermal fre-
quency. With the conservative assumption that
each active edifice represents a single vent field,
active sites occur there at a spatial density of
2.7-3.5 per 100 km (2.7-3.5/100 km) of arc
(depending on the eventual determination of
activity on Whakatane and Rumble IV). For
comparison with divergent boundaries we con-
sider slow- to intermediate-spreading-rate
(0-70 km Ma-! full rate) mid-ocean ridges,
which make up about 80% of the global total by
length. Along these boundaries, magma delivery
appears focused at discrete loci (Lin & Phipps
Morgan 1992), analogous to the construction of
individual volcanoes along arc fronts. Gravity
and bathymetric ‘bull’s-eyes’ occur along the
Mid-Atlantic Ridge at wavelengths of
¢.20-100 km (Lin et al. 1990; Detrick et al. 1995),
a scale similar to the volcano spacing along arcs
(de Ronde et al. 2003). Several studies have
enumerated the location of confirmed or
inferred (from plume observations) vent fields
along sections of the Mid-Atlantic Ridge
(German & Parson 1998), the Southwest Indian
Ridge (German et al. 1998; Bach et al. 2002;
Baker et al. 2002) and the Juan de Fuca Ridge
(Baker & Hammond 1992; Fornari & Embley
1995) (Table 2). These ridge sections host at
least 22 vent sites; a more detailed study may
well discover additional sites. Hydrothermal site
densities thus range from 0.2 to 1.7 sites/100 km
(Table 2), and the mean (+£10) frequency over
2400 km of ridge crest is 1.0+0.6 sites/100 km, or

roughly a factor of 2-3 lower than the SKA site
density range.

Given our imperfect knowledge about the
true distribution of vent fields on both arcs and
mid-ocean ridges, these estimates of hydro-
thermal site density along the SKA and slow- to
intermediate-spreading ridge crests seem
equivalent at about 1-3/100 km. As magma
supply and hydrothermal activity appear lin-
early correlated along mid-ocean ridges (Baker
et al. 1996), should we expect also that a given
magma supply produces comparable hydro-
thermal activity on arcs and ridges? Estimates
of magma delivery, especially for arcs, are
unavoidably approximate, and explorations of
arc hydrothermal activity are only beginning.
Even within these limitations, however, a first-
order comparison between magma delivery and
site density along arcs and ridges seems worth-
while, as the data needed to materially improve
the analysis will require many years to accumu-
late.

The total magma delivery rate at mid-ocean
ridges is the multiplicative product of crustal
thickness (White et al. 2001) and by the full-rate
plate divergence (DeMets et al. 1990). For the
ridge sections mentioned above, this rate ranges
from 36 to 390 km? Ma! ki of axis (Table 2).
We calculate Q,, the total heat carried by this
magma (Table 2), by

O = uchpb(Lmelt + cpAT)

where ug is full-rate plate divergence, H, is
crustal thickness, p, is basalt density
(2800 kg m3), L., is the latent heat of melting,
¢, is the specific heat of basalt (1330 J kg-1°C)
and AT is the temperature change from molten
lava (1200°C) to cooled basalt (350°C). Litera-
ture values for L. range between 367 and
676 J g1 (e.g. Elderfield & Schultz 1996), so we
use an intermediate value of 520 J gl. The
portion of this heat available to power on-axis
(z1 km from the ridge axis) hydrothermal
venting is the neovolcanic zone heat flux (Table
2), given by the crustal thermal model of Chen &
Phipps Morgan (1996) and Chen (2000). We call
the percentage of total available heat that the
model calculates as discharged within the neo-
volcanic zone the ‘magma efficiency’ and use it
to estimate the ‘effective magma delivery rate’
available to drive hydrothermal venting
(Table 2).

Calculating the effective magma delivery rate
in volcanic arcs is more speculative because
magma emplacement is not a spatially continu-
ous process as along ridge crests. A minimum
estimate of magma delivery to the seafloor



Table 2. Comparison of hydrothermal activity and magma delivery at SKA volcanoes to mid-ocean ridges

Plate boundary section Convergence (-) Hydrothermal Total magma Total magma Neovolcanic ~Magma Effective Site
or divergence site density delivery rate heat flux heat flux efficiency magma production
(+) full rate (minimum) (km* Ma~' km~') (MW km™) (MW km!) (%) delivery rate (sites per
(km Ma™!) (sites per (km*Ma~' km™') 100 km? per Ma)
100 km)
Southern Kermadec arc -80 2.7-35 2.5-9.3* 1.4-0.29
8-28f 0.43-0.1
Juan de Fuca Ridge +55 1.7 390 57 18 32 125% 0.014
Mid-Atlantic Ridge (27°-30°N; 36°-38°N) +24 1.1 170 25 7 28 48t 0.022
Southwest Indian Ridge (57°-66"E) +16 1.3 64 9 3 33 21% 0.065
Southwest Indian Ridge (10°-24°E) +9 0.2 36 5 2 40 14¢ 0.017

*Volcano volumes only
fVolcanoes plus magma in upper crust cooled hydrothermally.
#Total magma delivery rate X magma efficiency.
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comes from direct measurement of the volume
of volcano edifices rising above the local
seafloor. Along the SKA, Wright et al. (1996)
calculate a range of 2.5-9.3 km® Ma? km,
similar to the rate of ¢. 5-6 km? Ma km~! deter-
mined for the Mariana arc (Sample & Karig
1982; Bloomer et al. 1989). These are minimum
estimates for the volume of hydrothermally
cooled magma, as they include neither volcani-
clastic material transported off the edifices
themselves, reduction of eruption products to
magma volume equivalents nor arc magma
emplaced in the crust below the base of the vol-
canoes. Sample & Karig (1982), for example,
calculated that the volcaniclastic apron
surrounding the Marianas volcanoes has a
volume roughly equal to the volcanoes them-
selves. Petrological considerations suggest that
the mass of magmatic material within the lower
crust is perhaps one-two times the volume of
each volcano itself (Kay & Kay 1985; Bloomer et
al. 1989). The likelihood of significant magma
storage below the apparent base of a volcano is
supported by recent seismic imaging of the Axial
Volcano on the Juan de Fuca Ridge, where melt
extends at least 6 km below the hydrothermally
active summit caldera (West et al. 2001). Includ-
ing these additional magma volumes might
easily triple the effective magma delivery rate in
the SKA, expanding the estimated range to
8-28 km?® Ma! km. Note that even these rates
are well below recent estimates of 35-95
km? Ma! km! for the total magma supply to
oceanic island arcs (Dimalanta ef al. 2002).

The ratio of hydrothermal site density to
effective magma delivery rate yields a site pro-
duction rate (Table 2). The mean (+106) site pro-
duction on the four sections of ridge crest listed
in Table 2 is 0.03+0.02 sites produced for every
100 km? of ‘effective magma’ supplied per Ma.
The high variability reflects real differences
between these sections of ridge, our uncertainty
about the true number of vent fields and uncer-
tainty in the model calculations of neovolcanic
heat flux. Calculating the same ratio for volcanic
arcs is hindered by the small sample presently
available (the SKA) and a larger imprecision in
the magma supply. At the high end, for perhaps
unrealistically low magma delivery rates, the
ratio is >1. At the low end, for high delivery
rates, the ratio = 0.1, a factor only c. 3 higher than
the mid-ocean ridge ratio. While these estimates
seem to favour the SKA magma being more
efficient at producing hydrothermal sites than a
comparable mid-ocean ridge section, the uncer-
tainties involved are presently too large to gen-
eralize these results to all arcs. For example, a
recent survey of submarine volcanoes along sec-

tions of the New Ireland and Solomon forearcs
found only one hydrothermal site (de Ronde et
al. 2003), so the average arc site production rate
may be smaller than for the SKA. An overesti-
mate of the ridge-crest magma efficiency, or an
underestimate of the site density (not unlikely),
would make the site production rates for ridges
too small.

Vent field frequency, of course, is only a quali-
tative index of relative hydrothermal heat and
mass flux. Making a quantitative comparison
requires flux measurements at individual vent
fields, measurements that are scarce on mid-
ocean ridges and almost non-existent at arc vol-
canoes. Measured heat fluxes from mid-ocean
ridge vent fields range from c. 15 to 5000 MW,
although normalizing the data to vent field size
lowers the variability to c. 40-200 MW km~! of
ridge crest length (Baker et al. 1996). Unfortu-
nately, we cannot make analogous flux estimates
at the SKA volcanoes, as none of the usual
measurements (e.g. seafloor vent/buoyant
plume observations, plume advection, samples
of short-lived isotopes (such as ??Rn)) are avail-
able. We can, however, make minimum esti-
mates using a plume model and observations of
plume rise height, although even these will be
highly uncertain because we know neither the
true depth of the source, the number of vents
that contribute to the plume, nor the chemistry
of the discharged fluids (which also affects
plume rise). The source heat flux, H,, is related
to the maximum rise height, z*, of a turbulent,
axially symmetric plume rising through a lin-
early stratified, motionless environment by the
expression

H;=1.6 X 10°3(z*)*N°pc,n/og

where N is the buoyancy frequency of the
ambient water through which the plume rises,
p is the background sea-water density (= 1027
kg m=), ¢, is the specific heat of the dilute plume
fluid (= 3915 ¥ kg1°C1), o is the coefficient of
thermal expansion of the fluid (= 1.3 X
10 °C1), and g is the gravitational constant
(Morton et al. 1956, Turner 1973; Turner &
Campbell 1987). (We assume a motionless
environment in the absence of current measure-
ments.) The volcanoes most amenable to this
simple model were Rumble 111 and V, with cone-
like summits and clearly defined plumes.
Summit bathymetry at Tangaroa is rugged and
the depths of the vent sources are highly specu-
lative. Rumble III had a single plume layer with
z* =40 m (assuming a vent source at the summit)
and N = 4.4 X 1073 Hz, yielding H; = 3 MW.
Rumble V had multiple layers, but the strongest
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plume horizon was between 380 and 450 m. For
this layer, z* =70 m and N = 3.7 X 103 Hz, so H,
=19 MW. Both these flux estimates, equivalent
to a few black-smoker-type vents (Bemis et al.
1993), are low compared to many mid-ocean
ridge fields. However, at both sites the plume
profiles suggest multiple sources, so these
minimum fluxes could be a few times larger.
More significantly, note that as H; « (z*)*, any
underestimation of the rise height results in a
considerably larger underestimate of H. If z* in
each case were just 50% higher, then Hy = 17
MW for Rumble III and 98 MW for Rumble V.

The most vigorous systems, at Healy and
Brothers, are too complicated to model in this
simple way. Some insight into their heat flux can
be realized by comparing them to Vailulu’u, an
intraplate volcano with a power output of ¢. 600
MW from hydrothermal discharge in its caldera
(Hart er al. 2000, 2003). A qualitative com-
parison of the extent of plumes at each of
these calderas suggests that the hydrothermal
activity at Vailulu'u may be intermediate
between Healy and Brothers. Given these
largely qualitative estimates, the most we can
say is that the variability of hydrothermal heat
flux from the SKA volcano vent fields seems
similar to that observed among mid-ocean ridge
vent fields.

Summary

This first comprehensive survey of hydrothermal
activity on island arc volcanoes found at least
seven, and perhaps nine, of 13 volcanoes venting
hydrothermal plumes into the surrounding
water column. Particles suspended in plumes
from Tangaroa, Rumble V, Rumble I1I, Healy
and Brothers showed clear enrichments in Fe, S
and Cu relative to background particles and
regional sediment chemistry. The spatial density
of hydrothermal sites along the SKA is
2.77-3.5/100 km of arc length, a factor of 2-3
higher than along four representative sections of
slow- and intermediate-spreading mid-ocean
ridges. Given the small length of arc studied here
(260 km), this difference may not be significant.
Normalizing the site density to the rate of
magma supply in each environment finds an
effective mean production of c. 0.03 + 0.02 sites
per 100 km?3 of magma per Ma on the ridge sec-
tions, and values ranging from 0.1 to 1.4 sites per
100 km3 of magma per Ma for the SKA. The
smaller SKA values reflect more reasonable
magma supply rates, but the large uncertainty in
the true, hydrothermally productive, magma
delivery rate and the small sample size of the
SKA (c. 1% of western Pacific arc length) makes

E.T.BAKER ET AL.

any generalizations speculative. Until more arcs
are surveyed and their magma delivery rates
better quantified, it should be assumed that
magma delivery is equally effective at producing
hydrothermal activity on either island arc vol-
canoes or slow- and intermediate-spreading
ridge crests. This conclusion is consistent with
previous studies that find a linear correlation
between hydrothermal activity and the magma
budget on all mid-ocean ridges.

If a larger sampling of arc sections finds
hydrothermal activity even half as common as
on the SKA, then the hydrothermal output of
volcanoes along the 20 000 km of convergent
plate boundary in the western Pacific may be
revealed as a heretofore unappreciated, but
significant, component of the global hydro-
thermal budget.
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Geodynamic setting of Izu-Bonin-Mariana boninites
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Abstract: The Izu-Bonin-Mariana (IBM) forearc is characterized by the occurrence of
boninite-like lavas. The study of the Cenozoic setting of the genesis of these boninitic lavas
in light of modern geodynamic contexts in the Tonga and Fiji regions lead us to define three
tectonic settings that favour the formation of boninites in back-arc basins in addition to
previous settings that involve the presence of a mantle plume: (1) propagation at low angle
between a spreading centre and the associated volcanic arc; (2) intersection at a high angle
of an active spreading centre and a transform fault at the termination of an active volcanic
arc; and (3) intersection at a right angle between an active spreading centre and a newly
created subduction zone. A geodynamic model of the Philippine Sea Plate shows that
boninites in the Bonin Islands are related to the second mechanism mentioned above,
whereas Mariana forearc boninites are relevant to the third mechanism. In the early
Eocene, the transform plate boundary bounding the eastern margin of the Philippine Sea
Plate at the location of the present-day Mariana arc evolved into a subduction zone that
trends perpendicular to the active spreading centre of the West Philippine Basin, some-
where around 43-47 Ma. The presence of a mantle plume in the vicinity of the subduction
zone bounding the northern IBM arc explains boninites that erupted in its northern part,

but only in early Eocene time.

Boninitic magmatism represents a distinctive
style of subduction-related magmatism, which is
interpreted to result from the melting of strongly
depleted mantle that is variably metasomatized
by slab-derived fluids or melts (Crawford et al.
1989; Pearce et al. 1992). Boninites are therefore
a rare subduction-related magma type as they
are the most H,O rich, and require the most
refractory sources, compared with normal island
arc suites. These primitive arc rocks have dis-
tinctive geochemical characteristics, such as high
magnesium, compatible element contents (Ni,
Cr, Co) and Al,O4/TiO, ratios, low TiO,, inter-
mediate (andesitic) SiO, content (>53 wt%),
U-shaped rare carth element (REE) patterns,
extreme high-field-strength (HFSE) element
depletions, and often, but not always, Zr and Hf
enrichments relative to middle REE (Crawford
et al. 1989; Pearce et al. 1992). Boninites are
characterized by the absence of plagioclase
phenocrysts, and by the presence of very mag-
nesian olivine phenocrysts (Crawford et al. 1989).

The genesis of boninites requires unique
thermal and petrological conditions: a depleted
mantle peridotite, a source of (C-O-H) volatiles
and an abnormally high geothermal gradient at
relatively shallow levels in the mantle wedge.
Based on experimental studies, it is now widely

accepted that boninite petrogenesis requires
temperatures of 1200-1350°C, even c. 1480°C
according to Falloon & Danyushevsky (2000),
and pressures below 10 kbars that are attained at
about 25 km in depth (Crawford et al. 1989;
Pearce et al. 1992; Hawkins 1994). Such temper-
atures are several hundred degrees higher than
those postulated in geophysical models for the
thermal structure of the mantle wedge under the
modern forearc regions (Crawford et al. 1989).
Boninite generation requires, therefore, a
mechanism capable of raising the ambient tem-
peratures in the shallow mantle wedge by up to
500°C.

Concerning the degree of depletion of the
boninite source peridotites, its variations are
reflected by a wide range of CaO/Al,O3 values
(0.4-0.85, Crawford et al. 1989) in primitive
boninites. On the basis of the CaO/Al,O; ratio,
boninites have therefore been divided into two
groups: low-Ca and high-Ca boninites with a
boundary set at CaO/Al,0;3 c. 0.75 (Crawford er
al. 1989). Low-Ca boninites are interpreted as
being produced from relatively more depleted
sources than high-Ca boninites. Variations in
Ca0/Al,05 values and TiO, content recorded in
several boninite suites (e.g. Howqua, Australia:
Crawford & Cameron 1985; Izu-Bonin forearc:
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Umino 1986; Pearce et al. 1992; Taylor &
Mitchell 1992; Taylor et al. 1994) have been
explained as the result of progressive source
depletion during boninite magma genesis. The
nature of depleted mantle sources involved in
boninite petrogenesis is a subject of debate.
Most workers propose a depleted mantle wedge,
residual from prior extraction of mid-ocean
ridge basalts (MORB) (Crawford et al. 1989).
However, it is also suggested that at least some
high-Ca boninites could originate from a refrac-
tory ocean island basalt (OIB) mantle source
(Sharaskin et al. 1983a, b; Falloon & Crawford
1991; Macpherson & Hall 2001). A possible
involvement of OIB-related melts as enriching
components in boninite petrogenesis has been
proposed in several studies (Hickey & Frey
1982; Rogers et al. 1989; Falloon & Crawford
1991; Stern et al. 1991; Kostopoulos & Murton
1992). However, many authors suggest that the
source of boninite enrichment is the result of the
metasomatism of the subforearc mantle by
hydrous fluids or melts derived from the sub-
ducting Pacific Plate (Bougault et al. 1981;
Sharaskin 1981; Wood et al. 1981; Hickey & Frey
1982; Murton et al. 1992).

Boninites or boninite-like lavas occurrences
have been reported in a variety of settings,
including modern forearc regions of intra-
oceanic island arcs (Falloon & Crawford 1991;
Pearce et al. 1992), back-arc basins (Kamenetsky
et al. 1997), Phanerozoic and Proterozoic supra-
subduction zone ophiolites (Rogers et al. 1989;
Ballantyne 1991; Meffre et al. 1996; Bédard et al.
1998; Eissen et al. 1998; Bédard 1999; Wyman
1999), Achaean greenstone belts (Kerrich ef al.
1998) and in continental or epicontinental
settings (Rogers & Saunders 1989; Piercey
et al. 2001). The best studied locations of
Cenozoic-recent boninite lavas are the
Izu-Bonin-Mariana forearc (Fig. 1) (Crawford
et al. 1981, 1989; Umino 1985, 1986; Tatsumi &
Maruyama 1989; Stern ef al. 1991; Pearce et al.
1992; Stern & Bloomer 1992; Taylor et al. 1994;
Hawkins & Castillo 1998; Hickey-Vargas 1989),
the North Tonga Ridge (Fig. 2b) (Falloon et al.
1989; Falloon & Crawford 1991; Sobolev &
Danyushevsky 1994; Danyushevsky et al. 1995},
the southern termination of the New Hebrides
island arc (Fig. 2¢) (Monzier et al. 1993), the Valu
Fa Ridge in Lau Basin (Fig. 2b) (Kamenetsky et
al. 1997) and the Setouchi volcanic belt of Japan
(Tatsumi & Maruyama 1989; Tatsumi ez al. 2001).

A variety of models for the genesis of
boninites have been proposed, such as arc
infancy and catastrophic melting (Pearce et