Chapter 4

The Seismic Structure of Island Arc Crust

A.J. Calvert

4.1 Introduction

Intraoceanic island arcs are considered to have been
important building blocks in the formation of Earth’s
continental crust, with some of the oldest preserved
crust created through amalgamation of island arcs and
oceanic plateaux in the Middle to Late Archean, for
example the Archean Superior Province of Canada
(Hoffman 1989; Card 1990). Since the collision of
island arcs with continental crust is presently occur-
ring in locations such as Timor, Taiwan and northeast-
ern South America, the addition of island arcs to
existing continents is likely to have been a major
contributor to continental growth throughout much of
Earth’s history. Studies of inferred arc terranes within
continental regions can reveal much about the tectonic
processes that incorporated arc crust into the conti-
nents, as well as some aspects of the original island arc
crust, such as its age of formation; however, the lack of
preservation of ancient, pre-collisional island arcs
implies that we must look to modern islands arcs to
understand many fundamental aspects of the island
arc crust that became involved in past arc—continent
collisions.

Modern ocean island arcs (Leat and Larter 2003)
(Fig. 4.1 in Chap. 2) occur where one oceanic plate
subducts beneath another whose stress state ranges
from clearly extensional, such as the Tonga arc where
back-arc spreading occurs, to neutral or mildly com-
pressional such as the Aleutian arc (Jarrard 1986).
Upper plates that are subject to a higher degree of
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compression are predominantly continental, though
the Solomon arc, which is in collision with the Ontong
Java plateau is an exception to this rule (Miura et al.
2004). In addition, some island arcs such as Japan have
been built on, or contain some component of, remnant
continental crust, and as such they cannot be consid-
ered pure island arc systems. In this paper, I will contrast
the crustal structure of non-extended and extended
island arc systems, including in the latter the inactive
remnant arcs that are generated by arc rifting and
separated from the active arc by back-arc spreading.
Given the same magmatic input, an arc that is subject
to one or more episodes of back-arc rifting will contain
thinner crust than an arc that has not been so affected.
This variation in the thickness of present-day island
arc crust is one observation that will be emphasised
due to its influence on the process of arc—continent
collision and the resultant preservation of arc crust.

4.2 Island Arc Regimes

Metamorphic dehydration reactions within the sub-
ducted oceanic lithosphere release water into the over-
lying mantle wedge, generating melts that rise to
form arc volcanoes, which define the location of the
magmatic axis of the active arc (Stern 2002). The
magmatic arc massif, whose abrupt seaward limit
defines the magmatic front, averages approximately
100 km in width over all subduction zones (d’Ars
et al. 1995), and is largely below sea-level in island
arc settings. Volcanism can extend into the back-
arc region, resulting in a less well-defined transition
from arc to back-arc. The forearc lies between the
magmatic front and the trench, and in the case of
accretionary convergent margins will grow through
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Fig. 4.1 Comparison of velocity models across the Mariana
island arc. (a) Vertical section extracted from a 3D model
derived using first arrival tomography. The 3D velocity model
indicates that crustal velocities extend to greater depth beneath
the frontal arc than the modern arc. (b) 2D velocity model
obtained using first arrivals and wide-angle reflections from

the addition of sediment, and perhaps igneous crust,
scraped from the subducting plate to form an accre-
tionary prism. In non-accretionary, and perhaps even
accretionary settings, subduction erosion may remove
material from the seaward edge of the forearc by

laterally continuous interfaces. The Moho and the base of the
middle crust identified using wide-angle reflections (Takahashi
et al. 2007) are shown by the continuous heavy black lines, and
also indicated in (a) by dashed lines; the velocity contrasts
across these interfaces are also shown. Vertical exaggeration
is 4:1.

slumping into the trench or from the base of the fore-
arc crust (Von Huene and Scholl 1991). The width of
the forearc averages 160 km (Gill 1981).

When the upper plate of an island arc system is
under tension, back-arc basins form through the rifting
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of the arc massif (Karig 1970), with the initial rift
usually occurring within 50 km of the volcanic arc
(Taylor and Karner 1983), which weakens the litho-
sphere due to its high heat flow and the presence of
melt in a locally thickened crustal section (Molnar and
Atwater 1978; Kuzsnir and Park 1987). Although arc
rifting primarily occurs on the back-arc side of the arc,
it can also be centered on the arc, or even in the
forearc, resulting in the latter case in the two magma
sources, associated with subducting slab and upwell-
ing asthenosphere, migrating past one another as back-
arc spreading develops (Martinez and Taylor 2006).
When rifting occurs on the back-arc side of the arc
massif, the remnant arc separates from the still unified
magmatic arc and forearc through back-arc spreading.
In this situation, the remnant arc will be quite narrow,
and may not include any of the original volcanic
edifices, e.g. the Kyushu-Palau Ridge (Kobayashi
et al. 1995; Nishizawa et al. 2007). When rifting is
centered on the arc volcanoes, as occurred in the
Mariana arc, arc volcanism is greatly attenuated by
the interaction between the different magmatic
sources, but the arc will reestablish itself at the appro-
priate location above the slab as the back-arc spread-
ing centres migrate away (Hussong and Uyeda 1981).
If rifting occurs in the forearc, then the remnant arc
will be uncommonly wide as seems to be the case with
the Lau Ridge west of the Tonga-Kermadec subduc-
tion zone, and the active magmatic arc must shut down
and reestablish itself closer to the trench as the back-
arc basin opens (Martinez and Taylor 2006). Thus
remnant arcs, which are typically identified by their
associated seafloor ridges, can vary significantly in
width and crustal thickness depending on the rifting
process that created them.

Over the last 50 years, island arcs have been subject
to a broad range of geoscientific studies, with recent
emphasis on geochemical cycling through the subduc-
tion system and the magmatic evolution of the arc. One
specific focus of interest has been the estimation of the
volume of andesitic crust within the arc, because such
crust has a similar composition to continental crust,
and the widespread existence of such crust within
island arcs would imply that arcs can indeed be the
building blocks of continental crust. Although tonalitic
rocks have been exhumed, for example, in the Tanzawa
collision zone in Japan (Nitsuma 1989; Kawate and
Arima 1998), seismic refraction surveys are required to
constrain the subsurface distribution of such rocks in
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modern arcs from the inferred seismic velocities. In
addition, seismic surveys can constrain the thickness of
arc crust, and the vertical extent of the crust-mantle
transition. In terms of arc—continent collision, crustal
thickness and composition, which is closely related to
density, are two key characteristics of arc crust that
help determine the evolution of the process.

4.3 Seismic Studies of Arc Crust

Seismic refraction surveys of island arcs date back at
least 40 years, and the early results, which include the
Aleutian (Grow 1973), Kurile (Gorshkov 1970), Izu-
Bonin-Mariana (Murauchi et al. 1968), New Britain
(Wiebenga 1973) and Tonga-Kermadec (Shor et al.
1971) arcs are summarized by Gill (1981). These
surveys indicated a 6-9 km thick upper crustal layer
with P wave velocities of 5.0-5.7 km s~ ' overlying a
10-15 km thick lower crust with velocities of
6.5-7.0 km s~ !. The P wave velocities of the deepest,
underlying layer varied from 7.5-8.2 km s, raising
some uncertainty about whether values less than
7.8 km s~ ' in fact represented lowermost arc crust or
uppermost mantle. As an alternative to a sharp crust—
mantle transition, Jacob and Hamada (1972) used sur-
face wave data from earthquakes to postulate the
existence of a crust-mantle transition zone between
20 and 40 km depth beneath the Aleutian arc, and this
issue remains relevant today. These early seismic
refraction results demonstrated the first order charac-
teristics of much arc crust, namely a 15-25 km thick
crust and the absence of a thick, laterally continuous
layer with velocities of approximately 6.1 km s, as
commonly found in continental interiors (Christensen
and Mooney 1995).

Seismic surveying and data analysis techniques
have evolved significantly over the last two decades,
and densely sampled 2D profiles and 3D areal surveys
can now constrain well 20 km wide lateral velocity
variations in middle and lower arc crust, e.g. Takahashi
et al. (2007) and Calvert et al. (2008). With this degree
of resolution, modern seismic surveys have reached
the point where lateral velocity variation (a proxy for
compositional variation) in the middle crust can be
correlated with geochemical variations in surface vol-
canoes (Kodaira et al. 2007a). This paper reviews the
seismic structure of two island arcs that represent end
members of the present-day spectrum of island arc
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systems, because they have been recently studied
using modern seismic techniques:

1. Aleutian arc: initiated in the Eocene and not signif-
icantly affected by extension and arc rifting

2. Izu-Bonin-Mariana arc-back-arc system: initiated
in the Eocene and variably affected by localised
extension plus two episodes of arc rifting and back-
arc spreading, which have produced two remnant
arcs now separated from the modern magmatic arc

These seismic surveys reveal the degree of along-
strike variability of both active and remnant arcs, both
of which can eventually become involved in arc—
continent collision. The seismic structure of the south-
ern part of the Lesser Antilles arc is also presented to
demonstrate the effect of late sedimentary input as an
arc approaches and collides with a continent.

In addition, the average variation of seismic P wave
velocity with depth is derived for several recently
surveyed island arcs. These individual velocity func-
tions and a global average for all island arcs are
contrasted with the average velocity variation of con-
tinental crust.

4.3.1 Seismic Methodologies and Model
Comparisons

The seismic velocity models included in this paper
come from different seismic refraction surveys, and
more importantly, have been analysed using different
techniques. Therefore, a general understanding of
these methods will help to explain the different char-
acteristics of the velocity models presented, and facil-
itate comparisons between them. Seismic surveys of
island arcs are predominantly marine with land record-
ing on the islands. Recent field surveys have com-
prised closely spaced (50-250 m) airgun shots
recorded by sparsely distributed receivers usually
spaced at larger intervals of 5-30 km along an approx-
imately linear profile. All velocity models shown here
have essentially been derived from the arrival times of
two types of seismic wave: diving (refracted) arrivals
that turn in the subsurface as they propagate directly
from source to receiver and arrivals reflected upward
at wide-angle from relatively sharp, flat to shallowly
dipping boundaries in the crust.
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Diving waves are relatively easy to identify in field
data, at least at shorter source-receiver offsets
(<50-100 km), because they are mostly first arrivals.
P wave velocity models can be derived by tomo-
graphic inversion of first arrival travel times alone,
and although there are a variety of approaches, those
methods frequently used in crustal seismology pro-
duce velocity models that vary smoothly both in
depth and laterally; the sharp changes in velocity that
occur at the top of the igneous crust or at the Moho
tend to be smoothed out.

The additional inclusion of wide-angle reflections
can improve the resolution of velocity models,
because the existence of a reflection requires a rela-
tively sharp change in seismic velocity. This informa-
tion can be incorporated into the velocity model by
including laterally continuous interfaces across which
the seismic properties suddenly change. In many cru-
stal velocity models, these interfaces are continuous
for 100 km or more, producing characteristically lay-
ered models. Figure 4.1 contrasts the greater lateral
variability of a velocity model derived by first arrival
tomography (Zelt and Barton 1998) with a layered
model, in which wide-angle reflections have been
included (Zelt and Smith 1992). Since wide-angle
reflections are secondary arrivals, their identification
can be influenced by various types of noise and the
sparse distribution of the recording instruments. Thus
the reflection points of the identified wide-angle
reflections do not usually extend over the full length
of the interfaces included in most velocity models.
Essentially, improved vertical resolution in the model
is obtained at the cost of including parts of an interface
from which no reflections have been identified, raising
the possibility that this section of the interface may not
exist; the constraint of an interface can, however, be
assessed from the distribution of reflecting points
along the boundary. An alternate approach to deter-
mining where interfaces should be introduced into the
velocity model is to locate, or “migrate”, reflection
arrival time picks in the distance-depth domain of the
model using velocities derived only from a tomo-
graphic inversion of first arrivals (Ito et al. 2005;
Fujie et al. 2006). The envelope of these migrated
picks indicates the position and degree of lateral con-
tinuity of subsurface reflectors.

In the following examples of seismic velocity mod-
els, only the first order characteristics of the models
that would likely be well-constrained by any travel
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time inversion approach are discussed. A general
description of the constraint of the velocity models is
presented, but the reader is referred to the original
publications for full details of ray coverage, model
assessment procedures and checkerboard tests.

4.4 Aleutian Arc
4.4.1 Tectonic History

The present-day Aleutian arc, which developed in
the Eocene, extends 3,000 km from the Kamchatka
peninsula in the west to the Gulf of Alaska in the east
(Fig. 4.2). Unimak Pass at the southwestern end of the
Alaska Peninsula marks the eastward transition from
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subduction of the Pacific Plate beneath oceanic litho-
sphere attached to the North America plate to subduc-
tion beneath accreted terranes and continental crust.
Along the oceanic part of the subduction zone, con-
vergence varies from 6.3 cm yr~' to the NNW in the
east to 7.4 cm yr ' towards the NW in the west
(DeMets and Dixon 1999). Due to the arcuate geome-
try of the trench, the relative velocity vector changes
from almost trench-normal in the Gulf of Alaska to
almost trench-parallel in the west.

At approximately 60 Ma, the Kula plate was sub-
ducting beneath the Beringian and southwestern Alas-
kan margins, which both included the Peninsula and
Chugach terranes, corresponding respectively to the
arc and forearc of the accreted Jurassic Talkeetna arc
complex (Plafker et al. 1994). Between 56 and 42 Ma, a
series of southward and westward jumps in the location
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Fig. 4.2 Bathymetry of the Aleutian arc showing the location of
the three lines acquired as part of the 1994 survey. Long dashed
black lines indicate the segmentation and block rotation along
the arc (Geist et al. 1988). The transition from an oceanic to a
continental style of subduction occurs near Unimak Pass, and the
blue dashed line shows the inferred location of the Beringian

margin (Lizarralde et al. 2002). Short black dashed lines on the
Pacific plate show the location of fracture zones. The conver-
gence rate and direction at the trench is indicated by the arrows.
Seafloor depth scale is the same as in Fig. 4.1 of Gerya in
Chap. 2.
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of subduction trapped a large remnant of the Kula plate
against the North American plate, transforming the
Beringian margin into a passive margin, and creating
to the south an intraoceanic subduction zone where the
Pacific plate now subducts beneath oceanic lithosphere
of the former Kula plate (Scholl et al. 1992; Plafker and
Berg 1994). Lizarralde et al. (2002) used seismic
and potential field data to infer that the southward
limit of the former Beringian margin lies just north of
the Alaskan peninsula near Unimak Pass (blue dashed
line in Fig. 4.2). In the oceanic section of the subduc-
tion zone, the full width of the arc massif is segmented
along strike into blocks that have been subject to clock-
wise rotation (Geist et al. 1988).

4.4.2 Seismic Survey

Three wide-angle seismic profiles were shot over the
Aleutian island arc (Fig. 4.2) by the R/V Ewing in 1994
using an airgun array with a total volume of 8,400 in*:

» Line Al was located across the oceanic part of the
arc and employed 14 ocean-bottom seismometers
(OBS) spaced every 20 km over the arc massif
(Holbrook et al. 1999)

» Line A2 was more sparsely recorded along the
inner forearc by effectively ten land stations and
two OBS that were spaced 20-120 km apart and
offset 2060 km from the airgun line (Fliedner
and Klemperer 1999)

» Line A3 was acquired across the arc at Unimak Pass
using 16 OBS spaced 15-30 km apart (Lizarralde
et al. 2002)

Although line A3 is approximately located at the
along-strike transition from the oceanic to the conti-
nental arc, the interpretation of the former Beringian
margin close to the northern end of this line implies
that most of line A3 is located over arc crust with an
oceanic affinity (Lizarralde et al. 2002).

4.4.3 Seismic Velocity Models

4.4.3.1 Cross-Arc Lines

On lines Al and A3, diving rays, intracrustal reflec-
tions, and PmP reflections from the arc Moho plus a
few reflections from the top and occasionally bottom
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of the subducting oceanic crust were identified in the
wide-angle seismic data. P wave velocity models for
lines A1 (Holbrook et al. 1999) and A3 (Lizarralde
et al. 2002) were both derived by 2D travel time
inversion of the wide-angle data with some additional
travel times from normal incidence data using the
methodology of Zelt and Smith (1992). In both mod-
els, the arc crust is divided into five layers, with three
layers corresponding to the upper crust, separated by
laterally continuous interfaces across which velocity
discontinuities are present (Fig. 4.3). The crust is
25-32 km thick below the arc massif, but thins across
the forearc to 12—-15 km where the mantle wedge
terminates towards the trench. On line A3, the upper
and middle crust are generally well-constrained by
both diving rays and wide-angle reflection raypaths.
The arc Moho is located by PmP reflections under the
arc massif, but the depth of the Moho is only inferred
below the forearc. The position of the subducting
oceanic crust is constrained by both normal incidence
and wide-angle reflections south of the trench. Under
the arc massif the subducting oceanic crust has been
inserted into the model to be consistent with a small
number of reflections and the Wadati-Benioff seismic-
ity; below 20 km depth, the subducting crust is proba-
bly not well-located by the wide-angle survey alone.

The crustal architecture of the arc massif inferred
for lines Al and A3 is generally similar. Beneath a
layer of volcaniclastic sediments of variable thickness,
the upper igneous arc crust exhibits P wave velocities
of 4.0-5.9 km s~ !, and the middle crustal layers have
velocities of 6.5-6.9 km s™'. The thickening of the
mid-crustal layer on line A3 just seaward of the volca-
nic line may be linked to imbrication in the more
complex tectonic environment at the tip of the Alaskan
peninsula. The 12-20 km thick lower crust has velo-
cities of 6.9-7.5 km s~ '; this lower layer thins under
the forearc where it exhibits the highest velocities:
7.2 km s~ ' on line Al and 7.5 km s~ ' on line A3.
Neither line across the arc provides evidence for a
significant volume of arc crust with velocities of
6.0-6.5km s .

4.4.3.2 Along-Strike Variation

Velocity models derived from seismic profiles acqui-
red across an island arc may not always be representa-
tive of the arc along its full length due to the locations
selected, and lines along the strike of the arc, such as
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Fig. 4.3 Seismic velocity models across the Aleutian arc. (a)
Western line Al across the oceanic part of the arc (Holbrook
et al. 1999); (b) Eastern line A3 in the region where the Aleutian
arc changes from oceanic to continental (Lizarralde et al. 2002).
The two velocity models are aligned at the location of the
trench. The former Beringian margin, which may have been

line A2, can identify anomalous regions that would not
otherwise be detected. Due to the offset by 20-60 km
of land receivers from the line of airgun shots, the
travel times of diving rays and wide-angle reflections
picked along line A2 were initially inverted by
Fliedner and Klemperer (1999) using a 3D methodol-
ogy (Hole 1992; Hole and Zelt 1995). However, the
sparse distribution of the sources and receivers is more

largely strike-slip late in its history, is shown by the dashed
black line towards the NNW end of line A3. The upper plate
crust to the south probably comprises relict Kula oceanic crust
and overlying accretionary complex. The bar above line A3
marks the section of the line that was deviated around Unimak
island. Vertical exaggeration is 4:1.

amenable to a 2.5-D inversion approach, in which ray-
tracing is carried out in three dimensions, but the
velocity structure is not allowed to vary perpendicular
to the arc (van Avendonk et al. 2004). Using a tomo-
graphic velocity model from first arrivals recorded by
a 4.2 km towed hydrophone streamer in the simulta-
neous normal incidence survey to fix the shallow
structure, a velocity model was derived for 800 km
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Fig. 4.4 Seismic velocity models along the Aleutian and Izu-
Bonin arcs. (a) Line A2 is located over the inner forearc (Shil-
lington et al. 2004); (b) Combined velocity models along the

along the strike of the arc (Fig. 4.4a) including the
intersections with lines Al and A3 (Shillington et al.
2004). In this model, the interfaces required to repro-
duce the arrival times of wide-angle reflections define
three layers corresponding to the igneous arc crust,
which is approximately 35 km thick. The upper crust
is characterized by relatively high P wave velocities of
6.0-6.5 km s_l; velocities are 6.5-7.3 km s~ ! in the
mid-crustal layer, and 7.3-7.7 km s~ ' in the lower
crustal layer.

Some differences in the crustal thickness and model
velocities at the intersections of line A2 with the orthog-
onal profiles, Al and A3, can be observed; for example,
the crust is approximately 27 and 30 km thick on lines
Al and A3 respectively versus 35 km on the strike line
A2 at the corresponding locations. Line A2 exhibits
higher velocities throughout the crust than either line
A1l or A3 at the same depth. This is most evident in the
upper crust at a depth of ~5 km where there is a discrep-
ancy of ~0.9 km s~ ', which diminishes to <0.2 km s~
near the base of the crust. The discrepancy in the shallow
velocities is attributable to the additional incorporation
into line A2 of well-constrained velocities inferred from
refractions recorded by the towed hydrophone streamer.
Differences in deeper velocities may be attributable to
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modern volcanic line of the Izu and Bonin arcs (Kodaira et al.
2007b). Velocities are displayed with the same scale as Fig. 4.3.
Vertical exaggeration is 4:1.

an easier identification of wide-angle reflections on line
A2 where the seafloor varies little; however, the sparse
receiver distribution along line A2 introduces some
uncertainty in the continuity of interfaces along strike.
The intersections with lines A1 and A3 also occur near
the ends of line A2 where only unreversed phases are
present and the ray density is low (Shillington et al.
2004). In addition, the 3D structure of the arc, which
cannot be resolved in this sparse survey, represents an
additional source of uncertainty.

4.5 |zu-Bonin-Mariana Arc-Back-Arc
System

4.5.1 Tectonic History

The Izu-Bonin(Ogasawara)-Mariana (IBM) subduc-
tion zone, along which Late Cretaceous to Early Juras-
sic ocean crust of the Pacific plate descends beneath the
Philippine Sea plate, extends 2,800 km from Guam in
the south to Japan in the north (Fig. 4.5), where the
northern end of the volcanic arc is colliding with
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Fig. 4.5 Bathymetry of Izu-Bonin-Mariana arc-back-arc sys-
tem with the location of seismic lines. The seismic lines are
identified by their figure numbers within the chapter. The
dashed black rectangle indicates the location of the 3D survey
of Calvert et al. (2008). The convergence of the Pacific plate at

the main Japanese island of Honshu (Stern et al. 2003).
The convergence between these two plates varies
between 2.4 cm yr ' to the NW at 12°N to 6.1 cm yr "
to the WNW at 34°N (Seno et al. 1993). A well-devel-
oped back-arc spreading centre exists west of the
Mariana segment of the subduction zone, and estimates
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the trench is indicated by the arrows. OR Ogasawara Ridge; OT
Ogasawara Trough; OP Ogasawara Plateau; NT Nishinoshima
Trough; TPC Tanzawa plutonic complex. Seafloor depth scale is
the same as in Fig. 4.2.

of the full spreading rate vary between 3.0 and
43 cm yr ' (Bibee et al. 1980; Hussong and Uyeda
1981), implying that the convergence rate across the
Mariana Trench is approximately 67 cm yr~'. The
strongly arcuate geometry of the Mariana segment
of the subduction zone, which has arisen as a result of
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back-arc spreading, implies oblique convergence along
most of the trench with orthogonal convergence occur-
ring only in the southern part of the Mariana arc
system.

The IBM subduction zone was initiated in the Early
Eocene (~50 Ma) (Fig. 4.6) (Taylor 1992; Stern and
Bloomer 1992; Ishizuka et al. 2006), perhaps by the
transformation to a trench of a fracture zone or weak
line in the Pacific plate as a result of a change in the
plate tectonic regime (Uyeda and Kanamori 1979).
Early arc magmatism was characterized by boninitic
magmas and very rapid crustal production rates until
the modern-style island arc became established by the
Late Eocene (~35 Ma) (Stern and Bloomer 1992).
Early localised extension and partial rifting of the
Bonin arc during the Eocene separated the Ogasawara
ridge, which now forms part of the forearc (Ishizuka
et al. 2006). In the Oligocene, rifting of the early arc

a
Subduction Initiation (50-40 Ma)

b
1st Unrifted Arc (40-29 Ma)

Cc
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began in the south at ~29 Ma and in north at ~25 Ma,
and had developed along the entire IBM arc by 22 Ma
(Taylor 1992, Kobayashi et al. 1995). Back-arc sprea-
ding along most of the IBM system up to 15 Ma
created the Shikoku basin in the north and the Parece
Vela basin in the south, which separated the remnant
Kyushu-Palau ridge in the west from the still active
IBM arc in the east (Hussong and Uyeda 1981;
Kobayashi et al. 1995, Okino et al. 1999). The Mari-
ana segment of the arc was subject to another rifting
episode at ~8 Ma, with seafloor spreading commenc-
ing at 34 Ma (Bibee et al. 1980; Crawford et al.
1981). Back-arc spreading in the Mariana Trough con-
tinues, separating the West Mariana Ridge from the
presently active Mariana arc that formed 3—4 Ma ago
~40 km west of the remnant Eocene arc (Fryer 1995;
Stern et al. 2003). After 5 Ma, the rear side of the
Izu-Bonin arc was also affected a by second episode of
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& boninites

Eocene Lithosphere Jurassic Lithosphere
Lithospheric
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Failed Rifting in
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Fig. 4.6 Cartoon showing a simplified history of the Izu-
Bonin-Mariana arc-back-arc system (after Stern et al. 2003).
Red regions are currently or recently magmatically active;

green areas represent inactive rifted arc crust. OR Ogasawara
ridge, KPR Kyushu-Palau ride, WMR West Mariana ridge.
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rifting, which created rift basins that have not yet
developed into spreading centres (Taylor 1992).

The distance of the Mariana arc from continental
areas has restricted the sedimentary input to the sub-
duction zone to pelagic and volcaniclastic sediments.
No significant accretionary wedge has developed
because most of the incoming sediment is subducted
and the forearc is also subject to erosion (Clift and
Vannucchi 2004).

4.5.2 Seismic Surveys

More seismic surveys have been acquired over the
IBM arc-back-arc system than any other island arc
on Earth. Consequently it is possible to contrast seis-
mic velocity models across the arc representing differ-
ent evolutionary histories, and to constrain them with
strike lines where available.

The Izu arc lies at the northern end of the IBM arc-
back-arc system, and although affected by Oligocene
arc rifting early in its history, the seafloor is shallower
than 2,000 m over a width of more than 150 km, in
contrast to the more southerly elements of the IBM
arc. A seismic survey of the Izu arc was acquired
in 1992, and this survey is historically important,
because of the first inference of a laterally extensive
mid-crustal layer with a P wave velocity of 6.1-6.3
km s~ ', which was interpreted to be granitic (Suyehiro
et al. 1996). The wide-angle line across the Izu arc
(Fig. 4.5) was recorded using 26 OBS spaced every
15-30 km, and shot using a 3-airgun 2,258 in’ source,
supplemented by 71 dynamite shots spaced every
2.5 km (Takahashi et al. 1998).

Further south, the Bonin arc has been subject to a
more complex history of rifting than the Izu arc, and
the seismic line across the arc, which was acquired in
2005, crosses the Eocene Ogasawara forearc ridge and
two failed rifts, the Nishinoshima trough and the Oga-
sawara trough, located respectively west and east of
the present-day volcanic line. The wide-angle seismic
survey employed 110 OBS spaced every 5 km to
record shots from an airgun array with total volume
12,000 in’ (Takahashi et al. 2009). A 1,060 km-long
profile was also acquired along the axis of the
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Izu-Bonin arc to show the along-strike variation in
arc structure; shot in two phases this survey employed
103 OBS each time and the same 12,000 in® airgun
array (Kodaira et al. 2007a, b).

Unlike the Izu-Bonin arc, the Mariana arc has
undergone two episodes of rifting that developed to
full back-arc spreading: initially in the Oligocene and
later in the late Miocene. A seismic profile was
acquired from the forearc, across the arc, the present-
day back-arc spreading centre and the West Mariana
ridge, which is the Miocene remnant arc. This line used
106 OBS spaced at 5-10 km intervals and an airgun
array with total volume 12,000 in’ (Takahashi et al.
2007, 2008). The Kyushu-Palau ridge, which is the
older remnant arc, has a narrower expression in the
seafloor bathymetry than the West Mariana ridge.
The variation in crustal structure along the Kyushu-
Palau ridge has been revealed by four profiles that were
acquired across this remnant arc in 2004 using up to
200 OBS spaced at 5 km intervals, and a 8,040 in’
airgun array (Nishizawa et al. 2007); two representa-
tive velocity models derived from this survey (Fig. 4.5)
are included here. A 3D refraction survey, which
involves an areal distribution of sources and receivers,
has also been acquired over the central section of
the Mariana arc (Calvert et al. 2008); 53 OBS were
laid along three north—south lines and four north—south
and seven east—west airgun lines were shot with a
10,810 in® airgun array.

4.5.3 Seismic Velocity Models

4.5.3.1 Cross-Arc Lines

The seismic velocity models across the arc are aligned
at the trench and presented in Fig. 4.7 north to south
with the Izu arc at the top. The two included seismic
profiles from the Kyushu-Palau ridge lie at approxi-
mately the same latitude as the line across the Mariana
arc and are shown on the left in Fig. 4.7, but these
parts of the remnant arc actually originated further to
the north, because the Parece Vela basin opened
obliquely.

The crust of the Izu arc is inferred to be 18-21 km
thick over at least 130 km of the east—west oriented
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Fig. 4.7 Seismic velocity models across the Izu-Bonin-Mari-
ana arc-back-arc system. (a) Line across the Izu arc (Suyehiro
et al. 1996); (b) Line across the Bonin arc (Takahashi et al.
2009); (¢) Line across the Mariana arc and remnant West Mari-
ana ridge (Takahashi et al. 2007); (d) Northern line across the
Kyushu-Palau ridge (Nishizawa et al. 2007); (e) Southern
line across the Kyushu-Palau ridge (Nishizawa et al. 2007).
The velocity models across the modern arc are aligned at the
location of the trench. The lines across the Kyushu-Palau ridge

profile (Fig. 4.7a), but the limited number of PmP
reflections suggest that this thickness is not well con-
strained and the Moho is not identified at all under the
forearc (Suyehiro et al. 1996; Takahashi et al. 1998).
The midcrustal layer with velocities of 6.1-6.3 km s—L
which reaches a maximum thickness of 7 km, also
extends laterally over more than 100 km. This layer
was introduced into the velocity model to reproduce
the observed intracrustal reflections, and is also
included, albeit in a less continuous form, in the veloc-
ity models across the Bonin and Mariana arcs.
Although similar velocities are observed in the profile
along-strike, the different tomographic approach used
for inversion of the travel times of the strike line
produces a velocity model with greater lateral hetero-
geneity (Fig. 4.4b), suggesting that greater composi-
tional variation may be present in the middle crust of
the Izu arc than implied by the first survey.

The velocity model across the Bonin arc shows the
variation in crustal thickness caused by the two epi-
sodes of failed rifting here; the crust under the forearc

0 100
Distance (km)

are separated from the western end of the Mariana line by over
300 km of the Parece Vela basin, which is not shown here. The
location of the top and bottom of the subducting oceanic crust
beneath the Bonin forearc are constrained by wide-angle reflec-
tions. Beneath the Mariana forearc, the more steeply dipping
oceanic crust is not resolved in this survey, but its approximate
position is indicated by the dashed orange line. Grey line seg-
ments, some of which are at >30 km depth, indicate sub-Moho
reflectors. Vertical exaggeration is 4:1.

Ogasawara ridge and the modern arc is as thick as
20 km, and the rear part of the arc reaches 15 km, but
in the rift zones the crust thins to 9—12 km (Fig. 4.7b)
with 2-3 km of this thickness comprising sedimentary
rocks (Takahashi et al. 2009). The greater thicknesses
of arc crust include mid-crustal regions with velocities
of 6.0-6.5 km s~ ' that are absent from the rift zones. In
addition, Pn arrivals and some reflections from the
upper mantle constrain velocities immediately below
the inferred, laterally continuous (top)-Moho interface
to be 7.5-7.6 km s, leading to the interpretation of a
crust-mantle transition zone up to 5 km thick beneath
the thickest sections of arc crust. Under the rift zones,
the Moho is inferred to be a sharp boundary.

In the Mariana arc, the initial Eocene arc lies 40 km
east of the modern arc, but the crust, which is approxi-
mately 20-22 km thick (Takahashi et al. 2007; Calvert
et al. 2008), does not appear to thin significantly between
the two arcs (Figs. 4.1b and 4.7¢) unlike the Bonin arc
where the lateral separation due to rifting is greater at
150 km. However, the thickness of the mid-crustal
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region with velocities of 6.1-6.5 km s ', is reduced by
half between the Mariana modern and Eocene arcs.
The crust of the 120 km-wide West Mariana ridge is
up to 17 km thick, including a mid-crustal layer with
velocities of 5.6-6.5 km s~ '. The smaller, 50 km-wide
Kyushu-Palau ridge is 7-14 km thick (Fig. 4.7d, e),
and lacks a significant region with velocities of 6.0-6.5
km s, presumably due to its removal from the rear
part of the arc massif. Velocities of 7.6-7.7 km s~
inferred immediately below the top-Moho interface
beneath the West Mariana ridge and the Mariana
arc suggest crust—-mantle transition zones are present
beneath both the active arc and the remnant arc.

4.5.3.2 Along-Strike Variation

The velocity models obtained from the along-strike
surveys reveal the variation in crustal structure of the
Izu-Bonin arc from the collision zone with Japan in the
north to the extended Bonin arc in the south (Kodaira
et al. 2007b) (Fig. 4.4b). The seismic surveys were
acquired along the modern volcanic line, and did not
extend onto the failed rifts of the Bonin arc: the Nishi-
noshima trough and the Ogasawara trough. Velocity
models were derived independently using a multi-step
procedure for each of the two ~500 km-long surveys,
and then combined. In the first stage, a velocity model
was derived using tomographic inversion of first arri-
vals, and this model was then locally updated to repro-
duce the arrival times of the wide-angle intracrustal
reflections with these locations determined through
migration of these second arrival picks (Kodaira
et al. 2007a). This latter approach results in a model
that lacks intracrustal interfaces that are continuous
over large distances, e.g. more than 100 km, and
variations in crustal velocity and thickness that occur
over less than 50 km are quite apparent (Fig. 4.4b).
The most striking feature of the velocity model, how-
ever, is the change in crustal thickness from 35 to
10 km, which is inferred from the 7.6 km s~ velocity
contour, and occurs over a distance of ~300 km. The
thickness of the northern Izu arc is 2635 km, but the
Bonin arc is only 9-22 km thick. Lower average
crustal velocities, more representative of an interme-
diate crustal composition, are inferred beneath the
basaltic volcanoes of both the Izu and Bonin arcs,
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but higher velocities implying a more mafic crustal
composition are found beneath rhyolitic arc volcanoes
(Kodaira et al. 2007a).

4.5.3.3 3D Velocity Variation of the Mariana Arc

In contrast to 2D profiles, a 3D seismic survey can
reveal the variation in seismic velocity throughout a
subsurface volume, and the 3D velocity model ob-
tained for the Mariana arc extends 240 km along strike
(Calvert et al. 2008). Various crustal layer isopachs can
thus be calculated from the thicknesses between iso-
velocity contours. For example, an estimate of the
igneous crustal thickness can be obtained from the
depth interval between the 2.9 and 7.4 km s~ ' contours
(Fig. 4.8a). The igneous crust of the Eocene Mariana
arc is thickest in the southern half of the main survey
grid, reaching 22-24 km, and thins to 18-20 km further
north. Along the modern arc, the crustal thickness reaches
20 km beneath most of the volcanoes, but decreases to
approximately 16 km between them; this variation in
crustal thickness is partly due to the inclusion of the
volcanic edifices in the igneous crustal estimate. To the
east of the Eocene arc, the forearc crust has a thickness
of 13—16 km in the northern part of the survey grid, but
the crust thins to 9-10 km in the south.

Isopachs of intermediate and mafic composition
crust can be defined by the velocity ranges 6.0-6.5
km s~ ' and 6.5-7.4 km s~ respectively (Fig. 4.8b, c).
Disregarding structures extending less than 20 km along
strike, which are probably beyond the limit of resolution
of the 3D tomographic inversion, the thickness of inter-
mediate crust varies between 2 and 5 km along the
modern arc, and only reaches a significant thickness
near Sarigan, where three volcanoes have merged into
a larger structure. Along the Eocene arc, intermediate
composition crust is better developed, but it is not of
uniform thickness along strike, varying between 3 and
6 km. Along the modern arc, the thickness of the mafic
lower crust exceeds 12 km near the volcanic centers,
but thins to 5-9 km between them, consistent with the
inference that the modern arc is built on arc crust
thinned by rifting (Oakley et al. 2009). Although
thicker along the Eocene arc, the mafic lower crust
thins from 15-18 km in the southern part of the survey
grid to 12-15 km in the north. Along the modern arc,
many of the thickness contours define approximately



100

Intermediate Crust (6.0-6.5 km/s)

A.J. Calvert

Mafic Crust (6.5-7.4 km/s)

a b
Igneous Crust (2.9-7.4 km/s)
L el - L L
400 A - 400
350 A - 350
E 300 - - 300 -
=
>

250 A - 250

200 A - 200

- 400 -

350 -

y | 250 1

- 200 -

100 150 200 50 100

X (km)

X (km)

50 100 150 200

X (km)

150 200

BT T B 22 EEEE e

0 4 8 12 16 20 24 28 32 0 1
Thickness (km)

2 3

Fig. 4.8 Isopachs calculated from 3D tomographic velocity
model: (a) Igneous crust (2.9-7.4 km s~ 1); (b) Middle crust
(6.0-6.5 km s~ '); (¢) Lower crust (6.5-7.4 km s~ ). Note that
the color-scale for the isopach thicknesses varies between

circular features, for example near Alamagan, Sarigan,
and Anatahan, indicating focused crustal accretion
over the last 4 Ma. In contrast, the contours beneath
the Eocene arc are subparallel to strike, implying
that these variations tend to even out over a longer
period.

4.6 Lesser Antilles Arc
4.6.1 Tectonic History

The present arcs in the Caribbean region comprise
a Great Caribbean island arc system that was origi-
nally formed in the Pacific Ocean, but migrated into
the Atlantic Ocean as the Caribbean plate moved east-
ward (Burke 1988). At ~55 Ma, the Caribbean plate

Thickness (km)

4 5 6 7 8 0 3 6 9 12 15 18 21 24
Thickness (km)

different parts of this figure. P, Al, G, S, and An are the active
volcanic islands of Pagan, Alamagan, Guguan, Sarigan and
Anatahan. FdM is Ferdinand de Medinilla on the Eocene arc.

began to collide with South America in northwest
Venezuela, resulting in the termination of subduction
and volcanism in the Leeward Antilles arc (Fig. 4.9) as
the collision migrated eastward. The Lesser Antilles
arc initiated 12—-15 Ma ago, and is separated from the
Aves Ridge by the Grenada basin, which is believed to
be underlain by oceanic crust (Boynton et al. 1979).
The Aves Ridge is an extinct or remnant island
arc that was originally active between ~90-55 Ma
ago, and thus cannot be a remnant arc associated
with the modern Lesser Antilles arc. The Grenada
basin may have formed through back-arc spreading,
e.g. Bouysse (1988), or, alternatively, the basin may
have been created when an eastward jump in sub-
duction trapped a piece of oceanic or forearc crust
(Malfait and Dinkelman 1972). The Tobago and Gre-
nada basins might originally have been continuous and
only become separated with the more recent growth of
the Lesser Antilles arc (Speed and Walker 1991);
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Fig. 4.9 Bathymetry of Lesser Antilles arc with the location of
the TRIN seismic line. Dashed black lines indicate faults [after
Christeson et al. (2008)]. The trench is well defined along the
northern section of the arc, but further south the trench is
obscured by the accretionary wedge that has evolved due to the

however, the complex nature of the Caribbean arc
system means that many aspects of its evolution are
still not well understood.

4.6.2 Seismic Survey and Velocity Model

A seismic survey, which employed 39 OBS spaced at
11-16 km intervals and an airgun source with volume
6,947 in3, was acquired across the southern section
of the Lesser Antilles arc (Fig. 4.9) in 2004 (Christeson
etal. 2008). The crust of the active arc is approximately
24 km thick, and the crust of the remnant arc, the Aves
ridge, is 26 km thick (Fig. 4.10). PmP reflections were

T
60°W

high sediment input from the South American continent. The
Aves ridge is interpreted to be a remnant arc that may have been
active until ~55 Ma (Bouysse 1988). Seafloor depth scale is the
same as in Fig. 4.2.

recorded beneath the Aves ridge, Grenada basin and
Tobago basin, but a Moho reflector appears to be
absent beneath the active arc. In the back-arc basin
and forearc of the Lesser Antilles arc, the top of the
igneous crust probably lies close to the 4.5-5.0 km s~
isovelocity contours due to its age and burial. Thus the
back-arc and forearc basins are filled with a sedimen-
tary section that is up to 12 km thick and overlies
4-10 km of igneous crust (Christeson et al. 2008). In
general, the forearc region and back-arc basin of an
island arc system represent a significant accommoda-
tion space that will rapidly fill if there is a high sedi-
ment input as is the case where the Lesser Antilles arc
is close to the Orinoco river of South America.
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Fig. 4.10 Seismic velocity model across the southern section
of the Lesser Antilles arc—continent collision zone (Christeson
2008). The base of the crust is primarily defined by PmP

4.7 Deep Seismic Reflectivity Beneath
Island Arcs

4.7.1 Wide-Angle Reflections

Wide-angle surveys of island arcs record reflections
from within arc crust, the crust-mantle-transition and
the uppermost mantle. These reflections are routinely
incorporated into the derivation of the velocity mod-
els (see Sect. 3.1), but reflectors within the mantle
wedge are somewhat surprising since they are not
commonly observed in other tectonic environments.
Deep reflectors beneath the Mariana and Bonin arcs,
which have been located using migration of travel
time picks, are shown in Fig. 4.7b, c. Since the
migration of relatively sparse data can generate arti-
facts, the steeply dipping limbs have been excluded,
and the reflectors are mostly shown as subhorizontal.
Within the Mariana arc-back-arc system, reflectors
occur in the uppermost mantle beneath the forearc,
active arc, rear arc and remnant arc, with depths
varying between 20 and 42 km (Takahashi et al.
2008). In the case of the Bonin arc, intra-mantle
reflectors occur similarly across the arc system at
depths of 22-32 km, and reflections are also recorded
from the top of the subducting slab (Takahashi et al.
2009).

reflections from the Moho, which is shown by a heavier
black line where constrained. The velocity model is not well-
defined east of the Tobago basin due to the low ray coverage.

Although some mantle reflectors in the vicinity of
the active arc could be attributable to melt, the exis-
tence of such reflectors beneath the remnant West
Mariana ridge suggests that they are produced during
the generation of island arc crust, frozen into the
uppermost mantle and preserved by arc-rifting.
Inferred velocity contrasts across the mantle reflectors
are 7.6-7.9 km s ' beneath the active Bonin arc
(Takahashi et al. 2009) and perhaps as large as
~7.6-8.3 km s~ ' beneath the Mariana arc (Takahashi
et al. 2008).

4.7.2 Normal-Incidence Reflections

In principle, normal-incidence multichannel seismic
reflection surveys can map laterally varying structures
in the sub-surface with much greater resolution than
more sparsely sampled wide-angle surveys. However,
the interpretation of normal-incidence reflection data
across island arcs is very challenging, because com-
plex long-period water-layer multiples are generated
by the deep variable seafloor, and high-amplitude
coherent noise is produced by scattering from the
rugose bathymetry around the seismic line. To illus-
trate the potential of this methodology, two unmi-
grated seismic sections are presented from areas
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where the seafloor is relatively shallow; in such areas,
water-layer multiples will decay more rapidly with
recording time, and reflections from the lower crust
and Moho can be more easily identified.

As with most island arcs, the seafloor depth of the
IBM arc system is almost everywhere greater than
~200 m; however, shallow seafloor exists around
the island of Farallon de Medinilla on the Eocene
part of the Mariana arc. The hard seafloor produces a
sequence of high amplitude multiple reflections in the
data, but these have largely dissipated by a recording
time of ~8 s (Fig. 4.11). Coherent dipping linear arri-
vals due to scattering around the seismic line (Larner
et al. 1983) are also present. Nevertheless beneath the
shallow seafloor, sub-horizontal low frequency reflec-
tions can be identified between 8 and 11.5 s in a 15-
fold stack processed from the airgun shooting line
from the 3D survey shown in Sect. 5.3.3. The 7.4
km s~ ! isovelocity contour, which was interpreted to
be the top of the crust-mantle transition zone in a
coincident wide-angle seismic survey (Calvert et al.
2008), occurs at a depth of ~24 km here, corres-
ponding to 9.0-9.5 s. The existence of reflections up
to 2 s below this contour suggests that the crust—mantle
transition extends down to ~32 km, if the downward
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termination of seismic reflections marks the top of the
upper mantle.

The Aleutian arc differs from other intraoceanic
arcs in that the seafloor is <200 m along most of the
arc massif. Thus imaging of reflections from the dee-
per crust and upper mantle is not strongly affected by
interfering water layer multiples. In fact high ampli-
tude reflections from the top of the subducting Pacific
plate visible in a 40-fold stack from line A2 (Fig. 4.2)
demonstrate good signal penetration through the arc
crust and mantle wedge (Fig. 4.12). These reflections
from the top of the plate originate up-dip, i.e., out of
the plane of this section. At the west end of the section,
the downward termination of lower crustal reflections
correlates closely with the position of the Moho
inferred by Shillington et al. (2004), but further east
the deepest identifiable lower crustal reflections,
which are somewhat lower in amplitude, are ~2 s
shallower than the Moho.

Despite seismic imaging difficulties, the lack of
reported reflections from the igneous crust of island
arcs suggests that arc crust is not strongly reflective.
Yet the reflection data presented here show that lower
crustal reflectors with an apparent lateral continuity of
<10 km in unmigrated data can exist beneath island

North

>F§§:!’Iectlons

Fig. 4.11 Seismic reflection section along the inactive Eocene
section of the Mariana arc. Low frequency reflections, which are
laterally continuous over 4-8 km, can be identified between
8 and 11.5 s beneath the shallow seafloor around the island of
Farallon de Medinilla. At earlier times, the section is dominated

by interfering coherent noise. Reflections up to 2 s below the
74kms™! isovelocity contour, which was interpreted to repre-
sent the top of the crust-mantle transition in a coincident wide-
angle seismic survey (Calvert et al. 2008), indicate that this
transition zone may be ~8 km thick here.
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Fig. 4.12 Seismic reflection section along the Aleutian arc.
Lower crustal reflections can be identified between 6 and 11 s
at the western part of the section and between 6 and 8.5 s further
east. Clear reflections from the top of the subducting Pacific
plate indicate good signal penetration through the arc crust, but

arcs. In extended arcs, some reflections in the igneous
crust might indicate faults or shear zones, but in many
cases the characteristics of these deep reflections, or
their absence, are likely attributable to magmatic pro-
cesses, and reflection surveys have the potential to
constrain their lateral variability.

4.8 Interpretation of Seismic Velocity
Models

The seismic velocities of rocks are affected by a num-
ber of factors, including mineralogy, porosity, pore
fluid, temperature and confining pressure. In the inter-
pretations of seismic velocity models from island arcs,
porosity is considered to be a significant effect mainly
in the upper crust, where volcaniclastic sediments and
talus from the volcanic edifices can serve to reduce
seismic velocities in the upper few kilometres; in the
middle and lower crust, porosities are very low
although seismic velocities can be affected if certain
crack geometries are widespread (Hyndman and
Shearer 1989). No localized velocity anomalies that
could be interpreted as magma bodies have been

the top of the plate is deeper than it appears in this section,
because these reflections originate up dip and out of the plane of
this image. The times of the Moho and the top of the lower crust
are derived from the velocity model of Shillington et al. (2004).

inferred in any of the velocity models shown here,
implying that the dimensions of any melt zone must
be less than the limit of resolution of seismic refraction
surveys. Given the magmatism associated with island
arcs, it is likely, however, that there are significant
lateral variations in temperature within the crust,
which could extend over several tens of kilometers.
The P wave velocities of igneous crustal rocks
decrease with increasing temperature (Birch 1943;
Kern 1978; Christensen 1979), and, in the absence of
melting, a reduction in lower crustal velocity of
0.12 km s~ ' has been suggested for the Aleutian
arc relative to the same depth in the forearc region
(Fliedner and Klemperer 1999). The thermal structure
of most island arcs is not well known, but a similar
difference in velocities is predicted at a depth of 20 km
if the geothermal gradient varies from a high value of
40°C km™ "' in the active arc to 25°C km™' in the
forearc. Given the relatively small effect of tempera-
ture on the magnitude of seismic velocity variation at a
given depth, most authors interpret velocity variations
inferred in the middle and lower crust in terms of
mineral composition related to the volcanic arc’s mag-
matic evolution. Such interpretations can be better
constrained by a comparison of seismic velocity
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models with laboratory measurements of velocity on
samples from exhumed island arc crust or continental

areas with similar lithologies.

4.8.1 Constraints from Laboratory
Measurements

1D velocity-depth profiles were obtained for eight
island arcs by laterally averaging the best constrained
parts of their respective 2D seismic velocity models
(Table 1), and then converted from depth to lithostatic
pressure using an empirical relation between velocity
and density (Brocher 2005). All profiles were also
corrected to a common temperature of 25°C using a
conservative geothermal gradient of 25°C km ™' and
a thermal coefficient of —0.4 m s~ '°C™', which is
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consistent with a broad range of crustal rocks (Rud-
nick and Fountain 1995) and produces an increase in
the observed velocities of 0.2 km s~ ' at a depth of
20 km. These corrected 1D seismic velocity profiles
are compared to the velocity variation with confining
pressure of a number of representative lithologies
from two regions where island arc crust has been
exhumed: the Tanzawa plutonic complex (Nitsuma
1989) on the Japanese island of Honshu (TPC in
Fig. 4.5) and the Kohistan-Ladkh terrane (Bard et al.
1980) of northern Pakistan and northwestern India
(Fig. 4.13). Some average velocity functions, e.g.
from the Tonga and South Sandwich arcs, only extend
as far as the middle crust while others extend into to
the uppermost mantle, e.g. the Mariana arc. The enve-
lope of all velocity functions, which is shaded grey is
relatively broad at pressures above 0.5 GPa, because
the thickness of the crust varies from arc to arc.
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Fig. 4.13 Comparison of island arc velocity functions with
laboratory measurements of P wave velocity in cores from: (a)
Exhumed sections of island arcs; (b) Continental crust. The arc
velocity profiles were obtained by averaging laterally the best
constrained parts of the 2D velocity models, followed by con-
version to confining pressure and correction to a constant

temperature of 25°C using a thermal coefficient of —0.4 m s~'°C
consistent with most igneous rocks (Rudnick and Fountain 1995).
The shaded grey area represents the range of velocities inferred
in island arcs from wide-angle seismic surveys. The sources for
the arc velocity profiles are listed in Fig. 4.14.
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As pointed out by Behn and Keleman (2003), it is
impractical to invert P wave velocity data for whole
rock geochemistry, or to even determine in detail the
SiO, content of igneous rocks; however, the compari-
son of seismic refraction models with measurements on
core samples data and velocities calculated for given
compositions can guide a first order interpretation.

The suite of tonalitic and gabbroic plutons of the
Tanzawa plutonic complex was exhumed in the colli-
sion between the northernmost Izu arc and the Honshu
arc that began ~7 Ma ago (Kawate and Arima 1998;
Yamamoto and Kawakami 2005). These plutons
intruded volcanic rocks, hemipelagic sediments, and
volcaniclastic sediments of the Miocene Tanzawa
Group whose metamorphism indicates a maximum
depth of approximately 6 km (Arai 1987). Once thought
to be the middle crust of the Izu arc, recent U-Pb
geochronology has shown that while one tonalite has
an age of 9 Ma, the others are approximately 4-5 Ma
old and thus syncollisional (Tani et al. 2010). Measure-
ments of P wave velocity versus confining pressure for
three tonalites (56-71% SiO,) and three gabbros
(43-54% Si0,) (Kitamura et al. 2003) were each aver-
aged and fit with a fifth-order polynomial to create a
lithology-specific velocity variation (dashed lines in
Fig. 4.13a).

The exposed Cretaceous Kohistan arc was obducted
during the collision of India with Eurasia, and com-
prises a near-complete crustal section extending from
upper crustal volcanics to the uppermost mantle. The
arc initially developed in an intra-oceanic setting, but
formed an Andean-style margin after its accretion to
Euriasia (Burg in Chap. 10; DeBari et al., in Chap. 5).
Using velocity measurements published by Miller and
Christensen (1994), representative velocity variations
with pressure have been calculated for diorite (44—76%
Si0,), amphibolite (47-57% Si0O,), gabbro (43-50%
Si0,) and garnet gabbro (41-52% SiO, with 30-50%
garnet) and these data are shown with solid lines in
Fig. 4.13a. Lab measurements from Kono et al. (2009)
have been used to derive velocity variations for garnet
granulite (49-52% SiO, with 24-37% garnet) and gar-
net pyroxenite (41-48% SiO, with 15-60% garnet); the
garnet granulites of Kono et al. (2009) are similar rocks
to the garnet gabbros of Miller and Christensen (1994).

At low confining pressures, the laboratory P wave
velocities increase notably with increasing pressure
due to the closure of microcracks in the sample (Kitamura
et al. 2003), but at pressures greater than ~0.5 GPa, the
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velocity variation with pressure is considerably less,
and the difference in velocity of the various lithologies
is related to their different (to first order mafic) mineral
content. A similar relationship is seen with velocity
measurements on lithologies from a broad range of
continental crust (Fig. 4.13b). The velocity variation
within specific lithologies at a given confining pressure
is indicated by standard deviations from Christensen and
Mooney (1995), which typically range from ~0.1-0.25
km s~', with gabbro-norite-troctolite being at the
upper end of this range. Gabbros from the Kohistan
arc have higher velocities than those from the Tanzawa
plutonic complex, consistent with this finding.

At pressures greater than 0.2 GPa, the tonalites
from the Tanzawa plutonic complex exhibit lower
velocities than those found in any island arc, even
allowing for a reasonable velocity variation between
different samples. This observation indicates that
voluminous tonalite is only likely to occur in island
arcs at depths less than ~8 km. The relatively high
velocities in the upper crust of the Aleutian arc suggest
the presence of significantly more mafic rocks.
Although the geothermal gradient and thermal coeffi-
cient introduce some uncertainty, island arc velocity
profiles derived from seismic refraction surveys are
consistent with a composition somewhere between
diorite and gabbro at pressures of 0.2-0.3 GPa. At
greater pressures, seismic velocities correspond to gab-
broic rocks with a lower quartz content. Temperature-
corrected P wave velocities greater than approxi-
mately 7.4 km s~ ' may indicate the presence of garnet
in gabbros with a low plagioclase content or pyrox-
enites characteristic of restites (Kitamura et al. 2003).

4.8.2 Upper Arc Crust

In general, the upper crust of island arcs can be viewed
as a layer of sedimentary rocks derived through a range
of processes overlying igneous crust, but in detail
the uppermost crust is commonly heterogenous due to
volcanism and intrusion into the upper crustal section,
as demonstrated in the Tanzawa plutonic complex. In
many arc velocity models, an uppermost, relatively
low velocity sedimentary layer has been defined using
coincident multichannel seismic reflection data, stack-
ing velocities and/or velocities from first arrival tomog-
raphy of the towed streamer data. These sediments
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accumulated in small basins within the arc massif, on
the flanks of the arc itself or in the deep ocean basin.
The base of this layer is typically defined by a sharp
increase in velocity in the models, and may directly
overlie the igneous crust, for example as interpreted
along the strike of the Aleutian arc where the velocities
beneath the sedimentary layer are 6.0-6.5 km s™'. In
other arcs, the increase in velocity at the base of the
upper sedimentary layer is smaller, but a high velocity
gradient exists in the underlying layer, with velocities
increasing downward from ~3.5kms ' to >5.0kms "
over a few kilometers. Such a region may correspond to
interbedded, and variably metamorphosed volcanics,
hemipelagic and volcaniclastic sediments intruded by
plutons of different ages and composition.

At shallow depths, basaltic rocks can have relatively
low velocities, making them difficult to identify on the
basis of P wave velocity alone. For example, velocities
as low as 2.5-3.0 km s~ ' have been inferred in the
extrusive basaltic layer of 0—3 Ma old oceanic crust
using OBS surveys, and a gradual increase in velocity
t03.54.5kms™! by 4-5 Ma, and to 4.0-5.5 km s lat
ages greater than 50 Ma due to porosity reduction has
been documented (White 1984). In island arcs, the
increase in velocity with depth may be partly asso-
ciated with a comparable reduction in porosity through
compaction and the filling of pores by hydrothermal
circulation, and an increasing prevalence of intrusive
rocks. The base of the upper crust has been interpreted
in most arc velocity models to be located where the
high velocity gradient, which is characteristic of the
upper crust, decreases sharply and the P wave velocity
reaches approximately 6.0 km s~ ', but this value is
6.5 km s~ in the case of the line along the Aleutian
arc. This strike line suggests that the upper crust of the
Aleutian arc is largely basaltic, because the velocities
are 6.0-6.5 km s~ ' at depths as shallow as 2 km where
fracture porosity reduces P wave velocity values. At
such shallow depths, felsic rocks would likely have
velocities below 6.0 km s~ ', but the unknown porosity
is a source of significant uncertainty.

4.8.3 Middle Arc Crust

The middle crust has been defined in different studies
both in terms of seismic velocity and as the region
between intracrustal reflectors with some degree of
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lateral continuity along a seismic profile. In surveys
across the IBM arc system, for example, the mid-crust
is interpreted to be the region with velocities between
6.0 and 6.5 km s~ ! between two intracrustal reflectors,
e.g. Takahashi et al. (2007). Kodaira et al. (2007a)
refer to the region with these velocities as the upper
middle crust and a deeper region with velocities of
6.5-6.8 km s~ ! as the lower middle crust; however,
Takahashi et al. (2007) and Calvert et al. (2008) asso-
ciated velocities of 6.5-6.8 km s~ ' with the upper part
of the lower crust. In the Aleutian arc, which is gener-
ally characterized by higher seismic velocities, the
mid-crustal layer has velocities of 6.5-7.3 km s '
with the upper and lower boundaries constrained by
intracrustal reflections. With the greater thickness of
Aleutian arc crust, the base of the middle crust occurs
here at a depth of 15-20 km, and it is worth noting that
these depths correspond to the lower crust along much
of the IBM arc, and even the upper mantle in those
parts of the Bonin arc where the crust has been thinned
by rifting. Thus the term middle crust is not used in a
way that is consistent between surveys, in part due to
the different approaches to analysis of the various
seismic surveys, but also due to the term’s implicit
relation to overall crustal thickness. Here I shall
assume that arc crust can be loosely divided into
upper, middle and lower regions with approximate
relative proportions of 3, 4, and 5 respectively, and
the term middle crust will be used loosely to refer to
that third of the crust between the upper and lower
regions. Where a region predominantly within the
middle crust is bounded by two intracrustal reflectors,
the term mid-crustal layer, which allows a broad range
of seismic velocities within it, will be used. Inferred
crustal composition is better associated with regions
characterized by a specific range of seismic velocities
(but with the implicit assumption of a depth range, i.e.,
confining pressure) than a generalised “middle crust”.

Based on seismic velocity measurements on sam-
ples from the Tanzawa plutonic complex, velocities of
6.0-6.5 km sfl, which are too low to be most gabbroic
rocks at depths of 5-15 km, indicate the presence of
tonalitic rocks, but the higher end of this velocity
range is too high to be consistent with pure tonalite.
Mapping of the Tanzawa plutonic complex suggests
that the middle to upper crust of the Izu arc includes
plutonic rocks that range from pyroxene-hornblende
gabbronorite to relatively quartz rich tonalite (Kawate
and Arima 1998). It is an oversimplification to
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associate a single lithology with velocities of 6.0-6.5
km s~ ', which probably represent a region of average
“intermediate” composition similar to quartz gabbro
that comprises tonalite, diorite and gabbro. Within the
IBM arc, the thickness of the region in the upper and
middle crust with velocities of 6.0-6.5 km s~ ' varies
between 2 and 8 km. Such seismic velocities are only
found in the uppermost crust of the Aleutian arc.

P wave velocities of 6.5-6.8 km s~ indicate a crust
more dominated by gabbroic lithologies. Velocities
lower than 6.9 km s~ ' are difficult to simulate in pristine
gabbros using models of mantle melting (Korenaga et al.
2002), but the velocities of gabbroic rocks recovered
from ocean crust by drilling are 6.5-7.4 km s~ ' (Iturrino
et al. 1991; Iturrino et al. 1996). These lowest velocities
in oceanic crust may arise from ridge-crest faulting and
thermal contraction (Korenaga et al. 2002). Faulting
associated, for example, with arc rifting in the IBM
arc-back-arc system or block rotation in the Aleutian
arc could locally reduce gabbroic velocities in island
arcs. It is also possible that velocities of 6.5-6.8 km s~
indicate a region comprising plutons of both gabbroic
and intermediate composition with a reduction in the
volume of intermediate composition rocks with increas-
ing depth and seismic velocity. The rugose velocity
contours shown in some of the velocity models, e.g.
along the Izu-Bonin arc could be an indication of this
heterogeneity. There is also a large range of velocities,
6.5-7.3 km s~ ', within the mid-crustal layer of the
Aleutian arc, but the average velocity of 6.92 km s~
indicates a primarily gabbroic composition with lower
velocities perhaps associated with the local presence of
more felsic rocks (Shillington et al. 2004).

4.8.4 Lower Arc Crust

In many surveys of arc crust, the Moho is usually
located using PmP reflections, because few Pn diving
waves are observed at offsets >120 km. The lower
crust is commonly bounded below by this reflector.
Seismic velocities in the lower crustal layers ‘beneath
the Izu, Bonin and Mariana arcs are 6.8-7.3 km s~ !,
6.7-7.4 km s~ !, and 6.8-7.4 km s~ ! respectively. In
the lines across the Aleutian arc, velocities of 6.9-7.2
km s~ were inferred in this layer along line Al in the
west and 6.9-7.5 km s~ along line A3 in the east;

A.J. Calvert

velocities of 6.8—6.9 km s~ ' at the northernmost end of
line A3 could indicate the presence of continental
crust associated with the former Beringian margin.
As discussed above, these velocities are essentially
consistent with the presence of quartz-poor gabbroic
plutons; however, velocities as high as 7.4-7.5 km s~
may indicate either ultramafic cumulates or perhaps
partially intruded, partially serpentinized peridotite as
suggested beneath the forearc of line A3 (Lizarralde
etal. 2002). Lower crustal velocities of 7.3-7.7 km s
derived along the strike of the Aleutian arc are higher
than found on the intersecting profiles, but the inter-
pretation of a mixture of mafic and ultramafic rocks,
including garnet-bearing assemblages, is generally
similar (Shillington et al. 2004). Along line A2, higher
velocities occur at the centre of a structural block,
leading Shillington et al. (2004) to suggest that lower
temperatures here result in relatively high pressure
fractionation and a greater volume of mafic restite.

4.8.5 Crust-Mantle (Moho) Transition
Zone

The thickness of arc crust is often constrained by PmP
reflections, but where large offset Pn arrivals are well
recorded velocities immediately beneath the Moho
reflector have been found to be significantly lower
than typical upper mantle velocities; velocities of 7.7
and 7.6 km s~ were found below the Mariana arc and
remnant West Mariana ridge respectively (Takahashi
et al. 2007). An upper mantle velocity of 7.8 km s~ is
only attained 4 and 3 km below the Moho reflector
respectively, suggesting the presence of a vertically
distributed crust-mantle transition. Although the pres-
ence of melts or serpentinized mantle peridotites might
explain low velocities under the modern arc, neither
explanation is likely to apply beneath the remnant arc
where there is no water rising from the subducting slab.
It seems more plausible that a gradual crust—-mantle tran-
sition zone is a primary feature of island arc formation.

Kodaira et al. (2007a) similarly interpret a 5—10 km
thick layer with velocities of 7.2-7.6 km s~ at the base
of the Izu-Bonin arc crust. Sato et al. (2009) modelled
the elastic response of wide-angle reflections from the
top and bottom of the Izu crust-mantle transition, and
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estimated that the P wave velocity contrasts varied
from approximately 0.2-0.4 km s ' along the arc;
where the contrast at the top of the layer was high, the
contrast at the base was relatively low, and vice versa.
If the uppermost mantle comprises olivine cumulates,
i.e., dunite, formed during initiation of the arc, then the
crust-mantle transition zone is probably a mixture of
olivine cumulates and mafic restite (Tatsumi et al.
2008). The laterally varying velocity perturbations at
the top and bottom of the crust-mantle transition could
thus indicate the relative proportion of these two com-
ponents; for example, a small upper velocity contrast
over a larger lower contrast would indicate a lower
proportion of olivine cumulate (Sato et al. 2009). In
thicker arcs, pyroxenites may be more likely to occur at
the crust-mantle transition than dunite (DeBari et al.,
in Chap. 5). This form of heterogeneity in the Mariana
crust—mantle transition could generate the normal inci-
dence seismic reflections tentatively identified over
a depth range of ~24-32 km beneath Farallon de
Medinilla in the Mariana arc (Fig. 4.11).

Most PmP reflections appear to originate from the
top of the crust-mantle transition layer, and fewer
wide-angle reflections are recorded from the base,
e.g. Takahashi et al. (2009), perhaps because the con-
trast at the base of the crust-mantle transition is com-
monly smaller than at the top (Sato et al. 2009). Thus
under an island arc, the interface that generates PmP
reflections is best considered a top-Moho reflector, and
the crustal thickness estimates quoted in this paper
relate either to this reflector or a proxy for it, such as
an isovelocity contour.

During repeated episodes of basaltic underplating,
reaction of plagioclase with clinopyroxene can pro-
duce garnet in mafic restite if the depth is greater
than approximately 25 km (Behn and Keleman 2006;
Tatsumi et al. 2008), increasing the seismic velocity to
7.3-7.7 km s ' (see also Fig. 4.13); however, the
depth at which garnet occurs is quite sensitive to
the geotherm. At depths greater than 30 km, garnet-
producing reactions can also increase the seismic
velocity of pyroxenites (Kono et al. 2009). Thus an
alternative suggestion is that reflectors at the crust—
mantle transition or within the uppermost mantle
wedge might arise from a sudden downward increase
in the proportion of garnet (Shillington et al. 2004;
Takahashi et al. 2008). In the Kohistam paleo-arc, the
crust-mantle transition is exposed as a continuous
mafic-ultramafic layered intrusion progressing down-
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ward in paleodepth from garnet gabbro/garnet granu-
lite, to garnet pyroxenite, to pyroxenite/dunite; the
presence of garnet is due to the 36-45 km depth of
the lowermost crust in a mature arc (Garrido et al.
2006). At the transition from garnet gabbro to garnet
pyroxenite, the P wave velocity increases from 7.3-7.7
to 7.9-8.3 km s~ ' due to disappearance of plagioclase
which determines the base of the Moho transition zone
in this setting (Kono et al. 2009). The presence of
garnet will increase the average seismic velocity of
the deep crust, but it is uncertain whether its distribu-
tion will cause seismic reflections. A crust-mantle
transition zone is also observed in relatively thin arcs
such as the Bonin arc; the 7.5 km s~ ! contour lies at a
depth of 15-20 km (Fig. 4.7b). In this shallower
setting, the crust-mantle transition is likely to be a
gradual change from mafic to ultramafic lithologies
with minimal garnet present.

4.9 In Situ 1D Velocity-Depth Functions

Average in situ 1D velocity-depth functions have been
obtained for several island arcs by laterally averaging
sections of 2D velocity models derived by various
authors (Table 4.1 in Appendix). The envelope of
these velocity functions is shaded grey area in
Fig. 4.14a. Line A3 across the Aleutian arc extends
onto the continental crust of the Beringian margin,
which is characterized by a mid-crustal layer of
6.4 km s~' and a lower crust with velocities of
6.8-6.9 km s~ ' (Fig. 4.2), and the proximity of this
crust to the volcanic line is sufficient to perturb the
average 1D velocity-depth function here into the range
of continental profiles (dashed red line in Fig. 4.14a).

A seismic profile oriented along an island arc sam-
ples a greater volume of arc crust, and is thus likely to
be more representative. The difference in the shape of
the four 1D velocity functions along the IBM arc is
primarily due to the variation in crustal thickness bet-
ween the arcs (Fig. 4.14b). The Izu arc, which is well
characterized by the recent survey of Kodaira et al.
(2007a), is up to 35 km thick, and its average velocity
profile in the middle and lower crust differs from that
of the Aleutian arc by <0.3 km s~ L. In fact, the most
striking difference between the Izu and Aleutian arcs
is the presence of velocities of 6.0-6.5 km s~ ' in the
upper 5 km of the Aleutian arc, which is well
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Fig. 4.14 Comparison of in situ island arc velocity profiles
with the range of velocity values estimated for continental
crust from wide-angle seismic surveys: (a) All island arc
surveys; (b) Lines along island arcs, which represent a relatively
large volume of arc crust; (¢) Remnant arcs. The grey shaded

constrained by streamer tomography (Shillington et al.
2004). These higher velocities may be attributable to
the erosion of an original carapace of relatively high
porosity flows and volcaniclastic rocks, resulting in an
extensive, high velocity arc massif with a seafloor less
than 200 m deep (Fig. 4.2), in contrast to the deep
water settings of most other island arcs.

Remnant arcs tend to fall outside the envelope of
functions for active island arcs due to their variable
seafloor depth and crustal thickness, which are con-
trolled by the original locus of arc rifting. For exam-
ple, some crustal sections of the Kyushu-Palau ridge
are only slightly thicker than oceanic crust (Fig. 4.7d),
because rifting occurred in the rear arc.

The velocity depth functions used to represent con-
tinental crust in Fig. 4.14 were obtained after removal
of the sedimentary basins (Christensen and Mooney
1995), and any comparison with island arc crust should,
strictly speaking, use arc velocity functions referenced
to the top of the igneous crust. Identification of the top
of the igneous crust in island arcs is not straightfor-
ward due to the presence of high porosity volcanic

"Holbrook et al. (1999)
*Lizarralde et al. (2002)
“Shillington et al. (2004)

“Christeson et al. (2008)  "“Miura et al. (2004)
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“Brugier and Larter (2001) “Nishizawa et al. (2007)

area encompasses 1D velocity profiles from a broad range of
island arcs. The dashed red line is derived from around the
volcanic line on line A3 across the Aleutian arc, but the velo-
cities in this profile are lowered by continental crust of the
former Beringian margin.

rocks and intrusions within the shallow sedimentary
section. Taking the 3.5 km s~ isovelocity contour to be
an approximation to this boundary, as is so at mid-
ocean ridges (White 1984), a representative 1D veloc-
ity function for island arcs has been calculated using
this datum (Fig. 4.15). (See Table 4.2 in Appendix for
tabulation of reference velocity functions for this
datum, as well as seafloor and mean sea level datums).
Above a depth of ~8 km, island arc velocities are
similar to those of continental crust and consistent
with the presence of felsic rocks; however, seismic
velocities in the uppermost crust can also be lowered
by the increased porosity found there, and, as men-
tioned previously, the velocities in the uppermost crust
are also consistent with porous mafic rocks. At depths
greater than ~8 km, island arc crust is on average
characterized by higher in situ seismic velocities,
and is hence more mafic, than continental crust. Gen-
eration of continental crust directly from island
arcs would require the removal of the large volume
of crust that presently exists at depths greater than
10 km.
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Fig. 4.15 Comparison of the average seismic velocity func-
tions for island arcs with that of continental crust from Chris-
tensen and Mooney (1995). The different depth datum levels are

4.10 Evolution of Island Arc Crust

Although 1D velocity functions reveal the typical
average velocity variation with depth in island arc
crust, significant lateral variations can be present
along strike; for example, the thickness of crust with
velocities of 6.0-6.8 km s~ ! increases beneath, or close
to, basaltic volcanoes along the Izu arc, and decreases
beneath rhyolitic volcanoes (Kodaira et al. 2007a).
A variation in the thickness of crust with velocities
of 6.0-7.0 km s~ ' is also observed along the Eocene
Mariana arc (Calvert et al. 2008), but as with the Izu
arc, most of the lateral variation is associated with
velocities greater than 6.5 km s~'. Thicker regions of
crust with velocities of 6.0-6.8 km s~ ' have been
interpreted to indicate locally elevated generation of
tonalitic crust; however, at depths greater than 8 km
the crust is intermediate to mafic in terms of its average
bulk composition. Over the >40 Ma life of the IBM
arc, repeated episodes of magmatic intrusion into the
lower crust have resulted in anatexis and intracrustal

indicated. Note that the range of data included in the island arc
average decreases below 30 km depth, because there are few
velocity models that extend this deep.

differentiation; see, for example, Tatsumi et al. (2008)
and DeBari et al., in Chap. 5. While intermediate
composition magmas generated by this process rose
into the upper crust, some of these magmas may have
solidified at depths as great as 20 km, reducing the
seismic velocities from those characteristic of quartz-
poor gabbro.

Generation of intermediate composition magma
by melting of basaltic crust will produce a residuum
of pyroxenite restite (Nakajima and Arima 1998),
implying an increase in the volume of high-velocity
mafic rocks in the lower crust. However, thickening
of the lower crust beneath thicker regions of inferred
intermediate composition is not typically observed;
in tomographic velocity models the mafic lower crust
commonly becomes thinner (Calvert et al. 2008), as
can be observed at 180 km, 250 km, 320 km in
Fig. 4.4b in the case of the Izu arc. Two alternative
explanations for the observed decrease in the thick-
ness of the high velocity lower crust beneath regions
of growth in intermediate crust are:
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1. With an in situ P wave velocity of 7.3-7.6 km s~
(Behn and Keleman 2006), pyroxenite restite can
lie below the Moho in several velocity models, sug-
gesting that the generation of intermediate compo-
sition melts can raise the level of the interpreted
Moho, a seismologically defined boundary, within
a petrologic lower crust and produce an apparent
thinning of high velocity lower crust (Tatsumi et al.
2008).

2. With a density of 3.2-3.9 g cm > (Nakajima and
Arima 1998), which is similar to or greater than
peridotite in the uppermost mantle, restite may have
detached from the arc crust and foundered. If this
speculation is correct, then arc crust with a rela-
tively thin high velocity lower crust could be an
indication that this delamination process has
occurred. In a detailed analysis of the stability of
arc lower crust, Behn and Keleman (2006) show
that pyroxenite and gabbronorite characteristic of
arc lower crust can become denser than underlying
harzburgite at pressures greater than ~0.85 GPa, 1.
e., ~30 km depth, due to the decrease in the amount
of plagioclase and the formation of garnet in some
rocks. Gravitational instability has thus been sug-
gested if arc crust grows to more than 30 km thick;
however, some island arcs, e.g. the Bonin arc, may
not reach such thicknesses due to multiple episodes
of extension that limit their vertical growth.

4.11 Comparison of Aleutian and IBM
Arcs

In terms of seismic structure, the northern Izu arc,
whose rear arc was subject to one episode of rifting in
the Oligocene that created the relatively thin Kyushu-
Palau ridge (Okino et al. 1994), appears most similar to
the Aleutian arc with a somewhat less mafic composi-
tion, and a crustal thickness of 26-35 km versus the
35 km of the Aleutian arc. In contrast, the Bonin arc
was subject to extension in the Eocene, which placed
the Ogasawara Ridge in the forearc (Ishizuka et al.
2006), rifting of the rear arc in the Oligocene to remove
the Kyushu-Palau ridge, and probably another episode
of extension to create the Nishinoshima Trough, whose
origin is poorly understood. As a result, the Bonin arc
and forearc extend over 400 km from the trench, and
comprise three distinct crustal blocks, none of which
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exceeds a thickness of 20 km, separated by thinned arc
crust 10—12 km thick (Fig. 4.7b). The broad region of
thin, 10—17 km thick, arc crust identified on the strike
line (Fig. 4.4b) is likely a consequence of separation
of the Ogasawara ridge, consistent with the suggestion
that much of the arc crust was generated early in its
history (Stern and Bloomer 1992). As indicated by the
along-strike velocity profiles in Fig. 4.14b, the Mariana
arc has a seismic structure intermediate between the
northern Izu and Bonin arcs, which is presumably due
to the Mariana arc massif being subject to less exten-
sion than the Bonin arc.

Arc rifting may result in the addition of high veloc-
ity magmatic material to the base of both the active
and remnant arcs by decompression melting similar to
that which has created magmatic underplates at some
passive continental margins (Takahashi et al. 2008).
In the case of the Mariana arc and West Mariana
ridge, this characteristic mafic underplate appears to
be a relatively small proportion (<5-8%) of the total
crustal volume, but modification of arc crust by rifting
is an issue that merits more detailed study.

Since the Eocene the average magmatic production
rates of the Aleutian and Mariana arcs are estimated
to be 82 km3/km/Ma (Holbrook et al. 1999) and
80 km’/km/Ma (Calvert et al. 2008) respectively,
which fall within the range of 30-85 km®/km/Ma
derived for several arcs in the western Pacific (Dima-
lanta et al. 2002). Although these estimates of average
productivities of the Aleutian and IBM arcs appear to
be generally similar, differences in the distribution and
volume of crust within these two arcs could be attrib-
utable to spatial and temporal variations in the mag-
matic flux from the mantle in addition to the effects of
extension and arc rifting.

4.12 Implications for Arc-Continent
Collision

Most island arcs, including both the Aleutian and IBM
arcs, lie distant from continental areas and are subject
to a restricted terrigenous sediment supply. As an
island arc approaches a continental margin the sedi-
ment input to the arc will increase, very significantly
in some cases due to uplift and erosion in the collision
zone, and a thick sedimentary section can develop on
the flanks of the island arc, across the forearc, and fill
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the back-arc basin, if present. The Lesser Antilles arc
is an example of this situation where sediment derived
primarily from the northern margin of South America
has formed a large accretionary wedge east of the
Tobago basin, obscuring the trench in the southern
part of the subduction zone (Fig. 4.9). Therefore
prior to collision, the crust surrounding an island
arc is likely to develop a much thicker sedimentary
section due to this relatively late sedimentary input
than implied by the tomographic velocity models from
the Aleutian and IBM arcs, which now lie far from
continental sediment sources.

Along-strike variations in the thickness of island
arc crust, which ranges from 10-35 km in the case of
the Izu-Bonin arc, will strongly influence the structural
style of any arc—continent collision in which it is invol-
ved. Thin crust may be either obducted or underplated
depending on its composition, and hence buoyancy,
relative to a passive continental margin. Thick arc
crust may be accreted to the edge of the incoming
margin; for example, the 35 km-thick Stikinia arc
terrane is interpreted to have partly overridden and
accreted to the paleo-margin of western North Amer-
ica (Cook et al. 2004). The transition between these
two processes might occur over distances along the
strike of the arc as small as 300 km, the distance over
which the Izu-Bonin arc thins from 35 to 10 km. Since
the incoming arc will often be oblique to the margin
this distance may be smaller along the strike of
the collision zone. The seismic velocity variations
inferred within the mid-crust of the Izu arc suggest
that compositional variations at a scale of 50 km may
also be apparent in accreted arc rocks.

Where a rifted island arc and its associated remnant
arc are involved in arc—continent collision, the final
post-collision geometry after closure of the ocean basin
may contain a repetition of arc rocks with similar ages
separated by younger arc rocks from the successor arc
created after the initial collision, assuming that there
has been not flip in subduction polarity.

4.13 Conclusions

A compilation of 1D seismic (P wave) velocity func-
tions from eight island arcs, which are derived from
well-constrained velocity models extending over
2,000 km of island arc crust, shows that overall island
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arc crust is predominantly mafic. At depths greater
than 8-10 km, i.e., confining pressures >0.2 GPa, arc
crust is characterized by in situ seismic velocities
greater than 6.5 km s, clearly distinguishing it from
typical continental crust (Fig. 4.15). Although felsic-
intermediate rocks such as tonalite may be present
over a broad depth range, such rocks can only predom-
inate at depths less than 8 km; however, it is not
possible to determine their proportion accurately at
these relatively shallow depths, because the seismic
velocities of mafic rocks can be significantly reduced
by fluid-filled porosity.

In detail, island arc crust is characterized by its
lateral variability, both across the arc as might be
expected, but also along the arc. The crustal thickness
of an island arc can be qualitatively related to the
amount of extension it has undergone with the thickest
35 km island arc crust found in the Aleutian arc where
extension has been minimal. The crust of the Izu arc,
which has only been subject to removal of the Kyushu-
Palau ridge from the rear arc thus limiting the volume
of crust lost, is 26—35 km thick. In contrast the Bonin
arc has been thinned by at least three episodes of
extension, two of which did not lead to back-arc
spreading, resulting in a 400 km wide arc and forearc
with laterally variable 10-22 km thick crust. The aver-
age velocity profiles of other island arcs appear to lie
between these end members, but the lower arc crust is
not always well constrained in these other locations.
Forearc crust commonly thins to 10—12 km close to the
trench, but igneous crust as thick as 16 km has been
observed in the Mariana and Bonin forearcs, suggest-
ing that significant lateral variability can be present.
Forearc crust can also thicken prior to collision
through the accumulation of a thick sedimentary sec-
tion derived from the approaching continent.

Arc crust can vary in thickness from 10-35 km over
300 km along strike, while the forearc can vary from
9-16 km over 50 km. Such changes in crustal thick-
ness, and perhaps composition, due to an island arc’s
tectonic and magmatic evolution are likely to have a
strong influence on the fashion in which arc—continent
collision unfolds, resulting in significant along-
strike variations in the character of preserved arc
crust; for example, island arcs that have not been
subject to extension are likely to have a relatively
thick mafic middle and lower crust that may be less
susceptible to obduction onto an incoming passive
margin.
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The seismic surveys reviewed here have been
acquired using different parameters, especially num-
bers of recording seismometers, and analysed using
different methodologies. The characteristics of the deri-
ved velocity models are a consequence of the methods
used to produce them, with the assumption of lateral
continuity often necessitated by a large receiver spacing.
Comparisons of different island arc systems would be
greatly facilitated by the use of similar, densely sampled
acquisition geometries, which provide greater confi-
dence in secondary phase identifications and permit
the use of similar tomographic inversion techniques.
2D profiles across an arc are required to determine
the broader tectonic setting and to allow estimation
of magmatic flux from arc growth rates, but intriguing
recent results have come from seismic profiles
along arcs; strike profiles are an effective way of identi-
fying both large-scale variations in arc structure and
localised tectonic features that merit further detailed
study. 3D surveys, which provide seismic velocity
throughout a large crustal volume, can provide more
robust estimates of arc growth, but at the cost of addi-
tional field effort.

The large-scale P wave velocity structure of many
island arcs has been well determined over the last two
decades. Looking forward, complementary S wave
velocity models could help discriminate mafic and
ultramafic lithologies in the lowermost arc crust
(Behn and Keleman 2006). Seismic waveform inver-
sion methods, which require an OBS spacing of
~1 km, can provide higher resolution velocity models,
and have the potential to reveal the way tonalitic
intrusions are distributed in the upper crust. Great
progress has been made in understanding the seismic
velocity structure of the lowermost arc crust and upper
mantle wedge. However, combining a 3D active
source survey with coincident passive recording
where high levels of intraplate seismicity are present
in a relatively shallowly subducting slab could gener-
ate the dense ray coverage necessary to refine velocity
models at depths of 25-40 km, and better constrain
deep magmatic processes. Coherent scattered noise
and water-layer multiples usually obscure deep reflec-
tions, where present, in multichannel seismic profiles;
progress on these two issues, which likely requires
some form of 3D acquisition, might allow seismic
reflection surveys to provide a complementary, higher
resolution perspective on island arcs.
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Appendix

Table 4.1 lists the sections of the various wide-angle
velocity models that were laterally averaged to create
the 1D velocity-depth functions shown in Figs. 4.13
and 4.14. The x-coordinates correspond to those used
originally in the publications cited. A maximum depth,
below which the velocities are not considered well
constrained, was chosen for each velocity function,
and velocity functions are only displayed above these
depths.

Representative 1D velocity depth functions for
island arc crust were calculated by averaging the sec-
tions of the 2D arc velocity models listed in Table 4.1
(but excluding the continental part of Aleutian line
A3) using three difference reference datums: mean
sea level, the seafloor (taken to be the 1.52 km s7!
isovelocity contour), and the top of the igneous crust
(Fig. 4.15). In many island arc settings, the top of the
igneous crust is not well defined due to low velocity,
high porosity volcanic rocks and intrusions into the
overlying sedimentary section; so the 3.5 km s~ ' con-
tour was used to approximate this boundary. To obtain
a 1D velocity model for a particular reference datum,
e.g. the seafloor, each velocity model was depth-
shifted so that the velocity value immediately below
the datum was aligned at zero across the 2D model.
This results in higher velocities at zero depth than
the selected datum value due to discretization of
the velocity models. All the 2D models were then
averaged. The contribution of a particular velocity
model to the average velocity functions depends on
the length of the model in Table 4.1. Thus the long-
strike lines along the Aleutian and Izu, Bonin
and Mariana contribute more to the average than
relatively short dip lines, such as that across South
Sandwich arc.
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Table 4.1 Locations of derived 1D velocity-depth functions
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Arc Profile Xmin Xmax Xmax-Xmin Zmax References

Aleutian Al - Dip 234 269 35 31 Holbrook et al. (1999)
Aleutian A2 — Strike 180 750 570 38 Shillington et al. (2004)
Aleutian A3 — Dip-Cont 235 275 40 35 Lizarralde et al. (2002)
Aleutian A3 — Dip-Ocean 219 255 36 35 Lizarralde et al. (2002)
Bonin Dip 340 380 40 25 Takahashi et al. (2009)
Bonin Strike 700 950 250 23 Kodaira et al. (2007b)
Izu Dip 150 250 100 19 Suyehiro et al. (1996)
Izu Strike 150 450 300 38 Kodaira et al. (2007a)
L. Antilles Dip 40 65 25 27 Christeson et al. (2008)
Mariana Dip 185 215 30 35 Takahashi et al. (2007)
Mariana Strike — Modern 80 250 170 24 Calvert et al. (2008)
Mariana Strike — Eocene 100 360 260 27 Calvert et al. (2008)
Solomon Dip 260 280 20 14 Miura et al. (2004)

S. Sandwich Dip 300 320 20 15 Brugier and Larter (2001)
Tonga Dip 50 140 90 14 Crawford et al. (2002)
Remnant Arc

Kyushu Palau Dip — KPr20 69 81 22 18 Nishizawa et al. (2007)
Kyushu Palau Dip — SPr5 38 52 14 20 Nishizawa et al. (2007)
West Mariana Dip —105 —-70 35 26 Takahashi et al. (2007)

Table 4.2 Reference 1D velocity-depth functions for island arcs (km s~")

Depth (km) Velocity Standard Velocity Standard Velocity below Standard
below deviation below deviation top igneous crust deviation
mean sea level seafloor

0 1.503 0.024 3.249 1.648 4.730 1.047

1 2.649 1.496 4.438 1.322 5.265 0.740

2 3.795 1.781 5.054 0.960 5.652 0.511

3 4.561 1.398 5.505 0.654 5.940 0.360

4 5.180 0.952 5.828 0.452 6.160 0.281

5 5.587 0.667 6.085 0.332 6.306 0.261

6 5.888 0.487 6.259 0.278 6.433 0.277

7 6.106 0.365 6.410 0.295 6.581 0.274

8 6.279 0.269 6.584 0.299 6.689 0.286

9 6.481 0.284 6.672 0.286 6.788 0.268

10 6.586 0.254 6.770 0.263 6.848 0.277

11 6.681 0.233 6.838 0.268 6.901 0.286

12 6.786 0.196 6.896 0.281 6.954 0.296

13 6.855 0.210 6.953 0.290 7.002 0.308

14 6.926 0.235 6.990 0.308 7.040 0.316

15 6.968 0.251 7.037 0.322 7.085 0.329

16 7.011 0.268 7.082 0.329 7.131 0.332

17 7.060 0.287 7.130 0.330 7.115 0.235

18 7.104 0.299 7.202 0.318 7.193 0.232

19 7.170 0.286 7.198 0.235 7.239 0.234

20 7.259 0.291 7.232 0.238 7.235 0.211

21 7.303 0.289 7.222 0.215 7.266 0.216

22 7.342 0.291 7.255 0.218 7.296 0.223

23 7.298 0.241 7.285 0.226 7.270 0.226

24 7.332 0.249 7.326 0.237 7.297 0.232

25 7.329 0.256 7.282 0.228 7.329 0.248

26 7.336 0.246 7.310 0.237 7.361 0.265

27 7.364 0.251 7.343 0.256 7.408 0.267

(continued)
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Table 4.2 (continued)
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Depth (km) Velocity Standard Velocity Standard Velocity below Standard
below deviation below deviation top igneous crust deviation
mean sea level seafloor

28 7.336 0.256 7.373 0.270 7.435 0.275

29 7.373 0.269 7.420 0.270 7.460 0.285

30 7.403 0.281 7.446 0.279 7.457 0.269

31 7.429 0.291 7.446 0.264 7477 0.276

32 7477 0.289 7.463 0.270 7.337 0.173

33 7.497 0.295 7.511 0.327 7.468 0.368

34 7.536 0.330 7.582 0.428 7.754 0.405

35 7.633 0.378 7.903 0.312 7.974 0.215

36 7.769 0.363 7.978 0.211

37 7.933 0.205

38 7.976 0.213
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