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[1] We present the first detailed 2D seismic tomographic image of the trench‐outer rise,
fore‐ and back‐arc of the Tonga subduction zone. The study area is located approximately
100 km north of the collision between the Louisville hot spot track and the overriding
Indo‐Australian plate where ∼80 Ma old oceanic Pacific plate subducts at the Tonga
Trench. In the outer rise region, the upper oceanic plate is pervasively fractured and most
likely hydrated as demonstrated by extensional bending‐related faults, anomalously large
horst and graben structures, and a reduction of both crustal and mantle velocities.
The 2D velocity model presented shows uppermost mantle velocities of ∼7.3 km/s,
∼10% lower than typical for mantle peridotite (∼30% mantle serpentinization). In the
model, Tonga arc crust ranges between 7 and 20 km in thickness, and velocities are typical
of arc‐type igneous basement with uppermost and lowermost crustal velocities of ∼3.5 and
∼7.1 km/s, respectively. Beneath the inner trench slope, however, the presence of a low
velocity zone (4.0–5.5 km/s) suggests that the outer fore‐arc is probably fluid‐saturated,
metamorphosed and disaggregated by fracturing as a consequence of frontal and basal
erosion. Tectonic erosion has, most likely, been accelerated by the subduction of the
Louisville Ridge, causing crustal thinning and subsidence of the outer fore‐arc. Extension
in the outer fore‐arc is evidenced by (1) trenchward‐dipping normal faults and (2) the
presence of a giant scarp (∼2 km offset and several hundred kilometers long) indicating
gravitational collapse of the outermost fore‐arc block. In addition, the contact between
the subducting slab and the overriding arc crust is only 20 km wide, and the mantle wedge
is characterized by low velocities of ∼7.5 km/s, suggesting upper mantle serpentinization
or the presence of melts frozen in the mantle.
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1. Introduction

[2] The amount of volatiles stored within the subducting
oceanic lithosphere play a crucial role in arc volcanism and
metamorphism of the overlying mantle wedge. At depths
between ∼60–80 km, dewatering of subducting oceanic crust
largely occurs by metamorphism of the oceanic crust to
amphibolite and eclogite facies, which leads to hydration of
the mantle wedge [ANCORP Working Group, 1999; Ruepke
et al., 2004; Hacker et al., 2003]. At depths of 100–120 km,
eclogitization is complete [Hacker et al., 2003]. The sub-
ducting lithospheric mantle dehydrates at a elevated tem-

perature which results in partial melting of the overriding
mantle, and which generates magmas that buoyantly rise to
form the associated island arc [Ulmer and Trommsdorff,
1995; Ruepke et al., 2004]. Thus, the amount of water sub-
ducted dictates the generation of arc magmas, the rheology
of the mantle wedge, and the global circulation of water
[e.g., Hacker, 2008].
[3] The amount of fluids stored within the incoming/

subducting plate is linked to hydration and alteration of
oceanic lithosphere prior to subduction. The process com-
mences at the mid‐ocean ridge where, at slow spreading
centers, oceanic lithosphere is characterized by a crust and
uppermost mantle that are pervasively fractured and hydrated
[e.g., Carbotte and Scheirer, 2004]. In contrast, oceanic
lithosphere created at moderate to fast spreading mid‐ocean
ridges, such as most of the oceanic plate consumed at
Circum‐Pacific subduction zones, is characterized by per-
vasive fracturing and hydrothermal activity largely confined
to upper crustal levels [Carbotte and Scheirer, 2004]. Lower
crust and mantle rocks are, therefore, relatively dry and
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undeformed [Carlson, 2003]. However, a number of obser-
vations suggest that this characteristic of a relatively “dry”
and “undeformed” oceanic lithosphere, is dramatically per-
turbed at the outer rise, seaward of the trench [Grevemeyer
et al., 2007; Contreras‐Reyes et al., 2008; Ivandic et al.,
2008]. These authors have suggested that much of the
hydration will occur in the trench‐outer rise area, when
reactivated shallow and new fault grow to penetrate through
the crust and into the upper mantle.

[4] The degree of serpentinization of the oceanic mantle
has been inferred from seismic wide‐angle data for relative
young oceanic lithosphere such as in off Middle America
(<30 Ma) [Grevemeyer et al., 2007; Ivandic et al., 2008], off
south‐central Chile (10–30 Ma) [Contreras‐Reyes et al.,
2008; Contreras‐Reyes and Osses, 2010], and for relative
old plates such as Nazca off north Chile (45–50 Ma)
[Sallares and Ranero, 2005]. Furthermore, deep mantle
refracted seismic waves were used to study the maximum
depth of mantle serpentinization off south‐central Chile
[Contreras‐Reyes et al., 2008]. These results show that low
mantle velocities associated with mantle serpentinization
occur down to a maximum depth of 6–8 km into the upper
mantle. At these depths, mantle temperatures are estimated
to be ∼430°C according to the cooling plate model of
Parsons and Sclater [1977] or 300–350°C according to the
most recent model of McKenzie et al. [2005]. The corre-
sponding depths to these isotherms coincide with the neutral
surface, or lower limit of the extensional upper region of the
oceanic lithosphere, according to focal mechanisms studied
in various outer rise settings [e.g., Seno and Yamanaka,
1996]. Since water infiltration is confined to the upper
extensional part and not to the lower compressional part of
the oceanic lithosphere, the neutral surface is consistently
the deepest limit of mantle serpentinization.
[5] The Tonga‐Kermadec island arc‐trench system in the

southwest Pacific Ocean (Figure 1) is characterized by:
(1) subduction of old oceanic lithosphere (≥80 Ma), (2) a
sediment‐starved deep‐sea trench, (3) highly active arc
magmatism and (4) the presence of well‐developed exten-
sional faults in the seaward wall of the trench [Lonsdale,
1986; Ballance et al., 1989; Collot and Davy, 1998]. Such
a setting offers the opportunity to study hydration and
dehydration processes of the oceanic lithosphere at the outer
rise and beneath the magmatic arc, respectively.
[6] A fundamental change in the depth and curvature of

the Tonga‐Kermadec Trench occurs near the subducting
Louisville hot spot track [Lonsdale, 1986; Ballance et al.,
1989]. The collision zone between the Louisville Ridge
and the Tonga‐Kermadec Trench is migrating rapidly
southward (>220 km/m.y.) due to the oblique and fast
convergence rate of the subducting Pacific plate beneath the
Indo‐Australian plate (∼200 km/m.y.) [Bevis et al., 1995].
On the other hand, the overriding outer Indo‐Australian
fore‐arc shows the typical features of a margin affected by
tectonic erosion: (1) a sedimented starved trench, (2) the
absence of a sedimentary wedge, (3) unfilled horst and graben
structures on the incoming oceanic plate and (4) a steep and
highly fractured inner trench slope [Ballance et al., 1989].
Clift and MacLeod [1999] have shown that the trench slope
has subsided to great depths since 32–34 Ma, due to tectonic
erosion processes. Moreover, trench‐slope subsidence in
the post‐collision zone was most likely accelerated by the
subduction of the Louisville Ridge [Ballance et al., 1989].
As a consequence, intense subsidence of the outermost fore‐
arc has lead to the formation of the second deepest trench on
earth (∼10850 m depth).
[7] In addition, the velocity structure of the Tonga arc

crust contains important information on how island arcs
form. Island arcs have been proposed as a principal site of
continental crust genesis [McLennan and Taylor, 1982] and,
since the bulk composition of continental crust is andesitic,

Figure 1. Bathymetric map of the Tonga‐Kermadec sub-
duction zone [Sandwell and Smith, 1997]. The Pacific plate
approaches the Tonga‐Kermadec Trench at a fast conver-
gence rate of ∼200 mm/a [Bevis et al., 1995], while the
spreading rate at the Lau spreading center (LSC) is about
240 mm/a. Dotted square and yellow line denotes the study
area and seismic line, respectively (Figure 2). The gentle
trench slope south of the modern collision zone between the
Louisville Ridge and Tonga‐Kermadec Trench (∼26°S), is
much broader than the steep narrow fore‐arc north of the
collision. North of the collision zone the trench axis is
extremely deep, reaching 10850 m in the Horizon Deep,
adjacent to which the trench slope has a very high gradient
(>10° below 6000 m; Lonsdale, 1986). In contrast, south of
the collision zone, where the trench shallows to 6000 m, the
fore‐arc is broader, has a more gentle slope (1°–2°), and
descends to only 8000 m [Lonsdale, 1986]. The geometry
suggests that passage of the Louisville Ridge caused a sig-
nificant amount of erosion to the outer edge of the fore‐arc,
compared to the normal steady state subduction environ-
ment [Ballance et al., 1989].
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the andesite model has been suggested to explain the initial
composition of oceanic arc crust [McLennan and Taylor,
1982]. Growing geophysical evidence, however, suggests
that their seismic structure is closer to basaltic rather than
andesitic, which is the average composition of continental
crust (e.g., the Aleutian [Holbrook et al., 1999] and Mariana
[Calvert et al., 2008] arcs). Intracrustal melting and perva-
sive deformation have been proposed as a possible solution
to this paradox [e.g., Holbrook et al., 1999].
[8] In order to determine the deep lithospheric structure of

the Tonga subduction zone, we carried out a wide‐angle
seismic refraction experiment between January and February
2008 during cruise SO195 of the German R/V SONNE
(Figure 2). A single seismic profile traversed the entire
subduction zone system, including the incoming plate, trench
axis, fore‐arc and magmatic arc. The profile is ∼330 km
long and 40 ocean‐bottom seismograph (OBS) stations were
deployed in water depths up to 8000 m. The profile is
located ∼100 km north of the collision zone between the

Louisville Ridge and the Tonga Trench and therefore,
sampled, an island arc affected by the subduction of the
Louisville Ridge during the last few million years. The
results of this seismic study may offer insights into deep
lithospheric hydration, arc magmatism, arc crust formation
and tectonic evolution and erosion of the overriding plate.

2. Tectonic Setting

[9] The Tonga‐Kermadec system represents a classic
example of a non‐accretionary convergent margin in an
intraoceanic setting. Here, subduction is believed to date
from the middle Eocene on the basis of the oldest volca-
noclastic strata that have been found in the fore‐arc region
[Clift et al., 1998, and references therein]. This region
comprises zones of island arc magmatism, back‐arc rifting,
and seafloor spreading (Figure 1). The Pacific plate subducts
beneath the Indo‐Australian plate at the Tonga‐Kermadec
Trench at a fast convergence rate of 200–250 mm/a which

Figure 2. Swath bathymetry data (A.A.P. Koppers, personal communication, 2009) of the Pacific plate
and easternmost portion of the Tonga arc. The location of the wide‐angle seismic profile is shown. White
dots indicate the six OBS stations (216, 206, 191, 184, 179 and 177) of which data examples are shown in
Figure 3. The active Tonga arc is parallel and located at roughly 180 km from the trench axis, whereas the
Tonga platform forms the widest part of the fore‐arc (60–80 km wide) and is composed of a series of
volcaniclastic sediments, pelagic chalk and carbonate debris, and overlies an Eocene volcanic basement
[Clift et al., 1998]. The trench slope high is the shallowest part of the fore‐arc.
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increases northward [Bevis et al., 1995], and partial melting
generates magmas that migrate upward to form the Tonga
and Kermadec volcanic arcs.
[10] The Miocene‐Recent Lau‐Havre back‐arc basin

between the active Tonga‐Kermadec arc and the remnant
Lau‐Colville Ridge is the central rift of a ∼700 km long
mid‐ocean ridge system (Figure 1) [Karig, 1970]. ODP drill
sites indicate that back‐arc rifting began at 7 Ma, pre‐dating
seafloor spreading [Shipboard Scientific Party, 1992].
Current back‐arc opening rates decrease from 159 mm/yr in
the northern Lau Basin to 15 mm/yr in the southern Havre
Trough [Bevis et al., 1995]. The V‐shaped Lau Basin cur-
rently opens at two overlapping, southward propagating
spreading centers. The Havre Trough has low seismicity and
volcanic basement ridges trending 25–45° oblique to the
basin axis, consistent with low levels of extensional tecto-
nism and volcanism [Ruellan et al., 2003].
[11] The Tonga‐Kermadec arc contains an active and a

remnant volcanic chain (Figure 1). The eastern, remnant
chain includes the coral islands of the Tonga group and
consists of uplifted carbonates and gravity flow sediment
deposits over middle Eocene to late Miocene volcanic and
plutonic rocks [Karig, 1970]. The western, active Tofua
chain formed 0–3 Myr ago [Karig, 1970] and is made up of
basaltic seamounts, shoals and rocky islands. On the fore‐
arc to the east, Miocene sediments are down‐faulted against
flows and tuff breccias which are believed to have been part
of a prior island arc system [Hawkins, 1995].
[12] The Tonga‐Kermadec island arc‐trench system is

marked by widespread tectonic erosion of the overriding
plate by the subducting oceanic Pacific lithosphere. At the
trench, there is no accretionary wedge, and the trench con-
tains less than 0.2 km of sediments [Ballance et al., 1989].
The seaward wall of the trench is steep and highly fractured
[Lonsdale, 1986; Ballance et al., 1989; MacLeod, 1994].
At ∼26°S, the Louisville Ridge intersects the trench thereby
separating the Tonga Trench in the north from the Kermadec
Trench in the south (Figure 1). The Louisville Ridge is a
∼4000 km long chain of seamounts which is believed to
have formed while the Pacific plate moved over a hot spot,
which is presently located near the intersection of the
Eltanin Fracture Zone and the SW Pacific‐Antarctica Ridge
[Lonsdale, 1986; Watts et al., 1988]. Near its intersection
with the Tonga‐Kermadec Trench, the incoming Louisville

seamounts rise some 4–5 km above the surrounding seafloor
causing a local shallowing in the depth of the trench (5–6 km
depth). The Osbourn seamount, which has a once flat surface
that has been tilted down toward the trench, is apparently the
next volcanic edifice to intersect the trench (Figure 2). The
point of intersection is moving rapidly southward at rates
faster than 200 km/Ma. Tectonic erosion has accelerated in
the wake of Louisville Ridge subduction, which causes
frontal and basal erosion processes and regional subsidence
of the easternmost part of the overriding plate [Ballance
et al., 1989; Clift et al., 1998].

3. Wide‐Angle Seismic Data

[13] Seismic refraction data were acquired during R/V
SONNE cruise 195. Profile P02 is 327 km long and 40 OBS
were deployed along it at approximately 8 km spacing
(Figure 2). Four of the 40 stations failed to record data. The
seismic source was an airgun array comprising 6 G‐gun
clusters with a total volume of 81 liters, fired at 210 bar
pressure every 60 s at a surveying speed of 5 kn, yielding a
shot spacing of ∼150 m. For all record sections, a time and
offset‐variable Butterworth filter, in which the passband
moves toward lower frequencies as record time and offset
increase, was applied to account for frequency changes
caused by signal attenuation.
[14] In the overriding plate, we recorded intracrustal refrac-

tions (Pg1), Moho reflections (Pm1P), and upper‐mantle
refractions (Pn1). Pm1P and Pn1 phases were observed on
eight instruments, at offsets up to 120 km. On the incoming
oceanic plate, crustal (Pg2) and mantle refractions (Pn2),
and some reflections from the top (PtscP) and bottom (Pm2P)
of the subducting Pacific crust were identified (see Table 1
for details of the travel time arrivals and picking errors).
Additionally, deep‐seated reflections (DSR) within the
upper mantle were observed at some stations. Six example
record sections are shown in Figure 3, with their identified
seismic phases annotated.

4. Seismic Tomography

[15] The 2D velocity structure along seismic profile P02
was determined using a joint refraction and reflection travel‐
time inversion technique [Korenaga et al., 2000]. This
method allows joint inversion of seismic refraction and
reflection travel‐time data for a 2‐D velocity field. Travel
times and raypaths are calculated using a hybrid ray‐tracing
scheme based on the graph method and the local ray‐
bending refinement [Van Avendonk et al., 1998]. Smoothing
constraints, using pre‐defined correlation lengths and opti-
mized damping constraints for the model parameters, are
employed to regularize an iterative linearized inversion
[Korenaga et al., 2000].
[16] The velocity model consists of the following layers:

(1) water, (2) sediments on the overriding plate, (3) arc
crust, (4) uppermost fore‐arc mantle, and (5) subducting
oceanic crust and mantle. To derive the velocity‐depth
model the water depth, taken from the swath bathymetry
center beam, was used to construct the seabed‐water column
interface, and this remained fixed during the inversion. In
order to obtain the sedimentary and crustal velocities, and
Moho depths of the overriding plate, we jointly inverted

Table 1. Summary of Travel Time Picks and Details of the
Average Final Velocity Depth Model Shown in Figure 4ca

Phase

Average
Travel Time

Uncertainty (ms)

Average
Final Model
TRMS (ms)

Average
Final Model

c2

Pg1 + Pm1P 55 55.58 1.06
Pn1 60 56.27 0.93
PtscP 80 76.44 0.94
Pg2 + Pm2P 55 57.59 1.11
Pn2 60 53.32 0.89

aPg1, arc crustal refraction; Pm1P, reflections from the upper plate Moho,
Pn1 forearc mantle refractions, PtscP reflection from the top of the oceanic
crust; Pg2, refraction from the lower plate crust; Pm2P, reflections from the
lower plate Moho; Pn2, lower plate mantle refractions; TRMS, root‐mean
square travel time misfit; and c2, chi‐square parameter.
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refraction (Pg1) and reflection (Pm1P) phases. The arc crust
velocities and Moho depths derived from the tomographic
inversion were then held fixed in the following iterative
inversions. Mantle wedge velocities were inverted using Pn1

phases, while the top of the subducting oceanic crust was
constrained using PtscP arrivals. Similarly, mantle wedge
velocities and the interplate boundary depth remained fixed
for the next step of the inversion, where crustal velocities
and Moho depths of the subducting Pacific crust were
derived using oceanic Pg2 and Pm2P phases, respectively.
Finally, the uppermost mantle velocities of the incoming
Pacific plate were inverted using Pn2 phases. It is worth
noting that this layer‐stripping approach [Zelt, 1999] uses
both first and second arrivals to constrain the velocity
model, without the need to disregard for example, secondary
arrivals such as lower crustal phases which become sec-
ondary arrivals at offsets where mantle arrivals become the
first arriving phase.

4.1. Reference Model and Inversion Parameters

[17] In order to start the iterative process of linearized
inversion, a good reference model is needed to ensure stable

inversion of the parameters. The reference 2D velocity
model is 327 km long and 36 km deep. We used three
floating reflectors to model (1) the Moho of the overriding
arc crust, (2) the top of the subducting Pacific crust and
(3) the Moho of the Pacific oceanic crust. Initial crustal and
mantle velocities of the Indo‐Australian plate were obtained
by forward modeling the Pg1P and Pn1 refraction phases,
respectively. The initial geometry of the Moho of the
overriding arc crust and interplate boundary reflector were
obtained by forward modeling the Pm1P and PtscP reflec-
tions, respectively. Similarly, the initial crustal and mantle
velocities of the oceanic Pacific plate were obtained by
forward modeling the Pg2P and Pn2 refracted phases. The
initial Pacific crustal thickness was obtained by forward
modeling the Pm2P reflections. We prepared the reference
model for the tomographic inversion by first 1‐D modeling
three OBS stations, which we consider key to defining the
general velocity‐depth structure. Figure 4a shows the 1‐D
models of the three selected stations. The 2‐D seismic
velocities of the reference model are calculated by linearly
interpolating the velocities of these 1‐D velocity models to
form the starting model.

Figure 3. Examples of wide‐angle seismic data with predicted travel times (yellow curves), which are
computed based on the velocity model presented in Figure 4c. (a) OBH 216, (b) OBH 206, (c) OBH 191,
(d) OBS 184, (e) OBS 179, and (f) OBS 177. Orange dotes in Figures 3c–3f correspond to travel times
predicted by the final velocity model shown in Figure 4c that were not included in the tomographic
inversion.
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[18] Unfortunately, reflections from the top of the sub-
ducted oceanic crust were clearly observed in only four
stations making modeling difficult. However, we forward
modeled Pm2P phases that were identified in a larger number
of stations in order to derive the bottom of the subducted
crust first. Thus, we infer the geometry of the top of the
subducted crust by just subtracting a constant thickness of
∼6.0 km to the derived Moho of the subducting crust. The
constant thickness of 6.0 km is the average crustal thickness
of the Pacific crust derived east of the trench by modeling
Pm2P reflections (see for instance Figure 3f).
[19] The horizontal grid spacing of the model used for the

velocity inversion is 0.5 km, whereas the vertical grid
spacing is varied from 0.1 km at the top of the model to
1 km at the bottom. Depth nodes defining the plate
boundary and Moho reflectors are spaced at 1 and 2 km,
respectively. We used horizontal correlation lengths (input
parameters for the regularization of the inversion) ranging
from 2 km at the top to 10 km at the bottom of the model,
and vertical correlation lengths varying from 0.1 km at the
top, to 2.5 km at the bottom. Different tests showed that
varying the values of correlation lengths by 50% does
not significantly affect the solution. Due to the trade‐off

between correlation lengths and smoothing weights, we tried
to use shorter correlation length and larger smoothing
weight in order to reduce memory requirements [Korenaga
et al., 2000]. Depth and velocity nodes are equally weighted
in the refraction and reflection travel time inversions.

4.2. Velocity Model Uncertainties

[20] Interpretation of the best‐fit velocity model requires
knowledge of model uncertainties. To determine the accu-
racy of the final model, we employed the Monte Carlo
method [Korenaga et al., 2000]. To estimate velocity‐depth
uncertainties, we randomly perturbated the velocities and
reflector‐depths of our reference model (Figure 4a). We
generated 10 random initial velocity models by adding ran-
domly distributed smooth perturbations (maximum veloci-
ties perturbations of ±0.5 km/s at the top and ±0.2 km/s at the
bottom of the overriding and Pacific crusts, with wavelength
perturbations of 10 km horizontally and 0.5 km vertically).
For both plates, mantle perturbation was ±0.2 km/s, with
wavelength perturbations of 20 km horizontally and 1 km
vertically. The initial geometries of the interplate and Moho
reflectors were randomly varied within a range of ±1.5 km.
In addition to the perturbed reference models, we produced

Figure 3. (continued)
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10 so‐called noisy arrival travel‐time pick sets constructed
by adding random phase errors (±50 ms) and common
receiver errors (±50 ms) to the original data set [Korenaga
et al., 2000]. We then performed a tomographic inversion
for each velocity model with one noisy data set, in order to
estimate not only the dependence of the solution on the
reference model, but also the effect of phase arrival time
picking errors. The stopping criterion for each inversion was
c2 ≤ 1, where c2 is the normalized sum of the RMS misfits
divided by the corresponding picking uncertainties; a value of
1 means that the model error is equal to the data uncertainty.
[21] Figure 4b shows the DerivativeWeight Sum (DWS), a

proxy of the ray density of our velocity model [Toomey and
Foulger, 1989]. Figure 4c shows the average velocity‐depth
model from the 100 final models, and detailed information
regarding root‐mean square travel‐time misfits (TRMS) and c2

parameters for the final average model is summarized in
Table 1.
[22] Reflector and velocity uncertainties calculated from

the 100 final velocity‐depth models are shown in Figures 4d
and 4e, respectively. The standard deviation (uncertainty) of
the calculated velocities (DVp) is generally well constrained
for the overriding arc crust (Figure 4d). In the uppermost
and lower part of the arc crust, DVp values increase to

greater than 0.1 km/s. In the uppermost mantle of the
overriding plate and uppermost part of the Pacific oceanic
crust, DVp values increase up to 0.2 and 0.4 km/s,
respectively. The average depth uncertainties of the Indo‐
Australian plate Moho is ±0.2 km, and reach maximum
values larger than ±0.5 km at the westward edge of the
velocity‐depth model (Figure 4d), which is a zone charac-
terized by the absence of Pm1P reflections. Pacific plate
Moho depth uncertainties were calculated at ±0.2 km east of
the trench, while the top of the subducting Pacific crust is
largely unconstrained below 10 km and where Pm2P reflec-
tions are not clearly observed from 30–35 km depth (imaged
zones in Figure 4c). We therefore interpolate both the top and
bottom of the Pacific crust between the depths of <10 km
and 30–35 km using the known geometry.

4.3. Description of Results

4.3.1. Subducting Pacific Plate
[23] The top of the oceanic basement is covered by a thin

sedimentary cover of <200 m with velocities typical of
pelagic sediments (1.6–1.9 km/s) [e.g., Ito et al., 1995].
Reflections from the top and bottom of the subducting
Pacific crust constrain the interplate boundary and oceanic
Moho location, respectively. The average Pacific crustal

Figure 3. (continued)
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thickness is 6.0 ± 0.2 km (Figure 4). Similar thicknesses
are found along the Tonga‐Kermadec Trench at ∼18.5°S
[Crawford et al., 2003] and at ∼26°S [Contreras‐Reyes
et al., 2010]. The average angle of subduction is ∼30°
which is similar to the shallow dip angle (depths <60 km)
suggested by teleseismic hypocenter data [Bonnardot et al.,
2007].
[24] The oceanic crust consists of an upper layer ∼1.5 km

thick with velocities of 3.0–6.3 km/s, and a 3.0 to 3.5 km
thick lower crust with velocities of 6.4–6.8 km/s. The oce-
anic mantle is characterized by extremely low velocities
(∼7.3 km/s), much lower than those typical of the uppermost
mantle (≥8.0 km/s). A feature worth noting is located at 15–
20 km east of the trench, where there is a graben in the down‐
going plate which coincides with a region of extremely low
crustal velocity and a thin upper crust (see Figure 5).
4.3.2. Overriding Australian Plate
[25] The Indo‐Australian plate arc crust is covered by a

sedimentary layer 1.0–1.5 km thick with seismic velocities

ranging between 1.8 and 3.0 km/s, which is interpreted as a
drape of pelagic and volcanoclastic sediments (Figure 4c).
The volcanoclastic sediments are probably sourced from the
arc volcanic front by debris flows and turbidity currents
[Clift et al., 1998]. Despite the steepness of the inner wall
of the trench, the velocity model does not show a well‐
developed frontal prism of sediments at the trench. However,
a fore‐arc basin of up to 2 km thick appears to have formed
50–60 km arcward of the trench. The fore‐arc basin is
coincident with the onset of a ∼2 km high scarp seen in the
swath bathymetry data (Figure 6). This prominent feature is
characterized by a sharp velocity contrast that propagates
deep into the crust, and the outline of the discontinuity
resembles a deep fault dipping toward the trench which is
fairly coincident with the prominent scarp seen in the swath
bathymetry data (Figure 5).
[26] A wedge‐shaped body, with velocities ranging

between 3.0 and <6.0 km/s, can be identified in the seismic
velocity model, whose westward limit at 10–20 km from the

Figure 4. (a) Initial 1D velocity models constructed by forward modeling. (b) Derivative Weight Sum
(DWS) for rays traveling throughout the model shown in Figure 4c. (c) Final velocity‐depth model
derived by averaging all Monte Carlo ensembles. UTS, MTS and LTS denote the upper, middle, and
lower trench slopes, respectively. (d) Depth uncertainties for the fore‐arc Moho. (e) Velocity uncertainty
model based on Monte Carlo type realizations.
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trench axis coincides with a pronounced horizontal velocity
gradient (Figure 6). Arcward of this strong velocity contrast,
the velocity‐depth model reveals an overriding arc crust
with typical velocities of oceanic igneous rocks. That is, an
upper crust with velocities of 3.8 to 6.5 km/s, and a lower
crust with velocities of 6.5–7.1 km/s. In addition, one fea-
ture is notably absent: there is virtually no material within
the arc with a velocity of 6.0 ± 0.4 km/s (Figure 7).
[27] The velocity‐depth model reveals that the Indo‐

Australian plate crust thickens from trench to arc. The
maximum crustal thickness is reached at the trench slope
high which coincides with the shallowest seafloor along our
profile. Here, the upper and lower crustal thickness are 5 and
15 km thick, respectively. In the vicinity of the magmatic
arc, velocities in excess of 6.5 km/s are reached at the rel-
atively shallow depth of 4 km below the seafloor. A similar
feature is detected at the western end of the seismic profile.
On the other hand, Pn1 phases image the uppermost 2 km
of the mantle wedge. Mantle velocities are clearly low

(7.5 km/s) compared to average oceanic upper mantle veloc-
ities (≥8.0 km/s).
[28] We calculate travel times for some phases that are not

clearly observed on the seismic record (Figures 3c–3f). For
instance, the absence of Pm2P reflections on the eastern
side of OBS 191 (Figure 3c) and both sides of OBS 184
(Figure 3d) may be due to attenuated phase amplitudes as
a consequence of the low mantle wedge velocities. The
deep‐seated reflector was forward modeled using a floating
reflector as shown in Figure 3c, where the angle of inci-
dence of ∼60° is consistent with a velocity contrast of about
1 km/s. Similar features have been observed in the Izu‐
Bonin‐Mariana arc [Takahashi et al., 2008].

5. Gravity Modeling

[29] In order to better constrain the velocity structure
along the seismic profile, we calculated the gravity effect of
the seismic model and compared it to the observed free‐air

Figure 5. (a) Easternmost portion of the final velocity‐depth model showing the trench‐outer rise and
trenchward‐most part of the fore‐arc regions. (b) High‐resolution multibeam bathymetric mapping shows
horst and graben structures caused by bending‐related faulting aligned parallel to the trench axis. North of
the collision zone between the Louisville Ridge and the trench, horst and graben fault systems are remark-
ably deep and wide. (c) Deep‐towed side‐scan sonar image showing large horst and graben structures in
the outer rise region. (d) Depth profiles extracted from shipboard bathymetry along profiles shown in
Figure 5b. Line Pb shows a graben 1.5 km deep and 10 km wide caused by tensional stresses due to strong
bending of the old Pacific oceanic lithosphere.
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gravity anomaly. Our 2D gravity calculation is based on
Parker’s [1972] spectral method in which the seismic
structure is approximated by a number of layers of uniform
density contrast. We converted velocity (Vp) to density (r)
using the following relationships:
Hamilton [1978] relationship for the sedimentary section

� ¼ 1þ 1:18 Vp � 1:5
� �0:22

Carlson and Herrick’s [1990] relationship for igneous upper
crust

� ¼ 3:61� 6:0

Vp

Birch’s [1961] law for plagioclase, and diabase‐gabbro
ecoglite (lower crust)

� ¼ 0:375 1þ Vp

� �

[30] We derived a density model for transect P02 using
the same layer boundary geometry as in our seismic velocity
model. For the upper oceanic mantle densities we used the
Vp versus r relationship of Carlson and Miller [2003],
which accounts for the dependence of Vp with the degree of
serpentinization, and we limited the density to a maximum
of 3230 kg/m3 for the deeper mantle region. First, we
model the satellite‐derived free‐air gravity anomaly (FAA)
[Sandwell and Smith, 1997] using only the seismically

Figure 6. (a) Outer fore‐arc region of the velocity‐depth model. (b) The relatively low velocities
(4.0–5.5 km/s) of the trenchward‐most part of the fore‐arc (the wedge) are interpreted as arc crust highly
fractured by frontal and basal erosion, enhanced by subduction of large horst and graben and subduction
of the Louisville Ridge over the last few million years. At ∼55 km west of the trench axis, formation of a
large scarp has enabled the development of a narrow fore‐arc basin ∼10 km wide and 2–3 km thick.
Velocity discontinuities around the fore arc basin resemble deep crustal normal faults (blue curve).
(c) Large scarp feature on the overriding Indo‐Australian plate at 60 km offset from the trench axis, which
spatially correlates with the velocity discontinuities shown in Figure 6a and is interpreted as a large‐scale
feature caused by extension (Figure 6b). The trench slope is highly eroded as evidenced by the presence
of deep gullies. A flat, basinal area is fed by a canyon incising the trench slope.
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constrained parts of the model. That is, beyond the maxi-
mum depth of seismic penetration, we assumed a typical
mantle density of 3300 kg/m3 (Figure 8a). The results show
a calculated anomaly that is 90 and 20 mGal higher, in the
fore‐arc and outer‐rise respectively, than the observed
anomaly (Figure 8). Secondly, we adopted an alternative
model which is similar to the previous one except that we
extended to larger depth at which typical mantle densities of
3300 kg/m3 are restored and, thus, we allow a thicker sec-
tion of low density serpentinized mantle (Figure 8b). The
best fit is reached if the serpentinized mantle thicknesses for
the Pacific and Indo‐Australian lithospheres are ∼25 km and
∼40 km, respectively (Figure 8c). Our preferred density

model has a RMS misfit of about 7 mGal and is consistent
with mantle alteration and a deep hydrated mantle wedge.

6. Interpretation and Discussion

[31] We present an interpretive model of the Tonga sub-
duction zone based on our high‐resolution seismic tomo-
graphic velocity and gravity model (Figure 9). The principal
features of this model are: (1) extremely low velocities both
in the mantle wedge and uppermost oceanic Pacific mantle
which are interpreted as reflecting mantle serpentinization,
(2) existence of a prominent graben (1.5 km deep and 10 km
wide) in the outer rise region, (3) a relative low velocity

Figure 7. (a) Final velocity model showing locations of the velocity‐depth profiles extracted and shown
(b) at the magmatic front, (c) at the trench slope high, (d) at the trenchward part of the fore‐arc and (e) at
the outer rise (oceanic Pacific crust). (f) Comparison of average 1‐D velocity functions from the Mariana,
Izu‐Bonin, Aleutian and Tonga oceanic island arcs and continental crust.
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region within the overriding plate located near the trench,
(4) a prominent scarp located 60 km arcward of the trench,
and (5) relative high velocities of 7.0–7.1 km/s for the Tonga
lowermost arc crust. We will first discuss the under-
thrusting Pacific lithosphere and then the Indo‐Australian
overthrusting plate.

6.1. The Trench‐Outer Rise Region

[32] In the trench‐outer rise region, uppermost crustal
velocities are lower than 3.5 km/s, and are atypical for the
uppermost part of layer 2 of mature oceanic crust (>4.5 km/s)
[e.g., Grevemeyer and Weigel, 1996]. Velocities lower than
7 km/s in the lower oceanic crust in the trench‐outer rise
area suggest a significant alteration of the porosity structure
of the entire oceanic crust. The decrease in velocity is most

likely accompanied by an increase in the degree of frac-
turing, coinciding with the prominent normal extensional
faults caused by bending‐related faulting (Figure 5). Mantle
velocities are as low as 7.3 km/s (Figure 5a), which is
significantly lower than the velocity of mantle peridotite
(≥8.0 km/s). Low mantle velocities of 7.3 km/s indicate a
high degree of serpentinization of about 30% [Christensen,
1996]. A possible mechanism responsible for percolation of
seawater down to mantle depths is stress variation induced by
the bending of the oceanic plate, producing sub‐hydrostatic
or even negative pressure gradients along normal faults,
favoring downward pumping of fluids [Faccenda et al.,
2009].
[33] High‐resolution swath bathymetric data image well‐

developed bend‐faults which are oriented approximately

Figure 8. (a) Density model obtained by converting the velocities of the final best fit model to densities
using only the seismically well‐constrained parts of the model (illuminated regions in Figure 4c). In parts
unconstrained by rays coverage, we assume a typical mantle density of 3300 kg/m3. (b) Preferred density
model obtained by converting velocities to densities, extending further into subsurface the depth of mantle
having been serpentinized. (c) Grey thick curve is the observed free‐air gravity anomaly (Dg), while red
and black curves are the predicted free‐air gravity anomaly using model and a and b, respectively. The
average root mean square (RMS) residual anomaly for models a and b are ∼52 and ∼7 mGal, respectively.
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parallel to the trench axis (Figure 5). Similar features have
been discussed off Chile [Contreras‐Reyes and Osses,
2010], Central America [Grevemeyer et al., 2007] and the
Kuril Islands and Japan [Kobayashi et al., 1998]. In par-
ticular, the remarkable graben in the Tonga trench‐outer rise
(∼10 km wide and 1.5 km deep, Figure 5d) suggests that the
uppermost layer of the oceanic lithosphere is pervasively
fractured and likely hydrated, an inference supported by the
extremely low crustal and mantle velocities. The modeled
uppermost mantle velocities of 7.3 km/s are quite low, when
compared with those observed in other outer rise settings
such as Central America (7.3–7.6 km/s) [Grevemeyer et al.,
2007; Ivandic et al., 2008, 2010], Sumatra (∼7.6 km/s)
[Planert et al., 2010], and off Chile (∼7.8 km/s) [Contreras‐
Reyes et al., 2008].
[34] Old oceanic lithosphere is strong so it may bend into

the trench over a wider distance across the plate boundary,
possibly leading to a limited amount of brittle failure and

hydration if bending stresses do not significantly exceed the
yield strength of crustal rocks. Conversely, our geophysical
data suggest deep faulting and hydration of the Pacific
oceanic lithosphere. This apparent paradox can be explained
by a potential deep location of the brittle‐ductile transition
for old oceanic lithosphere, which could lead to deeper
hydration than in young subducting lithosphere. In fact,
oceanic flexure studies and yield strength envelope con-
siderations suggest that the effective elastic thickness of
oceanic lithosphere and the depth to the brittle‐ductile tran-
sition increases with the age [e.g., Watts, 2001]. According
to these data [e.g., Goetze and Evans, 1979; McNutt and
Menard, 1982] the transition is expected at ∼40 km and
∼25 km for oceanic lithosphere 80 Ma and 30 Ma, respec-
tively. Thus, the increased depth to the brittle‐ductile tran-
sition in older lithosphere might facilitate deeper hydration
within the mantle if bending stresses exceed the yield
strength of the lithosphere. This is reflected in the reduced

Figure 9. Summarized interpretation of the tomographic velocity model (Figure 4c). The highly
hydrated Pacific plate subducts beneath the Indo‐Australian plate at the Tonga Trench, with melt rising
from the subducting slab to form the volcanic Tonga Ridge (the active Tonga arc). Dehydration reactions
in the subducting crust promote mantle wedge hydration. The arc crust at the tip of the Indo‐Australian
plate is highly fractured by tectonic erosion. The outer fore‐arc is affected by extension, where a huge
scarp of 2 km offset has been formed trenchward of the trench slope high.

CONTRERAS‐REYES ET AL.: TONGA SUBDUCTION ZONE B10103B10103

13 of 18



flexural rigidity in old oceanic plates off Kermadec [Billen
and Gurnis, 2005] and off Chile [Contreras‐Reyes and
Osses, 2010], which have been interpreted as caused by
intense fracturing and increase in fluid‐pore pressure.
[35] On the other hand, the lower limit for mantle

hydration may not necessarily be coincident with the litho-
spheric brittle‐ductile transition. In fact, a tensional crack
may promote migration of water into the mantle, while a
compressional fault may not. Contreras‐Reyes et al. [2008]
used deep mantle refractions to image the upper mantle
velocity structure of 30 Ma oceanic Nazca lithosphere, and
obtained a maximum mantle serpentinization of 6–8 km
within the upper mantle. These depths coincide with the
isotherm of 300°–350°C according to the thermal model of
McKenzie et al. [2005], which considers the effect of a
variable thermal conductivity with age. The 300°–350°C
isotherm is a good proxy for the neutral plane according the
maximum depths of tensional events in the trench outer‐rise
region [Seno and Yamanaka, 1996]. Thus, the neutral plane
appears to be the maximum depth at which mantle hydration
occurs off Chile [Contreras‐Reyes and Osses, 2010].
[36] Our gravity model (Figure 8) is consistent with a

∼24 km thick upper mantle layer with low densities (3100–
3220 kg/m3) for the old Pacific lithosphere, suggesting
deep‐seated hydration. Moreover, the 300°–350°C isotherm
depths are reached at ∼30 km for 80 Ma old Pacific litho-
sphere according the thermal model of McKenzie et al.
[2005], which is consistent with the maximum depth of
reduced mantle densities. This result suggests that the neu-
tral plane associated with an isotherm of 300°–350°C is a
good approximation for the maximum depth limit of mantle
serpentinization.

6.2. The Overriding Indo‐Australian Plate

6.2.1. Tectonic Erosion Processes
[37] At erosive margins, trench fill is thinner than a few

hundred meters and almost no sediment is frontally or
basally accreted. Instead, upper plate material is removed,
resulting in a high taper fore‐arc and the continental or
island arc basement positioned close to the trench. Basically,
subduction erosion acts in two different ways: frontal ero-
sion takes place at the tip of the fore‐arc, and redistributes
material that has been transported downslope by small‐ and
large‐scale debris flows. Basal tectonic erosion, in contrast
is a process which scrapes off material from the base of the
overriding fore‐arc. Tectonic erosion is a common process in
margins characterized by a fast subduction rate (>6.0 mm/a)
and thin sedimentary trench fill (<1.0 km thick) [Clift and
Vannucchi, 2004, and references therein]. Hence, the Tonga
subduction zone provides favorable conditions for tectonic
erosion. Indeed, data from Ocean Drilling Program Site 841
on the mid‐trench slope of the Tonga fore‐arc have shown a
link between tectonic trenchward tilting and subsidence of
the basement, which supports a model of basal erosion near
the trench [Clift and MacLeod, 1999].
[38] Ballance et al. [1989] proposed a model of accelerated

tectonic erosion caused by the subduction of the Louisville
Ridge. They noted that the post‐collision zone is remarkably
deep (∼10850 m) and the trench axis has migrated ∼80 km
arcward compared to the pre‐collision zone (Figure 1). The
collision zone is associated with a shallow trench (5–6 km

depth) due to the Louisville Ridge (Figure 2). The Osbourn
seamount, lies immediately east of the trench axis and will
be the next edifice of the chain to collide with the fore‐arc
slope (Figure 2), as the collision zone moves rapidly south-
ward at rates faster than 200 km/Ma [Bevis et al., 1995].
Ballance et al. [1989] proposed that tectonic erosion has
been accelerated in the post‐collision zone of the Louisville
Ridge with the Tonga Trench, where both frontal and basal
erosion processes have caused subsidence of the trench slope
due to oversteepening of the inner trench wall and crustal
thinning, respectively.
[39] Our velocity‐depth model shows a wedge‐shaped

body with relatively low velocities of 3.0–5.5 km/s compared
to the 6.0–∼7.1 km/s arc velocities imaged further westward
(Figure 6a). This wedge‐shaped body is coincident with the
steep trench slope and is interpreted as highly fractured arc
crust associated with tectonic erosion (Figure 6b), intensi-
fied by the subduction of the Louisville Ridge over the last
few million years. The arcward limit of the wedge is marked
by a pronounced horizontal velocity gradient as shown in
Figure 6c. The pronounced but progressive decrease of
seismic velocities trenchward suggests an increase in frac-
turing, metamorphism and degree of hydration. A similar
feature has been observed in the northern erosional margin
of Chile, where andesitic velocities decrease progressively
toward the sediment‐starved trench, from 5.5–6.0 to 4.0 km/s
[Sallares and Ranero, 2005]. Contrastingly, in accretionary
margins the margin wedge is characterized by abrupt seismic
discontinuities interpreted as the contact between the frontal
accretionary prism and the continental crust [Contreras‐
Reyes et al., 2008]. The discontinuity of seismic velocities
in accretionary margins rules out a progressive trenchward
increase of fracturing intensity of the margin’s inner base-
ment as is usually seen in erosional margins. The arc wedge
of Tonga is about 30 km wide and lacks the <3.5 km/s
seismic velocities typical of frontal accretionary prisms
[Contreras‐Reyes et al., 2008]. Sediment apron velocities
lower than 3.0 km/s, however, are interpreted as reflecting
mass‐wasting products.
[40] A clear difference between the northern Chile and

Tonga margins is the magnitude of the arc crust velocities.
The Tonga arc has lowermost crustal velocities typical of
a basaltic composition (∼7.1 km/s), which are faster than
typical lowermost continental crustal velocities of 6.0–
6.2 km/s (Figure 7f). We summarize our interpretation in
Figure 6b, which shows an igneous core not yet affected by
vigorous erosion and displays typical velocities for oceanic
crust with an extrusive and intrusive layer with velocities
of 4.0–6.2 km/s and 6.3–7.1 km/s, respectively. Arc wedge
velocities ranging from 4.0 and 5.5 km/s are interpreted as
a highly eroded and fluid saturated arc crust. The eroded
wedge was most likely followed by crustal thinning and
steepening of the trench slope in the aftermath of Louisville
Ridge seamount subduction.
6.2.2. The Tonga Forearc
[41] At approximately 60 km arcward of the trench, the

velocity model shows a pronounced discontinuity where,
just to the east, there is a 10 km wide fore‐arc basin
(Figure 6). We interpret this feature as a trenchward‐dipping
listric fault (Figure 6b). Extension can also be inferred from
the bathymetric data where a major scarp with 2 km offset
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might reflect the head scar of a landslide (Figure 6c). The
scarp can be traced along the entire Tonga‐Kermadec plat-
form for more than 2000 km (Figure 1), though it is better
developed north of the Louisville Ridge. The presence of
such fault scarps has already been recognized in acoustic
backscatter images [Lonsdale, 1986; MacLeod and Lothian,
1994; Clift et al., 1998]. Active extension in the outer fore‐
arc and trench slope has also been inferred from the domi-
nance of normal faults in cores recovered at ODP Site 841
[MacLeod, 1994]. Structural measurements show a progres-
sive increase in dip with depth below seafloor and with age,
which was interpreted in terms of basal erosion and pro-
gressive rotation of the fore‐arc into the trench [MacLeod,
1994]. MacLeod [1994] noted that the overall increase in
dip with age translates to a gradual rotation of the fore‐arc
trenchward, a feature attributed to collapse of the trench
slope in the wake of the collision of the fore‐arc with the
Louisville Ridge.
[42] MacLeod [1994] showed that the initial effect of the

Louisville Ridge collision with the trench was compression
and uplift in the outer fore‐arc, followed by gravitational
collapse, extension and overstepping of the trench slope as a
seamount is fully subducted. Alternatively, Lallemand
[1998] has argued that strong coupling between the down‐
going and overriding plates around the Pacific results in
rapid tectonic erosion (4–10 km/m.y.) and hence extension
and subsidence. However, the shallow and hydrated mantle
wedge suggests that strong coupling is confined to the
overriding subducting crust contact, which is the region
more affected by erosion (Figure 6b). Here, erosion causes
crustal thinning and hydro‐fracturing of the fore‐arc.
Extension and gravitational collapse, however, span several
ten of kilometers westward [e.g., MacLeod and Lothian,
1994], which may indicate that the erosive effect of the
subducting Louisville Ridge, which extends several tens of
kilometers arcward, also affects the fore‐arc mantle of the
Indo‐Australian plate. Seismic data suggest that the internal
structure of the Louisville Ridge comprises a dense, high
velocity core [Contreras‐Reyes et al., 2010], which might
vigorously erode the front and base of the upper plate.
[43] On the other hand, synchronous uplift of the outer arc

high results in canyon development and down‐cutting along
the eastern edge of the Tonga platform [Clift et al., 1998].
Coincidently, our seismic profile follows an incised canyon
(Figure 6c).
6.2.3. The Arc Crust and Magmatic Arc
[44] The crustal thickness is highly variable along the

Indo‐Australian plate being maximum near the trench slope
high where the total crustal thickness is about 20 km thick
(Figure 4c). The region of maximum crustal thickness spa-
tially correlates with the shallowest seafloor region indi-
cating some degree of isostatic compensation. The thick
crust in the trench slope high spatially correlates with the
remnant arc and suggests that the locus of magmatism has
migrated westward. Migration of the magmatic front is a
typical feature observed in subduction zones affected by
tectonic erosion [e.g., Kukowski and Oncken, 2006], which
is the case in Tonga.
[45] Seismic velocities and the compositions of erupted

lavas suggest that the Tonga arc crust has a mafic bulk
composition, similar to accreted sections like Kohistan in

Pakistan and Talkeetna in Alaska [e.g., DeBari and Greene,
2011], in contrast to the andesitic bulk composition of
continents. The absence of material within the arc with
velocities of 6.0 ± 0.4 km/s (typical velocities for upper
continental crust) suggests that the Tonga arc has a pre-
dominantly basaltic composition. Figure 7 shows the com-
parison of velocities in the Tonga arc to those of (1) average
continental crust [Christensen and Mooney, 1995], (2) the
Mariana arc [Calvert et al., 2008], (3) Aleutian arc
[Holbrook et al., 1999; Fliedner and Klemperer, 1999],
(4) Izu‐Bonin arc [Suyehiro et al., 1996], and (5) Tonga
Ridge at ∼18.5°S [Crawford et al., 2003]. The average
continental crust has a substantially lower proportion of
mafic material in the lower crust than the Tonga arc crust
has, and the continental crust has a distinct mid‐crustal layer
with velocities of 6.1–6.4 km/s (granite), which is lacking in
the Tonga crust. However, the arc crust for Aleutian, and
Marianas has a MORB‐type relative composition like Tonga
(Figure 7). Therefore, if island arcs form a significant source
of continental crust, the bulk properties of arc crust must
be substantially modified during or after accretion to a
continental margin [Holbrook et al., 1999]. The pervasive
deformation, plutonic processes and delamination of a mafic‐
to‐ultramafic residuum necessary to transform arc crust
into mature continental crust probably occurs during arc‐
continent collision or through subsequent establishment of
a continental arc [Holbrook et al., 1999].
[46] The nature of the Tonga fore‐arc might also be

important to test models of subduction initiation. Stern and
Bloomer [1992] and Bloomer et al. [1994] have suggested
that incipient (Eocene) arc crust, which presently seems to
be exposed in the Tonga fore‐arc, formed by foundering of
the Pacific plate, causing extension and intense melting in
the overriding plate. Our velocity model shows that the
thickest arc crust is located 200–250 km trenchward from
the Lau spreading center, suggesting that initial arc mag-
matism activity occupied a much broader zone and crustal
production was more intense. Thus, it appears that arc crust
produced by extensive decompression melting associated
with subduction initiation, as suggested by the conceptual
model of Stern and Bloomer [1992], is found along the
Tonga fore‐arc.
[47] A remarkable feature of the Tonga arc imaged by our

seismic velocity model is the relative high velocity zone
under the active volcanic front, where high lower crustal
velocities of ∼7.1 km/s are observed at shallow depths
(Figure 4c). This high velocity zone may represent arc‐
related intrusions, perhaps at a level from which mid‐crustal
magma chambers feed surface eruptions. In the back‐arc, a
similar feature is observed and may be sourced from the Lau
basin spreading center further west or by the abundance of
plutons.
6.2.4. Mantle Wedge Hydration
[48] Low fore‐arc mantle velocities (∼7.5 km/s) and den-

sities (3150–3230 kg/m3) suggests hydration of the fore‐arc
mantle wedge (Figures 4c and 8). Large volumes of aqueous
fluids must be released upwards by dehydration reactions in
the wet subducting oceanic Pacific lithosphere. As discussed
in section 6.1, the altered Pacific oceanic crust might contain
a large volume of free water in pore spaces and bound water
in hydrous minerals promoting mantle wedge hydration.

CONTRERAS‐REYES ET AL.: TONGA SUBDUCTION ZONE B10103B10103

15 of 18



Geophysical evidence for serpentinized fore‐arc mantle
has been reported from a number of subduction zones
including Alaska, Aleutians, central Andes, Cascadia, Izu‐
Bonin‐Mariana, and central Japan [see Hyndman and
Peacock, 2003].
[49] The main factors controlling fluid production beneath

the fore‐arc mantle are the convergence rate, the thickness
of the fore‐arc crust (i.e., fore‐arc Moho depth), and the
amount of water in the incoming crust and sediments
[Hyndman and Peacock, 2003]. The rate at which free and
bound water enters a subduction zone is approximately
proportional to the convergence rate and inversely propor-
tional to the overriding crustal thickness. For thick upper
plate crust, more of the water goes into the fore‐arc crust,
rather than the fore‐arc mantle. Thus, more fluid may be
available for hydration of the mantle wedge in island arc
settings than in continental subduction zones. Naturally, the
degree of serpentinization will also be controlled by the
amount of water stored within the subducting lithosphere.
Thus, taking into account these three factors for the Tonga
subduction zone, we can conclude that this region has the
optimal conditions for vigorous mantle wedge hydration.
These conditions are: (1) fast convergence rate (∼200 mm/a),
(2) a relative thin arc crust 15–20 km thick, and (3) a highly
hydrated subducting Pacific oceanic lithosphere.
[50] Alternatively, the low fore‐arc mantle velocities may

be due to melts frozen in the mantle (magmatic under-
plating). In fact, seismological and petrological studies
indicate the presence of cumulates and restites, produced
during crustal growth, below the Moho [Takahashi et al.,
2008]. Also low fore‐arc mantle velocities can be caused
by melt inclusions in the mantle [Lizarralde et al., 2004]. In
addition, the presence of a deep‐seated reflector within the
fore‐arc mantle may indicate the transfer of the lower crustal
residues to the upper mantle across the Moho or lower
velocity materials, as has been interpreted for the Izu‐
Bonin‐Mariana arc [Takahashi et al., 2008].

7. Conclusions

[51] The combined analysis of seismic wide‐angle seismic
data, shipboard bathymetry and gravity data, reveals the
velocity and density structure of the incoming‐subducting
Pacific and overriding Indo‐Australian plates north of the
modern collision zone of the Louisville Ridge and Tonga
Trench.
[52] 1. Crustal and mantle velocities are extremely low,

indicating a highly fractured and hydrated oceanic Pacific
lithosphere. In addition, extensional outer rise and fault‐
bounded half‐graben faults have been mapped in the igneous
basement, defining the onset of bending‐related faulting.
Some graben are as wide as 10 km and up to 1.5 km deep. It
is possible that tensional faulting, and hence hydration,
reaches depths of up to 30 km in the upper mantle as
evidenced by low mantle densities (∼3200 kg/m3).
[53] 2. At the trenchward edge of the Indo‐Australian

plate, velocities in the range of 4.0–5.5 km/s suggest a
highly hydro‐fractured arc crust due to tectonic erosion.
Erosion was accelerated after the subduction of the Louisville
Ridge causing crustal thinning, overstepping of the inner
trench slope and subsidence of the outermost fore‐arc.

Further arcward, arc crustal velocities are representative of
basaltic composition suggesting an absence of erosion.
[54] 3. A large scarp (2 km offset) is coincident with

velocity discontinuities resembling extensional faults. The
scarp is associated with large‐scale slope failure of the
fore‐arc.
[55] 4. The Tonga arc crust ranges in thickness between 7

and 20 km. The maximum crustal thickness is reached at the
trench slope high suggesting isostatic compensation. Typical
continental crust velocities of 6.0 ± 0.4 km/s are notably
absent. Instead, crustal velocities suggest a basaltic com-
position. Crustal intrusion, and perhaps the presence of a
magmatic chamber beneath the volcanic front, is inferred
from shallow lower crustal velocities of ∼7.1 km/s at a depth
of ∼4 km.
[56] 5. Fore‐arc mantle velocities are as low as 7.5 km/s

suggesting hydration of the mantle wedge or presence of
melts frozen in the mantle. Gravity anomaly data are con-
sistent with a low mantle density layer of ∼40 km thick.
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