LETTERS TO NATURE

high vp of cratonic lower crust and our observation of high
Poisson’s ratio strongly suggests a mafic composition rather than
high pore pressure. With our limited data, we observe no
systematic difference between Archaean and Proterozoic crust,
in contrast to some previous studies®.

We interpret the low Poisson’s ratio (0.25) for Cenozoic—
Mesozoic crust as indicating a predominantly felsic composition.
The higher values for older crust are interpreted as reflecting a
more intermediate-to-mafic composition. Specifically, Pre-
cambrian cratons have a bimodal composition distribution with
a felsic-to-intermediate upper crust and a mafic lower crust.
These conclusions have several possible implications for conti-
nental crustal evolution. Two main processes have been invoked
in continental growth: the amalgamation of island arcs onto the
edges of pre-existing continents, and pervasive intrusion and
underplating of magmas derived from the upper mantle™. Both
processes add predominantly mafic components to the crust***.
The felsic composition of young orogens then implies that if
magmatic addition occurs during orogenesis, either a delaminat-
ion-type process must operate to remove the mafic component“,
or there is little new crust added by magmatic processes, and
young orogenies mainly involve reworking of existing con-
tinental crust®®. If the orogeny involves remobilization of an
older and more mafic crust, again, some refining process such
as delamination must operate to produce a predominantly felsic
crust. If delamination is a common process, it raises the question
of why older crust is more mafic.

There are two endmember scenarios. In a uniformitarian
model, continental crust grows by amalgamation of island arc
(mafic) terranes but evolves toward a more intermediate compo-
sition, first by delamination of a mafic lower crust during conti-
nental collisions. Then the remaining felsic crust is stabilized
with a more mafic composition by pervasive underplating of
mantle-derived magmas®’. In this scenario young orogens, which
have a felsic composition, involve crust that has not yet evolved
to completion. Alternatively, the Precambrian cratons may have
evolved in an entirely different manner, by a process that gener-
ated an initially more intermediate-to-mafic crust that stabilized
by developing a refractory mantle root close to the time of crust
formation®®. In this scenario, processes in young orogens are
fundamentally different from the processes active in the Pre-
cambrian; young orogens involve recycling and refining of exist-
ing continental crust with little crustal growth. O
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AT the Tonga trench, old Pacific sea floor subducts at a rapid rate
below the Indo-Australia plate, generating most of the world’s
deep earthquakes (focal depth >300 km)'* and producing a deep
slab of former oceanic lithosphere. The seismogenic part of the
slab has been mapped in detail®*, but its fate has remained enig-
matic. Here I present evidence from seismic tomography that the
Pacific plate descends deep into the Earth’s mantle along a trajec-
tory that is more complex than previously thought. In the north,
the slab deflects in the transition zone (between about 400 and
700 km depth) before continning into the lower mantle (below
700 km). Further south, penetration into the lower mantle occurs
without a kink. The slab morphology can be explained in terms
of the recent tectonic evolution of the subduction system, and
reconciles pre-existing evidence from this region for both local
horizontal flow in the transition zone>™® and slab penetration into
the lower mantle®",

In the southwest Pacific (Fig. 1a) the large age (>120 Myr)
of oceanic lithosphere and the high rate of subduction
(>10 cm yr')"* combine to produce a deep, negatively buoyant
slab of former oceanic lithosphere. This slab was the subject of
pioneering work on deep seismicity that further substantiated
the concept of plate tectonics®™>®. Analyses of travel times of
seismic waves revealed fast P-wave propagation below the deep-
est earthquakes, suggesting the continuation of the slab into the
Earth’s lower mantle” '2. On the other hand, locations and focal
mechanisms of deep earthquakes indicate internal deformation
and horizontal flow in the transition zone® *'* which has been
interpreted as evidence against the continuation of the slab below
700 km depth, or for the detachment of the slab”'*'’,

In a recent tomographic study R.v.d.H. and E. R. Engdahl
(manuscript in preparation) used nearly 10° travel times of first
and later-arriving compressional waves to map mantle structure
to a depth of 1,600 km below the Fiji- Tonga region. Earthquake
locations and phase data resulted from nonlinear hypocentre
relocation and phase re-identification using arrival times from
the International Seismological Centre'®'”. Results of this inves-
tigation confirm some inferences from an earlier study'’, but the
new images are of improved quality owing to better (and more)
phase data and hypocentres, denser sampling due to inclusion
of later-arriving phases, and the use of the iasp91 reference
model'® '¥. Moreover, they are given a different interpretation.
Here 1 focus on the relationship between large-scale slab struc-
ture and lateral displacement of the Tonga subduction system.
Mantle structure further north is complex, owing to the subduc-
tion of the New Hebrides basin beneath the clockwise-migrating
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FIG. 1 a, The southwest Pacific study region (Cartesian
map projection). Shading indicates water depth (dark,
deep; light, shallow). Dashed line, boundary between
the Pacific and Indo-Australia plates; white dots,
epicentres of earthquakes (after E. R. Engdahl, R.v.d.H.
and R. Buland, manuscript in preparation) with Richter
scale magnitude >5.2 (small dots, focal depth <70 km;
large dots, depth >300 km). Triangles, sites of active
(Holocene—present) arc volcanism. Lines labelled ‘3a’,
‘3b’" and ‘3¢’ give the position of the mantie cross-sec-
tions displayed in Fig. 3. b, Approximate position of the
Tonga—-Kermadec trench at intermediate stages (40 Myr
ago, 30 Myr ago, and present day) during the post-
Eocene clockwise migration of the Tonga trench (after
Walcott®®). This rotation is superimposed on possible
northward motion of the shallow part of the subduction
system relative to the deeper mantie®®. Abbreviations
used: SFB, South Fiji basin; NFB, North Fiji basin; LB,
Lau basin; TKR, Three Kings rise; PP, Pacific plate.
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FIG. 2 Results of tomographic inversions

recovery of synthetic model

R.v.d.H. and E. R. Engdahl, manuscript in
preparation). a, Lateral variation in P-wave
velocity below the study region at ~300 km
depth. Regions of fast wave propagation are
depicted by shading in order to emphasize slab
structure. Seismicity is depicted by white dots.
At this depth, P waves in the slab propagate
up to 4% faster than average. b, Spatial distri-
bution of ray paths used in the inversion. ¢,
Recovery of a synthetic model consisting of
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of 0.9°x0.9° (~95x 95 km” at this depth).
Using the ray distribution as in the actual data
inversion, synthetic data were generated from
this model and inverted with the objective of
recovering the input model*®. The position of
the synthetic anomalies is recovered near the
slab but the amplitude of the input signal is not
well resolved. Resolution degrades with
increasing distance away from the slab owing
to-irregular sampling. Artificial errors were not
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added to the synthetic data. The regular pat-
tern of the input modet is depicted in the inset;
the recovery of this pattern is displayed in the
main part of the figure. d, Velocity anomaly (up
to 2% fast) in the lower mantie at a depth of
~900 km. e, Sampling at 900 km depth. f, Synthetic anomalies used
to test resolution of lower-mantle structure have a horizontal dimension
of 1.8°x1.8° (~170x 170 km? at 900 km depth) (inset), and are
adequately recovered in a large region around the structural feature
depicted in d. Spatial resolution degrades to the east of the slab. The
variation in wave speed is relative to the iaspg model; the sampling is
given as the number of ray paths, propagating through a particular part
of the model.

METHODS. The images a, ¢, d and f resulted from a damped linearized
inversion'®*? of traveltime data of first-arriving P waves, that is
compressional seismic waves propagating directly from source to

-3.0%
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receiver, and the later-arriving depth phases (pP and pwP), which travel
initially upwards from the source and reflect at the surface of the Earth
(water-sediment/water—atmosphere interface for pP/pwP). The data
were obtained from a nonlinear relocation and phase re-identification
procedure using arrival times published by the International Seismolog-
ical Centre (ISC) and ISC hypocentres as initial values (E. R. Engdahl,
R.v.d.H. and R. Buland, manuscript in preparation). The combination of
P, pP, and pwP data improves the sampling of structure and the con-
straints on earthquake focal depth, and reduces the trade-off between
hypocentre mislocation and aspherical variations in seismic
velocity®®*’.

155



LETTERS TO NATURE

Vanuatu trench. Further south, westward subduction beneath
the North Island of New Zealand began only recently (<10 Myr
ago), is probably unrelated to the deep slab discussed here, and
the evolution of the southern Kermadec arc is still controversial
(R. Walcott, personal communication).

Tonga arc
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french } * Tonga trench
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FIG. 3 Tomographic images of aspherical variations in P-wave velocity
in the mantle below northern Tonga (a), central Tonga (b) and Kermadec
(c). See Fig. 1 for location of the cross-sections. Green-blue colours,
mantle regions where P-wave velocity is faster than the iasp91 refer-
ence model® at the same depth; white dots, earthquake hypocentres
projected from a distance of up to 50 km on each side of the plane of
cross-section. Black arrows (red triangles) mark the intersection of the
line of cross-section with the plate boundary (volcanic arc). A prominent
feature, schematically outlined by dashed lines, is the zone of fast
seismic velocity dipping into the mantle at the trench and delineated
by seismicity in the upper mantle (UM) and transition zone (TZ), and
aseismic in the lower mantle (LM). Slow P-wave propagation is evident
below volcanic arcs and regions of recent or active back-arc spreading
such as the Lau basin, and also adjacent to the slab in the deeper
mantle. This was also observed by Zhou**. At large depths some of this
signal is an artefact from the mapping of the fast slab (Fig. 4).
METHODS. In vertical direction, the dimension of the blocks used to
parametrize the mantle volume under study varies from 35 km near
the Earth’s surface to 200 km in the lower mantle. One column of the
block model is superimposed on the image at the right-hand side of
Fig. 3c. Between 590 and 730 km depth, thin layers (~15 km) are used
to detect possible rapid variations in P-wave velocity near the “660 km’’
discontinuity and to confine to a narrow depth range artificial structure
due to inadequate representation of the discontinuity in the reference
model.
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Seismic tomography images ‘cold’ slabs of subducted litho-
sphere as regions of fast wave propagation. Figure 2a shows a
seismic velocity anomaly associated with the subducted Pacific
plate in the upper mantle that is virtually parallel to the trench
and delineated by seismicity. Although the sampling of mantle
structure is irregular, it is dense near the feature interpreted as
subducted lithosphere (Fig. 2b). Consistent with results of global
imaging'®, Fig. 2d reveals a seismic velocity anomaly in the lower
mantle with an orientation that differs significantly from the
strike of the present-day trench. Its position is not controlled in
a trivial way by the distribution of the ray paths (Fig. 2¢). The
angle, measured in horizontal plane, between the orientation of
the slab-like structures at depth of 300 and 900 km is ~35°.

As expected from the images in map-view, vertical sections
across the trench reveal considerable variation in slab structure
along the strike of the arc (Fig. 3). In the north, the Pacific plate
descends into the upper mantle at an angle of ~50° and becomes
almost horizontal in the transition zone and uppermost lower
mantle (Fig. 3a). This deflection is consistent with inferences
from seismicity>*'*. However, the slab is not trapped in the
transition zone but sinks deeper into the lower mantle several
hundred kilometres further west. The deep earthquakes below
the Fiji basin, previously interpreted as evidence for detached
parts of subducted lithosphere®'*'®, are located in the continu-
ous slab. Vertically below the inclined seismic zone, the slab is
imaged to a depth of ~800 km. This is in agreement with evi-
dence from residual sphere analyses of travel times®'®, which
may have detected only part of the complex slab structure.
Towards the south, both the seismic zone™* and the slab become
steeper, and the kink of the slab across the transition zone disap-
pears (Fig. 35, ¢).

In the upper mantle and transition zone, the lateral variation
of slab morphology is well resolved (Fig. 2¢) and is consistent
with the geometry of seismic zones®* (Fig. 2a). To assess image
reliability for depths beyond seismicity additional testing is
required. Inversion of subsets of the data produces similar solu-
tions demonstrating that the imaging is robust. In addition, the
recovery of a synthetic velocity model indicates that the struc-
tural feature in the lower mantle (Fig. 2d) is well resolved (Fig.
2f). However, a slight degradation of the spatial resolution to
the east leaves the possibility that the deep slab is actually
broader than imaged in Fig. 3a. Its steep, eastern part can be
overlooked if it is not sampled effectively by the ray paths used.
The potential recovery of a broad slab is tested explicitly by
inverting travel-time data computed from a model slab inspired
by work of Fischer and colleagues™'® (Fig. 4a). The adequate
recovery of the model (Fig. 4b) demonstrates that the lower-
mantle slab cannot be significantly thicker than depicted in Fig.
3a because this would have been detected in the actual inversion.
Similarly, inversion of data computed from a synthetic upper-
mantle slab model (Fig. 4c) demonstrates that the lower-mantle
anomaly does not result from the smearing of structure at
shallower depths (Fig. 4d). The low velocities just below 410
and 660 km depth (Fig. 3) are reference-model artefacts'® indi-
cating that, locally, the increase in P-wave velocity across the
discontinuities is either smaller or occurs at a larger depth than
in the global 1asp91 model. Low velocities near the slab between
660 and 710 km depth (Fig. 3) concur with the inference from
P-to-S wave conversion that the endothermic, isochemical phase
change from spinel to post-spinel structure that coincides with
the “660 km” discontinuity may be depressed by up to 50 km
owing to the presence of the cold slab®.

To understand slab morphology in terms of mantle dynamics,
one should realize that the shape of the slab is a snapshot of a
time-dependent process influenced by relative plate motion®' *.
Lateral displacement of a convergent plate boundary relative to
the deeper mantle can produce the observed kink in the subduct-
ing slab (Fig. 3) if slab descent is slowed down on approaching
the lower mantle because of an increase in viscosity>'**** and /or
effects of isochemical phase changes on buoyancy®® . If trench
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FIG. 4 Results of tests to investigate whether
the deep slab can actually be broader than
imaged (a, b), and whether the lower-mantle
anomaly in Fig. 3a can result from the smearing
of shallower structure (c, d). a, Model slab syn-
thesized from the three-dimensional slab
structure shown in Figs 2 and 3. In the upper-
mantle and transition zone the slab is similar
to that of Fig. 3a, but is artificially enlarged
below 800 km depth. In the model slab, P-wave
velocity is 4% faster-than-average for depths
<300 km, 3% for 300-660 km, and 2% below
660 km; velocity perturbations are set to zero
outside the slab. Synthetic travel-time data are
computed from this model using the same ray
distribution as in the actual data inversion. b,
Recovery of the model slab. Both the shape of
the model slab and the amplitude of the
velocity anomalies are adequately recovered
on inversion of the synthetic data. The assign-
ment of only positive velocity anomalies to the
model slab (a; produces a biased distribution
of synthetic data. This bias is (partly) removed
on least-squares inversion of the data, which
produces slower-than-average wave propaga-
tion in some regions of the mode! space. ¢,
Model slab with perturbations set to zero for
depths greater than 660 km. d, Recovery of the model slab, showing
that the shape is well recovered, although with some loss of amplitude.

migration is fast compared to the sinking velocity, the slab is
(temporarily) laid down atop the more viscous lower layer before
it flows to greater depth®®. In contrast, the slab buckles without
deflection if trench migration is slow compared to slab
descent®***. I now argue that the former situation may apply
to northern Tonga (Fig. 3a) and the latter to Kermadec (Fig.
3c).

Subduction processes controlled the Late Palaeozoic tectonic
development of east Australia®?®', but the Pacific/Indo-
Australia plate boundary has been migrating away from the
continent since the Cretaceous breakup of eastern Gondwana-
land. This migration has been accompanied by the progressive
eastward fragmentation of arc systems and by episodes of sea-
floor spreading in marginal basins (Tasman sea, ~65 Myr ago;
Fiji basin, 34-25 Myr; Lau basin, 5 Myr—present)® *’. A change
in Pacific-plate motion 40-45 Myr ago probably triggered the
current episode of subduction below the Indo-Australia plate®’
along the Three Kings rise, an extinct arc®>***. Subsequent
changes in relative plate motion®’ caused a clockwise rotation

i F‘ 3
C SLAB MODEL

SYNTHETIC SLAB MODEL

§

d RECOVERY OF MODEL SLAB

-1% slow fast +5%

Note that slab structure in the upper mantle and transition zone is not
mapped into lower-mantle anomalies.

of the Tonga-Kermadec trench, back-arc spreading in the South
Fiji***® and Lau basins*******! (Fig. 1b), and the initiation of
westward subduction beneath New Zealand™. This rotation is
superimposed on a possible northward motion of the plate
boundary®’ and is estimated from tectonic reconstructions at
~20° in the past 5 Myr and possibly twice as much since the
Eocene epoch (Fig. 1)®*'. The rate of trench migration
decreases from north (Fiji-Tonga) to south (Kermadec). The
rotation angle is in excellent agreement with the change of the
orientation of the slab with depth inferred from the tomograms
(Fig. 2a, d).

Plate reconstructions and fluid-dynamical experiments pro-
vide powerful tools for the interpretation of slab morphology
as revealed by seismic inversions, but causal relationships
between slab deflection, trench migration and back-arc spread-
ing are not yet completely understood. Quantitative modelling
of this geodynamical system®?’, along with continued seismol-
ogical investigation, will improve our understanding of convec-
tive flow in the Earth’s interior and its relationship to surface
tectonics. O
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