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S U M M A R Y

Recent dense deployments of portable digital seismographs have provided excellent control

on earthquakes beneath the central North Island of New Zealand. Here we use a subset of the

best-recorded earthquakes in an inversion for the 3-D Vp and Vp/Vs structure. The data set

includes 39 123 P observations and 18 331 S observations from 1239 earthquakes and nine

explosions. The subducted plate is imaged as a high Vp, low Vp/Vs feature. Vp within the

mantle of the subducted slab is almost always >8.5 km s−1, which requires the ca. 120 Myr

slab to be unusually cold. The low Vp/Vs within the subducted plate closely parallels the lower

plane of the dipping seismic zone. It most likely indicates fluid resulting from dehydration

of serpentine in the slab mantle, and the earthquakes themselves are likely to be promoted

by dehydration embrittlement. We identify a region with Vp < 8.0 km s−1 which coincides

with the upper plane of the dipping seismic zone and extends to ca. 65 km depth with the

subducted Hikurangi Plateau, which is about 17 km thick prior to subduction. The mantle

wedge is generally imaged as a low Vp, high Vp/Vs feature. However, there are significant

changes evident in the wedge along the strike of the subduction zone. The region where Vp

is lowest (7.4 km s−1) and Vp/Vs is highest (1.87) occurs at 65 km depth, immediately west

of the Taupo caldera. This region is best interpreted as a significant volume of partial melt,

produced by the reaction of fluid released by dehydration of the subducted plate with the

convecting mantle wedge. The region with lowest Vp, while paralleling the underlying dipping

seismic zone, is located about 30 km from the upper surface of the zone. Material with Vp >

8.0 km s−1 directly above the dipping seismic zone can be interpreted as sinking, entrained

with the motion of the subducted slab and forming a viscous blanket that insulates the slab from

the high-temperature mantle wedge. Material in the overlying low Vp region can be interpreted

as rising within a return flow within the wedge. The volcanic front appears to be controlled

by where this dipping low Vp region meets the base of the crust. The thickness of the backarc

crust also shows significant variation along strike. In the central Taupo Volcanic Zone (TVZ)

the crust is ca. 35 km thick, while southwest of Mt Ruapehu the crust thickens by ca. 10 km.

There is no significant low Vp zone in the mantle wedge in this southwestern region, suggesting

that this thicker crust has choked off mantle return flow. The seismic tomography results, when

combined with constraints on mantle flow from previous shear-wave splitting results, provide

a plausible model for both the distribution of volcanism in the central North Island, and the

exceptional magmatic productivity of the central TVZ.

Key words: crustal structure, magmatism, mantle wedge, New Zealand, seismic velocity,

subduction.

I N T RO D U C T I O N

Rapid lateral changes in subduction style occur in the central North

Island of New Zealand. In the forearc, both seismological and

GPS data suggest a southward increase in interseismic coupling

at the seismogenic portion of the plate interface (Reyners 1998;

Wallace et al. 2004). This results in a clockwise rotation of the fore-

arc, which is accommodated in the backarc by extension of the Taupo

Volcanic Zone (TVZ) in the north, and by compression of the

Wanganui Basin in the south (Fig. 1). At the same time, subduction
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in the central North Island is modified by the Hikurangi Plateau,

a large igneous province on the incoming Pacific plate (Mortimer

& Parkinson 1996). This plateau has a crustal thickness of about

17 km to the east of the central North Island (Davy & Wood 1994),

and the buoyancy of the subducted plateau has resulted in exposure

of the forearc above the shallow part of the subduction thrust.

The central North Island thus affords an excellent opportunity

to study a complete downdip section of the Hikurangi subduction

zone, and also the variation of subduction style along strike. Here

we report results from a dense seismograph deployment carried out

in the central North Island in 2001. This deployment (codenamed

CNIPSE for Central North Island Passive Seismic Experiment) was

concurrent with a number of other active and passive seismic exper-

iments in the same region (Henrys et al. 2003a). We have combined

CNIPSE data with that from the New Zealand national seismograph

network, nearby previous dense seismograph deployments, large on-

shore shots and earthquake data recorded by a line of ocean bottom

seismographs (OBSs) stretching from the east coast to beyond the

Hikurangi Trench. This has allowed detailed 3-D modelling of both

the Vp and Vp/Vs structure of the subduction zone, from the trench

to 300 km depth.

The resulting tomographic images have provided insight into out-

standing questions on the distribution of magmatism in the North

Island. These include: (1) why does magmatism cease at the south-

western end of the TVZ, even though the subducted plate extends

at least 350 km further to the southwest, and there has clearly been

enough subduction in this region to expect magmatism and (2) why

is the modern central TVZ the most frequently active and productive

silicic volcanic system on Earth (Wilson et al. 1995)?

T E C T O N I C A N D G E O L O G I C A L

S E T T I N G

In the central North Island, the Pacific and Australian plates are con-

verging obliquely at about 42 mm yr−1 (DeMets et al. 1994; Fig. 1).

This convergence is accommodated by subduction of the Pacific

plate and deformation of the overlying Australian plate. The gen-

eral shape of the subducted plate has been revealed by compilations

of seismicity located with the New Zealand national seismograph

network (e.g. Anderson & Webb 1994). The dipping seismic zone

associated with the subducted plate has a strike of 040◦ (Ansell

& Bannister 1996), and extends to about 300 km depth beneath

the western part of the region. Infrequent events also occur within

a cluster of activity centred 600 km below Taranaki (Boddington

et al. 2004).

At the east coast in Hawke Bay, the plate interface (as defined

by the upper envelope of activity in the dipping seismic zone) is

about 15 km deep, and dips to the northwest at 10◦. The coastal

region thus overlies the seismogenic zone of the plate interface,

which may be capable of producing large subduction thrust earth-

quakes (e.g. Hyndman et al. 1997). Both seismological and GPS

data suggest a southward increase in interseismic coupling at the

seismogenic zone (Reyners 1998; Wallace et al. 2004). This re-

sults in much of the forearc rotating clockwise as several, distinct

tectonic blocks, at rates of 1.6–3.8◦ Myr−1. This rotation accommo-

dates much of the margin-parallel component of motion between

the Pacific and Australian plates (Wallace et al. 2004).

The rotation of the forearc has resulted in extension in the TVZ

in the backarc continental crust of the northern part of the central

North Island (Fig. 1). Both geodetic and fault slip data suggest an

extension rate in the 4–10 mm yr−1 range (Darby & Meertens 1995;

Villamor & Berryman 2001). Andesitic activity started in the TVZ

ca. 2 Myr ago, joined by voluminous rhyolitic (plus minor basaltic

and dacitic) activity from ca. 1.6 Myr ago. Volcanic activity within

the TVZ changes character along strike, with rhyolite dominant

caldera volcanoes in the central section and andesite dominant cone

volcanoes to the north and south (Wilson et al. 1995; see Fig. 1). The

modern central TVZ is the most frequently active and productive

silicic volcanic system on Earth, erupting rhyolite at ca. 0.28 m3 s−1,

and available information suggests this has been so for at least the

past 0.34 Myr (Wilson et al. 1995). The average heat flux from the

central 6000 km2 of the TVZ is very high at 700 mW m−2 (Bibby

et al. 1995).

Volcanism in the TVZ ends at the andesitic Mt Ruapehu (Fig. 1),

and further south the backarc is characterized by compression. Dra-

matic subsidence in this region has formed the Wanganui Basin,

which contains 5 km of Pliocene–Pleistocene shoreline–shelf ma-

rine sediments (Carter & Naish 1999). Multichannel seismic re-

flection data are interpreted to show that the reflection Moho has

been flexed downward beneath the Wanganui Basin, and Stern et al.

(1992) attribute the development of the basin to frictional shear be-

tween the subducted Pacific plate and overriding Australian plate.

Andesitic volcanism does occur in this region at Mt Taranaki (Fig. 1),

but this is about 130 km west of the volcanic front of the TVZ at Mt

Ruapehu.

The basement geology of the central North Island consists of ter-

ranes which were accreted onto the Gondwana supercontinent in the

Mesozoic, as described by Mortimer (2004). There is little basement

exposure outside the axial ranges, where the greywacke Torlesse

composite terrane is exposed. The axial ranges are actively uplift-

ing regions of high relief, and include the Kaimanawa Mountains,

the largest area of high relief in the North Island. The active North

Island Dextral Fault Belt (Beanland 1995) cuts obliquely through

the ranges (Fig. 1). East of the axial ranges, the Hikurangi fore-

arc consists of mainly onshore forearc basins, including the Wairoa

Syncline which contains up to 5 km of post-Cretaceous sediments

(Field et al. 1997). These are separated from the mostly offshore

accretionary prism (Lewis & Pettinga 1993) by the rapidly uplifting

Coastal Ranges (Cashman et al. 1992).

DATA

CNIPSE involved the deployment of 74 portable digital seismo-

graphs in the central North Island for the period 2001 January 8 to

June 27 (Fig. 2a). 32 of these were broad-band seismographs, and

the scientific rationale for the placement of these is described by

Reyners & Stuart (2002). During the experiment, over 4700 earth-

quakes were located within or close to the seismograph network.

These extend down to 300 km depth, and provide an excellent snap-

shot of seismicity within the Hikurangi subduction zone.

Here we use P and S arrival times from a subset of the best-

recorded events in a tomographic inversion for seismic velocity

structure. For the inversion events, we supplement CNIPSE data

with those recorded by nearby stations of the national seismograph

network. For 81 of the events, we have added P and S picks from

two OBSs in Lake Taupo, and seven OBSs west of longitude 178◦E.

These OBSs operated for one month in 2001 January/February

(Henrys et al. 2003b), and have proved very useful for improving the

resolution of deeper structure beneath the forearc. We have also in-

corporated P picks from nine 500 kg onshore explosions, detonated

as part of the North Island GeopHysical Transect (NIGHT—Henrys

et al. 2003b).
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Imaging subduction in New Zealand, with Vp and Vp/Vs 567

42 mm yr–1

Figure 1. Topographic map of the central North Island and its tectonic setting. The arrow indicates the velocity of the Pacific plate relative to the Australian

plate (DeMets et al. 1994). The TVZ is outlined and subdivided into three distinct segments—andesite dominant (AD) cone volcanoes in the northern and

southern segments, and rhyolite-dominant (RD) caldera volcanoes (shown dashed) in the central segment (Wilson et al. 1995). NIDFB denotes the North Island

Dextral Fault Belt.

The resulting inversion dataset still had uneven ray density in

some areas, so we added more events, particularly at the edges of

the CNIPSE network. We have included data from two PANDA

(portable array for numerical data acquisition; Chiu et al. (1991)

portable telemetered networks that were deployed along the south-

west side of the study area in 1993 and 1994 (Fig. 2a). Accurate

time corrections for the master clocks of both these telemetered

networks are not available. So when combining PANDA data with

data from the national seismograph network we solve for two earth-

quake origin times, as described by Eberhart-Phillips et al. (2005).

We have also added data from larger intermediate depth events on

the northwest edge of the study region occurring during the period

1990–2001, which were well recorded by the national seismograph

network. The final inversion dataset includes 1239 earthquakes and

nine explosions, and contains 39 123 P observations and 18 331 S

observations. Arrival time picks were weighted by quality, with good

P arrivals picked with an uncertainty of <0.03 s and good S arrivals

with an uncertainty of <0.1 s.

M E T H O D

We use the arrival times of the earthquakes and shots in a si-

multaneous inversion for both hypocentres and the 3-D Vp and

Vp/Vs structure (Thurber 1983, 1993; Eberhart-Phillips 1990, 1993;

Eberhart-Phillips & Michael 1998). Our goal is to obtain a reason-

able model for interpreting crust and mantle structure, for use in

locating earthquakes and computing ray paths (azimuths and take-

off angles) for focal mechanisms, and for including heterogeneous

elastic moduli in deformation modelling. We would like to avoid a

model with peculiar or unbelievable velocity anomalies, even if only

in areas of low resolution, as such a model would be less straightfor-

ward to use for other purposes. We prefer to obtain Vp and Vp/Vs

models rather than Vp and Vs models. Vp/Vs is an important param-

eter in characterizing rock properties and rheology. Particularly, in

cases such as ours where S data are less numerous and of poorer qual-

ity than the P data, Vs would be poorly resolved compared to Vp,

making the interpretation of Vp/Vs variations difficult (Eberhart-

Phillips 1990). Solving for Vp/Vs makes the assumption that given

a 3-D heterogeneous Vp model and unknown Vs, it would be better

to estimate a Vs model from the Vp using a constant Vp/Vs than to

assume a homogeneous Vs model.

The velocity of the medium is parametrized by assigning velocity

values at the intersections (nodes) of a 3-D grid, with linear interpo-

lation between nodes. The ray paths are calculated with an approxi-

mate 3-D ray-tracing algorithm that produces curved non-planar ray

paths which are defined by points more finely spaced than the veloc-

ity nodes. This is a Cartesian grid with conversions done using the

New Zealand Map Grid (Reilly 1973), and an earth-flattening trans-

formation (Buland & Chapman 1983) for velocity during ray tracing.

Actual station elevations were used for the ray tracing. The solution

is obtained by iterative, damped least squares. Damping leads to a

conservative solution that fits the data well with few artefacts. Thus

selected damping parameters greatly reduce data variance with mod-

erate increases in model variance (Eberhart-Phillips 1986). For each

C© 2006 The Authors, GJI, 165, 565–583

Journal compilation C© 2006 RAS

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/1
6
5
/2

/5
6
5
/6

5
1
8
5
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



568 M. Reyners et al.

Figure 2. (a) Map of seismograph stations contributing data to the inversion. Stars are permanent stations of the New Zealand national seismograph network,

triangles are portable CNIPSE stations, circles are portable PANDA stations, and squares are ocean bottom seismographs. (b) Map of earthquakes used in the

inversion (pluses for events shallower than 40 km, crosses for deeper events), shots (stars) and the inversion nodes (triangles).
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Imaging subduction in New Zealand, with Vp and Vp/Vs 569

Vp (km s
–1

)

Figure 3. Depth sections down the dip of the subducted plate of the 2-D Vp (left) and Vp/Vs (right) models showing inversion nodes (small dots) and relocated

hypocentres of the inversion events (pluses).

iteration, new ray paths are determined, the hypocentre solution is

included, and parameter separation is carried out. The full resolu-

tion matrix is also calculated. Throughout the inversion, weighting

is applied to each observation, based on observation quality, source–

receiver distance, and size of residual. Residuals greater than 0.75 s

are greatly downweighted and residuals greater than 2.75 s are dis-

carded since they are most likely erroneous readings (only 11 of the

57 454 observations were discarded). When the model velocities are

not close to the actual velocities, high residuals may be more repre-

sentative of velocity heterogeneity, and thus in the initial inversions,

high downweighting was only applied for residuals greater than

1.75 s.

We performed a series of inversions of increasing complexity:

1-D, 2-D and 3-D. Such a series of progressive inversions will have

a smooth regional model in places of low resolution. The initial

crustal velocity model and initial hypocentres were obtained through

simultaneous inversion for 1-D Vp, station corrections and hypocen-

tres (Kissling et al. 1994). As deeper parts of the 1-D model were

poorly resolved, velocities below 220 km were fixed to those of the

preliminary reference earth model (Dziewonski & Anderson 1981).

Even in the 1-D model, the gross features of the subduction zone

are revealed by the station corrections. These range from −0.7 s in

the southeast to +0.9 s in the northwest, suggesting fast paths up

the subducted plate and slow paths through the uppermost mantle

of the overlying plate.

The velocity grid used for both the 2-D and 3-D inversions is

shown in Fig. 2(b). The coordinates were chosen to parallel the

strike of the subduction zone in the region (040◦). The y-axis is

positive to the southwest and the x-axis is positive to the southeast.

The distribution of x- and y-grid points was based on ray density.

The same is true of z-grid points, which were fixed at 0, 4, 11, 18,

25, 32, 40, 50, 65, 85, 105, 130, 155, 185, 225, 275 and 370 km.

There are only a few earthquakes deeper than 225 km so the deepest

grids will generally retain the initial model. The regional structure is

approximately 2-D along the y-axis, so a 2-D inversion for both Vp

and Vp/Vs along y = 0 was done to obtain an initial model for the

3-D inversions. Linked nodes were used in the 2-D inversion to ob-

tain both better resolution and a smooth model. Since the 2-D model

is being used as the initial model for the 3-D inversions, it should

be relatively smooth and not be dominated by small features that

may not characterize the whole region. The resulting depth sections

are shown Fig. 3. Even though we solve for seismic velocities at the

nodes of a rectangular grid, the dipping subducted plate is clearly

imaged by both Vp and Vp/Vs.

We then carried out a 3-D inversion using the nine y-grids, with

station corrections allowed. Finally an additional 3-D inversion for

only the z = 0 nodes was carried out without station corrections to

improve the shallow velocities. The 3-D model achieved a 73 per

cent reduction in traveltime data variance compared with the 1-D

model.

Resolution of the final 3-D model is shown in Fig. 4 for the depth

sections shown in Fig. 5. The resolution matrix describes the dis-

tribution of information for each node, such that each row is the

averaging vector for a parameter. The relative size and pattern of

the off-diagonal elements show the way the information is smeared.

For a node to be adequately resolved, its resolution should be peaked

and should have no significant contribution from nodes that are not

adjacent. For a succinct way of assessing the resolution, we calcu-

late the spread function (SF) (Michelini & McEvilly 1991; Miche-

lini 1991), which describes how strong and peaked the resolution

is for each node. We also illustrate the pattern of image blurring

in low-resolution areas by showing contours of the averaging vec-

tors for nodes that have significant smearing (Fig. 4). From each

row of the resolution matrix we compute smearing contours where
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570 M. Reyners et al.

Figure 4. Resolution for y cross-sections of the 3-D Vp and Vp/Vs models, showing the spread function and 70 per cent smearing contours for nodes that have

significant smearing.
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Imaging subduction in New Zealand, with Vp and Vp/Vs 571

Vp (km s
–1

)

Figure 5. y cross-sections of the 3-D Vp (left) and Vp/Vs (right) models. Regions with spread function >3.75 are masked but contoured. Small dots indicate

the velocity nodes, and pluses denote relocated hypocentres of the inversion events out to adjoining sections. At the surface, triangles denote volcanoes and

arrows indicate strands of the active North Island Dextral Fault Belt. On the Vp cross-sections in the mantle wedge, M denotes regions of partial melt and N

denotes regions of stagnant mantle nose, interpreted from both Vp and Vp/Vs. On the Vp cross-section in (b), MB1 and MB2 indicate the Moho, and LB a

crustal low-velocity zone, determined by Bannister et al. (2004) from receiver function inversion, while on the Vp cross-section in (d), MS1 is the top of a high

Vp region and MS2 is a strong reflector identified by Stratford & Stern (2004) from active source data.
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Vp (km s
–1

)

Figure 5. (Continued.)
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Vp (km s
–1

)

Figure 5. (Continued.)
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574 M. Reyners et al.

the resolution is 70 per cent of the diagonal element (Reyners et al.

1999). Resolution contours are shown only for those nodes that have

smearing such that the resolution contour extends beyond an adja-

cent node. At other nodes, we would expect the spatial averaging to

be represented by the grid spacing.

The reliability of features in the 3-D inversion can be evaluated

by combined use of the SF and resolution smearing contours. For

low values of the SF (< 2.5) the model Vp or Vp/Vs is representative

of the volume surrounding a given node—that is, the volume be-

tween that node and adjacent nodes. Nodes with moderate SF values

(2.5 < SF < 3) have acceptable resolution, but may be averaging a

larger volume, and small features may not be imaged or may appear

as broad features. Nodes with SF values in the 3–3.75 range have

meaningful velocity patterns, but the size of the velocity perturba-

tions may be smaller than actual velocity heterogeneity. Higher SF

values indicate little or no information, and the associated Vp or

Vp/Vs remains close to the initial model.

In the discussion which follows, we define regions of high or low

Vp relative to the average Vp at the same depth. Similarly, we define

regions of high or low Vp/Vs relative to the average Vp/Vs of the

complete dataset of 1.75, determined from a Wadati diagram.

D I S C U S S I O N O F R E S U LT S

Subducted plate

The subducted plate is clearly imaged as a high Vp, low Vp/Vs

feature in both the 2-D and 3-D inversions (Figs 3 and 5). At depths

less than 50 km, the upper band of seismicity in the dipping seismic

zone parallels the velocity contours, and lies in a region with Vp in

the 7.0–7.5 km s−1 range. This is consistent with these earthquakes

occurring in the mafic crust of the subducted plate. At greater depths,

the dipping seismic zone tends to dip more steeply than the Vp

contours, suggesting a migration of seismicity into the high-velocity

core of the subducted slab (e.g. Fig. 5e). This contrasts with the

Vp/Vs contours, which closely parallel the dipping seismic zone

down to at least 250 km, where resolution becomes poor.

The dipping seismic zone has a rather simple shape, with the upper

envelope of the relocated events closely approximating a circular arc

of ca. 300 km radius. Below 200 km the dipping seismic zone is close

to vertical (e.g. Figs 5e–g). The deepest events in Taranaki (Fig. 5h)

directly overly the 600-km-deep events relocated by Boddington

et al. (2004), suggesting the possibility of a continuous vertical

slab to this depth. The dipping seismic zone does not show any

pronounced downdip bends, as suggested by Reyners (1980). Also,

there is no pronounced thickening of the dipping seismic zone in the

120–220-km-depth range, as shown by the seismicity compilation of

Anderson & Webb (1994). Both these features are artefacts resulting

from the 1-D velocity models used in these previous studies. This

emphasizes the importance of using 3-D velocity models for routine

location of earthquakes in the central North Island.

Many of the depth sections show evidence of a double seismic

zone (e.g. Figs 5b–d), with the lower plane converging with the

upper plane at 130–140 km depth. Earthquakes in the lower plane

generally occur within or close to regions of the slab mantle where

Vp is relatively high. There appears to be significant variation in

the productivity of earthquakes in the lower plane along the strike

of the subduction zone (Fig. 5). The lower plane is also associated

with a region of relatively low Vp/Vs. This feature is similar to the

low Vp/Vs in the vicinity of lower plane earthquakes in the north-

ern Honshu (Japan) subduction zone revealed by double-difference

tomography (Zhang et al. 2004). Earthquakes in the lower plane are

likely to be promoted by dehydration embrittlement of serpentinized

mantle (Hacker et al. 2003b; Yamasaki & Seno 2003). Under the

pressure and temperature conditions expected at ∼100 km depth,

serpentine will start to transform into forsterite and enstatite plus

∼13 wt per cent water (Ulmer & Trommsdorff 1995). Serpentine

has an unusually high Vp/Vs of ca. 2.11 (Christensen 1996). In con-

trast, laboratory studies show that a forsterite–enstatite composite

with a forsterite volume fraction of 0.6 has Vp ∼ 8.5 km s−1 and

Vp/Vs ∼ 1.71 at 2.5 GPa pressure (Ji & Wang 1999). These Vp

and Vp/Vs values are similar to what we observe in the region of the

lower plane, suggesting that here serpentinite has largely dehydrated

and we are imaging a forsterite–enstatite–water system.

The Vp resolution within the subducted slab is adequate to 225 km

depth on most sections (Fig. 4), and hence the heterogeneity in the

slab represents real velocity variations tracking changes in mineral-

ogy with depth. Vp within the subducted slab mantle is almost always

>8.5 km s−1, and is locally >9.0 km s−1. The highest velocities may

be there to produce sharp gradients in the coarsely parametrized

model. Below the forearc these velocities replicate high velocities

obtained previously from earthquake studies and seismic refraction

experiments (Galea 1992; Chadwick 1997). Vp appears to be high-

est to the southwest of Lake Taupo, in concert with lower Vp/Vs

(Figs 6i–k). These velocities are higher than those usually seen in

the mantle of a subducted plate (e.g. Nakajima et al. 2001a). They

require the slab, which is ca. 120 Myr old (Hoernle et al. 2004), to

be unusually cold (Hacker et al. 2003a).

Can we identify the subducted Hikurangi Plateau in our tomo-

graphic images, given that the crust of the plateau is about 17 km

thick to the east of the central North Island (Davy & Wood 1994)?

Thick subducted crust has been imaged with local earthquake to-

mography in other regions (e.g. Eberhart-Phillips et al. 2003). On

the depth sections shown in Fig. 5, we can identify a region with

Vp < 8.0 km s−1, which extends discontinuously from the base of

the Australian plate crust to ca. 65 km depth, and is surrounded

above and below by higher velocity mantle. This feature is contin-

uous along strike in the region where resolution is good (see region

denoted by H in Figs 6f–i). As this dipping lower-velocity zone

coincides with the upper part of the dipping seismic zone, we can

relate it to subducted crust of the Hikurangi Plateau. Both the Vp

and Vp/Vs of the zone are similar to those in the subducted crust

further updip.

Two explanations are possible for the rather abrupt termination

of the low-velocity zone at ca. 65 km depth. The first is that this

marks the transformation of the metabasalt and metagabbro of the

crust of the subducted plateau to eclogite (Kirby et al. 1996). There

are problems with this interpretation. Firstly, if the slab is as cold

as the Vp in the slab mantle suggests, this transformation should be

rather gradual and not be complete until much deeper. For example,

for the cold 130 Myr old subducted Pacific plate in northeast Japan,

thermal and petrological modelling suggests this transformation is

not complete until 150 km depth (Hacker et al. 2003b). Also, the

plateau has about twice the thickness of normal oceanic crust, and

thus will have approximately four times the thermal time constant

(Kirby et al. 1996). This should delay eclogite formation to still

greater depth. Furthermore, we do not see a decrease in seismicity in

the dipping seismic zone below 65 km depth, which we would expect

if these events are due to dehydration embrittlement and are thus

inhibited in anhydrous eclogite. Our preferred explanation is that

∼65 km depth marks the leading edge of the subducted Hikurangi

Plateau, and downdip from this is oceanic crust of normal thickness,

which is not well imaged by our velocity grid. Little direct evidence
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Imaging subduction in New Zealand, with Vp and Vp/Vs 577

Figure 7. Depth variation of the isovelocity surface for Vp = 7.5 km s−1 (a) and Vp = 7.9 km s−1 (b). Depth contours are at 2.5 km intervals. The dashed line

in both figures separates structure within the subducted slab to the southeast from that in the backarc and mantle wedge to the northwest. The hatched zone in

(a) defines the region where the backarc crust thickens significantly to the southwest, and the arrows in (b) show spatially averaged fast shear wave splitting

directions determined by Audoine et al. (2004).

of the history of Hikurangi Plateau subduction exists, except for

slumping and subsidence in the wake of the northern edge of the

plateau, as it sweeps along the Kermadec Trench some 500 km

northeast of the central North Island (Davy & Collot 2000). If the

low-velocity zone is diagnostic of the Hikurangi Plateau, it will have

entered the subduction zone approximately 7 Ma ago. This timing is

consistent with accelerated contractional deformation in the forearc

during the period ca. 8.0–6.0 Ma (Nicol et al. 2002).

Mantle wedge

The mantle wedge is generally imaged as a low Vp, high Vp/Vs

feature (Fig. 5). However, there are significant changes evident in

the wedge along the strike of the subduction zone. The region where

Vp is less than 8.0 km s−1 extends deepest northwest of the Lake

Taupo region (Figs 5c–f, 6i–l, 7b). The lowest Vp in this region

occurs at 65 km depth, locally reaching 7.4 km s−1. This region also

exhibits high Vp/Vs, which reaches 1.87 at 65 km depth. The high

Vp/Vs region is clearly restricted along strike (Fig. 6j), as resolution

is good in that direction. However, its northwestern extent is not as

well controlled as resolution is poor beyond x = −145 (Fig. 4).

In the mantle wedge, the effects of water, high temperatures, and

partial melt can all substantially reduce seismic velocity, and these

effects are difficult to distinguish using seismic velocity measure-

ments alone (e.g. Wiens & Smith 2003; Karato 2003). The spatial

variation of temperature in the mantle wedge can be constrained by

seismic attenuation data, since the presence of partial melt has little

effect on seismic attenuation (e.g. Sato et al. 1989). A coarse 2-D

attenuation model for the mantle wedge in the central North Island

has been determined by Eberhart-Phillips & McVerry (2003), using

local earthquake t∗ data. This shows very low Qp of 100–200 within

the wedge. Nakajima & Hasegawa (2003) have used similar atten-

uation data from the well-studied northeast Japan subduction zone

to estimate the thermal structure of the mantle wedge. Their results

suggest that a Qp of 100–200 indicates a temperature higher than the

wet solidus of peridotite. We thus interpret the low Vp region within

the mantle wedge as a region of significant partial melt, produced by

the reaction of fluid released by dehydration of the subducted plate

with the convecting mantle wedge (e.g. Tatsumi 1989). This region

is identified by M in Figs 5 and 6.

It is noteworthy that the highest Vp/Vs region abuts the upper

surface of the dipping seismic zone in the 85–105-km-depth range

(Figs 6j and k). The b-value of the earthquake frequency magnitude

distribution is anomalously high in this depth range, which has been

interpreted as indicating high pore pressures in the top of the sub-

ducting plate (Wiemer & Benoit 1996). In contrast, the region with

lowest Vp, while paralleling the underlying dipping seismic zone, is

located about 30 km from the upper surface of the zone (Figs 5d–f).

This result is very similar to that of Eberle et al. (2002), who nu-

merically model the thermal structure and flow-field of a subduction

zone with a fixed upper plate and strongly temperature-dependent

viscosity. Material in the Vp > 8.0 km s−1 region directly above

the dipping seismic zone can be interpreted as sinking, entrained

with the motion of the subducted slab, while material in the overly-

ing low Vp region can be interpreted as rising within a return flow

within the mantle wedge. The material dragged downwards forms

a viscous blanket that insulates the slab from the high-temperature

mantle wedge (Kincaid & Sacks 1997).

The dipping, low Vp region meets the base of the crust close to

the volcanic front in the Taupo region (Fig. 6g). This situation is
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578 M. Reyners et al.

similar to that determined for the northeast Japan subduction zone,

where the location of the volcanic front appears to be controlled

by where the upwelling mantle flow meets the Moho (Hasegawa &

Nakajima 2004). Immediately southeast of the low Vp region there

is a relatively high Vp region, located between the base of the crust

and the dipping seismic zone (see region marked N in Figs 5b–e,

6h). This region can be interpreted as a stagnant mantle nose, where

mantle flow is minimal (e.g. Eberle et al. 2002).

The significant along-strike variation of the low Vp and high

Vp/Vs regions in the mantle wedge (e.g. Fig. 6i) suggests a vari-

ation of partial melt which is consistent with changes in volcan-

ism seen at the surface. The lowest value of Vp we measure is at

the node x = −70, y = 30, z = 65 (Figs 5e and 6i), where Vp =

7.4 km s−1. This point lies just to the west of the active Taupo

caldera. We can estimate the amount of partial melt at this point

by determining values of d lnVs/d lnVp (the velocity decrease ratio

between P and S waves), using the methodology of Takei (2002).

This ratio is estimated to be ∼1.3, consistent with the presence of

texturally equilibrated partial melt.

The Vp and Vp/Vs anomalies become more subdued 50 km north-

east of Lake Taupo (y = −60; Fig. 5b). This region lies near the

northeastern limit of the productive, rhyolite-dominated central seg-

ment of the TVZ—to the northeast the zone narrows appreciably and

becomes andesite dominated (Wilson et al. 1995). We cannot track

this subdued anomaly further northeast as resolution becomes poor

at the edge of our grid, especially for Vp/Vs (Fig. 4). To the south-

west, the upper mantle anomaly ends abruptly between y = 60 and

y = 100 (Fig. 6i). On the two southwest sections where resolution

is good (Figs 5g and h), there is no significant low Vp zone in the

mantle wedge paralleling the subducted plate, as is seen further

northeast. The lowest Vp region lies much further northwest, partic-

ularly at 65 km depth near the andesitic Mt Taranaki volcano (see

region marked M in Fig. 5h). This situation suggests that there is

little return flow in the shallow part of the mantle wedge southeast

of Mt Taranaki. A possible reason for this is the thicker than normal

crust of the overlying plate in this region (see region marked C in

Fig. 6g). Kincaid & Sacks (1997) have shown that thick upper plates

choke off return flow, causing the cool, high-viscosity nose between

the plates to advance into the wedge. Additionally, the compression

seen in the crust in this region results in movement of the overlying

plate towards the subducted plate, which will also suppress return

flow (Eberle et al. 2002).

The low Vp region centred just northwest of the Lake Taupo

region (labelled M in Fig. 6i) is a good candidate for the low density

in the mantle wedge required to explain exhumation and landscape

evolution in the central North Island in the last 5 Myr. Pulford &

Stern (2004) use mudstone porosity analyses to demonstrate that

a maximum of 2.5 km of rock uplift has occurred in this time.

The centre of this uplift, where rates are locally >0.6 mm a−1,

corresponds closely with the low Vp region of this study. Pulford &

Stern (2004) also interpret the zone of maximum incision erosion

as indicating a southward migration of the locus of maximum rock

uplift with time. This requires that the low Vp, high Vp/Vs region

in the mantle wedge identified here also moves south.

Backarc crust

The 3-D model does not include discontinuities and the vertical node

spacing is 7–10 km, so we can only estimate the base of the crust

from the velocity gradients. The estimate of crustal thickness will

be most accurate where there are earthquake sources throughout the

crust, as occurs southwest of Mt Ruapehu (Figs 5f–h). To the north-

east, where there are primarily upper crustal and slab earthquakes,

there will be significant vertical smearing so that the velocity so-

lution is effectively averaging over a greater depth extent than the

vertical node spacing. Such vertical smearing is observed in the y =

−30 cross-section (Fig. 4) and may influence the extent of the low

Vp centred at x = −120, z = 65 (Fig. 5c). This feature could poten-

tially have a more pronounced upper edge and be limited to below

40 km depth. In contrast, the low Vp in the southern TVZ centred

at x = −70, z = 65 (Fig. 5e) is better resolved with less vertical

smearing.

Northeast of Mt Ruapehu, the thickness of the backarc crust (as

approximated by the Vp = 7.5 km s−1 contour) is close to that of nor-

mal continental crust, averaging ca. 35 km (Figs 5a–f). This result

is consistent with previous estimates of crustal thickness immedi-

ately north of Lake Taupo, determined with both earthquake and

explosive sources (Robinson et al. 1981; Harrison & White 2004).

Structures inferred from receiver function and active source studies

are shown in Figs 5(b) and (d). The eastern TVZ Moho inferred

by Bannister et al. (2004), labelled MB2, is equivalent to a strong

reflector identified by Stratford & Stern (2004), labelled MS2. Both

these structures occur where there is a strong gradient in Vp in our

model, consistent with this region marking the base of the crust. Un-

derlying Lake Taupo, there is a distinctive localized region of high

velocity in the lower crust, with Vp 7.2–7.5 km s−1 at 20–35 km

depth (Fig. 5d, x = −50). The refraction model of Stratford & Stern

(2004) places the top of this high Vp region at 16 km depth, labelled

MS1 in Fig. 5(d). Our 3-D model shows that this high Vp region is

spatially limited to the Lake Taupo area and does not extend further

northeast or southwest (Fig. 6e). This is consistent with the receiver

function results of Bannister et al. (2004) 50 km northeast of Lake

Taupo, which do not show high Vp material at 20 km depth. The

high Vp in the lower crust beneath Lake Taupo may represent heav-

ily intruded and underplated crust, resulting from a large flux of

magma in this region.

Southwest of Mt Ruapehu, the crust thickens to over 40 km (see

region labelled C in Fig. 6g). The northeastern and northwestern

boundaries of this thick crust are well resolved, but we cannot de-

termine how far southwest it extends as resolution becomes poor

beyond y = 140. The change in crustal thickness is well illustrated

by a 7.5 km s−1 iso-velocity plot (Fig. 7a), which shows the depth

at which 7.5 km s−1 is obtained in the 3-D model, and hypocentres

near that depth. The right-hand side of this plot shows the dipping

subducted plate. The left-hand side shows structure within the over-

lying plate—low Vp mantle and Taupo intrusives in the northeast,

and a ca. 10 km increase in crustal thickness across the hatched zone

to the southwest.

The northeastern edge of this thicker crust has previously been

recognized as a major crustal boundary, based on the steep gravity

gradient across it (Stern et al. 1987), changes in seismic attenuation

and resistivity across it (Salmon et al. 2003), and a concentration

of earthquakes in the lower crust near the boundary (Sherburn &

White 2005). The Vp contours of the 3-D model (Figs 6g and 7a)

suggest that this boundary trends southeast–northwest, parallel to

the dip of the subduction zone. Seismicity in the lower crust is

mostly located southwest of the boundary. It concentrates where

Vp is ca. 7.0 km s−1 (Fig. 5g), suggesting that the lower crust is of

mafic composition. This lower crust is also reflective (Stern & Davey

1989). The northwestern boundary of the thick crust (Figs 6f–g) is

closely aligned with the Taranaki Fault (Fig. 1). This is a crustal

scale thrust fault that has accommodated at least 12–15 km of dip-

slip displacement in the last ca. 80 Myr (Nicol et al. 2004).
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Imaging subduction in New Zealand, with Vp and Vp/Vs 579

Because of the relatively coarse grid spacing in our inversion, we

cannot distinguish fine features within the upper crust, such as shal-

low Vp anomalies associated with individual calderas (e.g. Sherburn

et al. 2003). Nevertheless, our 3-D model is consistent with previ-

ous studies. Where Sherburn et al. (2003) image a zone of several

10 km wide near surface features with Vp < 3 km s−1 in the cen-

tral TVZ, we image a 40-km-wide zone with Vp < 3.75 km s−1

(centred near x = −75, y = −40 in Fig. 6a). With receiver

functions, which are capable of showing velocity reversals,

Bannister et al. (2004) have delineated a crustal low-velocity

zone from 8–16 km depth (labelled LB in Fig. 5b). Since this

is below the crustal earthquake sources, our results only show

a broad region of relatively low velocity without a velocity

reversal.

Large rhyolitic eruptions, such as the Oruanui eruption 26.5 kyr

ago which erupted ca. 530 km3 of magma from the Taupo caldera

(Wilson et al. 2006) require the development of significant bodies

of melt in the mid and upper crust. The only extensive low-velocity

zone within the crust where the 3-D model resolution is good oc-

curs at ca. 18 km depth near the south end of Lake Taupo (cen-

tred near x = −30, y = 30 in Fig. 6d). Using the methodology

of Takei (2002), we estimate that the value of d ln Vs/d ln Vp for

the grid point (−30, 30, 18) within this low-velocity zone is ∼1.0,

consistent with the presence of texturally equilibrated partial melt.

Such evidence for significant partial melt in both the crust and in

the upper mantle (see earlier) suggests that the Taupo caldera is

currently the locus of most active rhyolitic volcanism within the

TVZ.

The rhyolite-dominated section of the TVZ, from Lake Taupo to

the northeastern edge of our grid (Figs 5a–e) exhibits low Vp/Vs

in the upper crust (<18 km depth). Similar low Vp/Vs has been

observed beneath active volcanoes in northeastern Japan, and it

can be explained by the presence of water (e.g. Nakajima et al.

2001a,b). The extensional stress regime of the TVZ ensures high

bulk permeability in the crust, and hydrostatic fluid pressure con-

ditions (Sibson & Rowland 2003). This region exhibits vigorous

geothermal activity, which is known to be associated with low Vp/Vs

(Chatterjee et al. 1985). The wide extent of the low Vp/Vs in this

part of the TVZ (e.g. Fig. 6c) implies that there are no extensive

regions of partial melt in the upper crust, at least with a volume

larger than the spatial resolution of our inversion. In the lower crust,

Vp/Vs increases rapidly. This is most likely due to the presence of

regions of partial melt in the lower crust (such as that identified

near the south end of Lake Taupo), and the accompanying magma

overpressure.

In contrast, in the andesite-dominated southwestern section of

the TVZ the low Vp/Vs extends into the lower crust (Fig. 5f). There

is a particularly low Vp/Vs anomaly centred beneath Mt Ruapehu

volcano (x = −30, y = 65; see Figs 6c–e). At the base of the crust

(ca. 40 km) there is a very strong gradient to high Vp/Vs in the

upper mantle, which can be related to an extensive region of partial

melt (Fig. 5f). Thus the deep magma plumbing of this section of

the TVZ is quite different to the rhyolite-dominated section further

northeast. There appears to be no significant intrusion of magma

into the crust. Rather, magma appears to be ponding at the base of

the crust. As it solidifies, it releases a large quantity of water, which

reduces Vp/Vs. This situation explains the lack of rhyolites in this

region. Rhyolitic melts in the TVZ are partial melts of dominantly

crustal origin, and thus require significant intrusion of the crust

by partial melt. Why such intrusion has not yet occurred is most

likely related to the greater pre-existing crustal thickness beneath

Mt Ruapehu.

Forearc crust

The forearc crust is imaged as a relatively low Vp, high Vp/Vs

region (Fig. 5). At shallow depth, Vp shows a good correlation with

surface geology. Vp contours parallel the faults of both the east and

west strands of the North Island dextral fault belt, with a particularly

strong gradient in Vp along the west strand in Hawke’s Bay (Figs 6a–

b, near x = 35, y = 0). This strong gradient marks the transition

from the Wairoa syncline in the southeast, which contains up to 5 km

of post-Cretaceous sediments (Field et al. 1997), to the exposed

Mesozoic greywacke basement of the axial ranges (Fig. 1). The

Kaimanawa Mountains, which constitute the most extensive area

of high topography in the North Island, are underlain by a region

with Vp > 6.0 km s−1 at 4 km depth (centred near x = −20, y =

25 in Fig. 6b). This region retains a Vp close to 6 km s−1 down to

25 km depth. It is likely to represent a significant thickness of Haast

schist, as discussed by Eberhart-Phillips et al. (2005). Its >20 km

thickness suggests that it may act as a strong, coherent block within

the forearc.

Vp/Vs is high throughout the forearc, and particularly at shallow

depth (Figs 6a–c). Eberhart-Phillips et al. (1989) have shown Vp/Vs

becomes high in sandstone when fluid pressure approaches litho-

static, porosity decreases or clay content increases. The high Vp/Vs

we see most likely reflects overpressuring of the forearc, as this has

been observed in exploration wells up to 4 km deep (Field et al.

1997; Allis et al. 1998). Sibson & Rowland (2003) argue that this

overpressure stems partly from the abundance of low-permeability

mudrocks in the forearc, and partly from the superior containment

of overpressures by the compressional thrust-fault regime. In con-

trast, Vp/Vs beneath the Kaimanawa Mountains is low, suggesting

hydrostatic conditions within this block. A feature of the Vp/Vs

distribution is the sharp gradient across both strands of the North

Island dextral fault belt, particularly across the west strand at 4 km

depth east of the Kaimanawa Mountains (e.g. near x = 35, y = 35

in Fig. 6b). In terms of the fluid pressure regime, both these ac-

tive fault strands are optimally located for strike-slip motion—they

occur where σ Z becomes σ 2 while changing from σ 3 to σ 1.

A distinct band of high Vp/Vs parallels the plate interface down

to at least 40 km (Fig. 5). In the lower crust there is a one-to-one

correspondence between the high Vp/Vs band and low Vp (Figs 6f–

g). As this region lies above the upper plane of the dipping seismic

zone and has Vp < 6.5 km s−1 at 32 km depth, it could represent a

significant accumulation of underplated subducted sediment. If so,

it could provide a viable mechanism for uplifting the Kaimanawa

block. We lose resolution on this feature northeast of y = −60

and southwest of y = 140, particularly for Vp/Vs. However, pre-

vious seismic tomography results suggest that it continues to the

northeast (Reyners et al. 1999), but pinches out to the southwest

(Eberhart-Phillips et al. 2005).

A model for the distribution and productivity of

magmatism in the central North Island

Outstanding questions on magmatism in the North Island include:

(1) Why does magmatism not extend southwest of Mt Ruapehu?

The subducted plate extends at least 350 km to the southwest, where

abundant seismicity in the dipping seismic zone extends to 230 km

depth (Reyners & Robertson 2004). There has clearly been enough

subduction in this region to expect magmatism.

(2) Why is the modern central TVZ the most frequently active

and productive silicic volcanic system on Earth? Hochstein (1995)
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has determined that the total crustal heat transfer of the TVZ is

at present ca. 2600 MW/100 km along strike. Of this, only ca.

600 MW/100 km is a ‘normal’ subduction component—that is, as-

sociated with extrusions and intrusions of andesites and dacites.

This leaves the bulk of the heat transfer to be explained by unusual

mechanisms, such as the ‘endogenous crustal heating’ suggested by

Hochstein (1995) to result from focussed plastic deformation within

the ductile lithosphere of the Australian plate.

Our tomography results, when combined with other geophysical

data, provide insights into both these questions. The answer to the

first question lies in the marked variation in return flow in the mantle

wedge along the strike of the subduction zone, as discussed earlier.

The tomography suggests there is little return flow southwest of Mt

Ruapehu, but well-developed return flow beneath the central TVZ.

This pattern is well illustrated by Fig. 7(b), which shows the shal-

lowest depth at which Vp = 7.9 km s−1. Regions where this depth is

>80 km indicate places where a large portion of the mantle wedge

has low Vp—that is, where return flow is well developed. Exten-

sive return flow is indicated northwest of the TVZ, and a smaller

region of return flow is indicated northwest of Mt Taranaki. It is

difficult to flux partial melt in the mantle without return flow, hence

we would not expect magmatism southwest of Mt Ruapehu. Confir-

mation for such a marked change in mantle flow along strike comes

from shear-wave splitting measurements from earthquakes in the

dipping seismic zone (Audoine et al. 2004; Fig. 7b). These show a

dramatic change in fast polarization direction from trench parallel

southwest of Mt Ruapehu to trench perpendicular in the western

TVZ. Lattice-preferred orientation of olivine generated by corner

flow-induced strain within the mantle wedge is the most likely can-

didate for the fast polarization directions in the western TVZ. In

contrast, the fast polarization directions to the southwest are more

consistent with flow parallel to the subducted plate.

The answer to the second question requires mechanisms that pro-

vide an anomalous concentration of melt in the mantle, and thus an

anomalous concentration of fluid to flux this melt. Our tomography

results suggest two likely candidates for this:

(1) The subducted Hikurangi Plateau. Given that the thickness

of the plateau is about twice that of normal oceanic crust, we would

expect about twice the amount of fluid to be released from this crust

as it dehydrates. Furthermore, the greater thermal time constant of

this crust discussed previously may mean that the bulk of the fluid is

released at greater depths than normal—possibly into the region of

vigorous return flow rather than into the stagnant mantle nose. The

effect of the Hikurangi Plateau will thus be to significantly increase

the amount of partial melt in the mantle, compared to a normal

subduction zone. However, it will not necessarily concentrate partial

melt along strike, as is indicated by the low Vp, high Vp/Vs anomaly

immediately northwest of Lake Taupo.

(2) Fluid flow along strike in the mantle. The abrupt cessation

of corner flow southwest of Mt Ruapehu revealed by the tomography

results is likely to cause lateral fluid flow in this region, as suggested

by the shear-wave splitting results. In particular, we would expect

the corner flow in the northeast to entrain fluid from the southwest.

So the ‘edge effect’ of the termination of magmatism is itself leading

to an anomalous concentration of partial melt, as fluid from a large

volume of mantle to the southwest is available to flux melt. This

situation is quite different from a normal subduction zone, where

the along-arc variation of magmatism is often quite regular, pointing

to uniform magma production along strike. For example, Quaternary

volcanoes in the northeast Japan arc can be grouped into clusters

striking transverse to the arc; these have an average width of 50 km,

Figure 8. A schematic model for magmatism in the central North Island,

viewed from the east–northeast. Grey arrows in the mantle wedge denote

corner flow beneath the thinner crust northeast of Mt Ruapehu, and lateral

mantle flow beneath the thicker crust southwest of Mt Ruapehu. The pink

region denotes partial melt. Blue arrows show fluid flow, resulting from both

dehydration of the subducting plate and solidification of ponded magma at

the base of the thicker crust. Red stars are earthquakes in the lower crust.

HP signifies the Hikurangi Plateau, and TF the Taranaki Fault. See text for

further details.

and are separated by 30–75-km-wide volcanic gaps (Tamura et al.

2002). The anomalous concentration of partial melt inferred in the

mantle wedge near the Taupo caldera arises because it is fluxed by

fluid from an unusually long distance along strike.

Our model for magmatism in the central North Island is shown

schematically in Fig. 8. The marked change in mantle return flow

proposed at the southwestern termination of the TVZ implies a major

change in the interaction between the mantle wedge, subducted slab

and overriding plate. As pointed out by Eberle et al. (2002), in

regions of well-developed mantle return flow, viscous decoupling

occurs implicitly at shallow depth between the slab and the mantle

wedge because hot material from the wedge is entrained close to

the trench. We would thus expect a major change in the large-scale

viscous coupling of the plates at the southwestern termination of the

TVZ, from decoupled in the northeast to more strongly coupled to

the southwest. Such a change in viscous coupling is likely to play a

significant role in the long-term clockwise rotation of the forearc.

The magmatic system shown in Fig. 8 is unlikely to be stable

long-term. It has long been assumed that the southern limit of the

TVZ has been migrating southwestwards with time (e.g. Anderton

1981). Faulting characteristics and timing of the onset of faulting,

together with the timing of recent volcanism in the southern TVZ,

also suggest a southwestward propagation (Villamor & Berryman

2006). Our tomography results are consistent with such southwest-

ward propagation—the locus of most active rhyolitic volcanism that

we image (the Taupo caldera) lies at the southwestern limit of the

rhyolite-dominated central section of the TVZ. This begs the ques-

tion of how such propagation might be achieved, given the thicker

crust to the southwest. The alignment of the northeastern boundary

of this thick crust parallel to the backarc corner flow (Figs 6g and

7a) suggests that thermal erosion by this flow possibly plays a part.

Our tomography results from the region of Mt Ruapehu allow us

to speculate that this may be a two stage process—initial ponding

of melt at the base of the crust, resulting in major weakening of
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the crust by the large quantity of water released as the melt solidi-

fies. The crust to the southwest of the TVZ is anomalous in a global

sense, in that seismicity extends throughout the crust (Figs 5f–h).

Wholesale weakening of the crust by fluid may explain this. We

would thus interpret the concentration of seismicity just above the

Moho along the northeastern edge of the thickened crust (Figs 6f

and g) as due to anomalous amounts of fluid, rather than arising from

the differential stresses set up at the junction of crustal columns of

differing thickness, as suggested by Reyners (1989).

C O N C L U D I N G R E M A R K S

In this paper we have used seismic tomography with a relatively

coarse grid to constrain large-scale features associated with subduc-

tion and magmatism beneath the central North Island. The model

for subduction and magmatism that we deduce from the tomography

is put forward as the basis for further work. A planned 3-D inver-

sion for seismic attenuation should provide more information on the

rheology and temperature distribution within the mantle wedge, and

serve to constrain the model.

Also, more detailed studies are planned with the data, especially

for the shallow part of the plate interface, and for the crust in the

backarc.
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