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Abstract. Seven geophysical data sets are used to investigate a transect along the
southeast coast of South Island, New Zealand. The specific focus of this study is the
Dunedin volcanic center, which last produced volcanics at the surface 13–10 Myr ago.
Wide-angle reflection/refraction seismic data along a two-dimensional profile reveal a low-
velocity lower crust and mantle beneath the Dunedin volcanic center. The low-velocity
lower crust coincides with a highly reflective region on a nearby multichannel seismic line
and may represent a hot, fluid-rich region of the crust. In addition, high mantle helium
ratios measured in the Dunedin region suggest a current or recent mantle-melting event.
High heat flow recorded in the Dunedin region is consistent with a hot body emplaced in
the midcrust �10 Myr ago (Miocene) whose heat is just reaching the surface today. Uplift
of an Oligocene limestone horizon in the Canterbury basin can be explained by a buoyant
load beneath the Dunedin volcanic center and low flexural rigidity of the lithosphere
beneath the volcanic center during the Miocene. We interpret the data as revealing two
separate thermal events beneath the Dunedin volcanic center, one during the Miocene,
when volcanism was last occurring at the surface, and the other occurring currently. Active
volcanism associated with the current mantle-melting event has yet to reach the surface.

1. Introduction

The Dunedin and Banks Peninsula volcanic centers are con-
spicuous landforms on the southeast coast of South Island,
New Zealand (Figure 1a). They were active during the Mio-
cene, producing a combined total of �2000 km3 of erupted
basalts. The last volcanic activity was �10 Myr ago at the
surface in the Dunedin region and �5.8 Myr ago on the Banks
Peninsula [Coombs et al., 1986; Coombs, 1987; Hoke et al.,
2000]. More recently (�2.5 Ma) volcanics were erupted near
Timaru [Duggan and Reay, 1986] (Figure 1b). The volcanic
centers on South Island are of uncertain origin. They are in-
traplate volcanoes that do not appear to be related to a mantle
plume but that are presumed to be too far behind the active
plate margin to be subduction related [Hoke et al., 2000].

Heat flow data (Figure 1b) show anomalously high values in
the Dunedin region (�90 mW m�2, compared with the back-
ground value for South Island of �60 mW m�2) and are most
likely related to the Miocene volcanism [Funnell and Allis,
1996; Cook et al., 1999]. In addition, high percentages (�80%)
of mantle helium (Figure 1b) have been recorded in the Dun-
edin region and smaller (25%), but significant percentages of
mantle helium have been recorded on the Banks Peninsula
[Giggenbach et al., 1993; Hoke and Sutherland, 1999; Hoke et

al., 2000]. Such high levels of mantle helium are indicative of
active melting and basaltic addition to the crust [O’Nions and

Oxburgh, 1983], despite the lack of volcanic activity at the
surface today.

In 1996 the South Island GeopHysical Transect (SIGHT)
experiment set out to record two onshore-offshore wide angle-
reflection/refraction (WAR/R) transects across the width of
South Island [Stern et al., 1997; Davey et al., 1998]. Offshore
multichannel seismic (MCS) data were collected as part of
these transects (Figure 1a), and an additional MCS transect
was planned along the southeast coast of South Island. The
scheduling of the field experiment enabled some of the on-
shore instruments from the main transects to be re-deployed
along a third transect, Transect 3, to record air gun shots from
the MCS profiles along the southeast coast of South Island
(Figure 1a). The combination of velocities derived from the
wide-angle reflection/refraction (WAR/R) data and reflection
images from the multichannel seismic data provides important
new information about the crust and mantle beneath the Dun-
edin volcanic center that can be related to the preexisting
helium isotope and heat flow data. In addition, the velocity
model and MCS images provide new constraints on the sub-
surface geometry of the accretionary terranes that make up the
southeast part of South Island (also see N. Mortimer et al.,
Crustal structure across an extended Phanerozoic convergent
margin: Eastern Province and Median Batholith of New Zea-
land, submitted to New Zealand Journal of Geology and Geo-

physics, 2001, hereinafter referred to as Mortimer et al., sub-
mitted manuscript, 2001).

2. Tectonic and Geologic Setting

2.1. Tectonic Setting

From Permian to Cretaceous times a subduction zone ex-
isted along the Pacific sector of the Gondwana margin [Bishop

et al., 1985; Rattenbury, 1987], which resulted in subduction-
related arc magmatism [Gibson and Ireland, 1995] and the
accretion of the Eastern Province terranes [Norris et al., 1990;
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Davey et al., 1998]. By 110 Ma (early Cretaceous), plate con-
vergence had essentially ceased and was followed by the ex-
tensional collapse of the magmatically thickened and thermally
weakened continental arc [Gibson and Ireland, 1995].

Two episodes of rifting occurred during the mid-Cretaceous
and early Late Cretaceous, the latter separating New Zealand
from Australia and Antarctica [Bishop and Turnbull, 1996]. At
60 Ma (Paleocene), seafloor spreading within the Tasman Sea
was replaced by rifting perpendicular to the earlier spreading
direction, along the southwest margin of the Tasman Sea, and
between New Zealand and Australia and Antarctica. Spread-
ing continued until about 30 Ma (Oligocene), when a small
amount of relative motion that had developed between the
Pacific and Australian plates became more oblique [Wood and

Sutherland, 1997]. The Alpine fault, the surface trace of the
Pacific-Australian plate boundary through southern New Zea-
land, developed as a through-going strike-slip plate boundary
at about 25 Ma [Molnar et al., 1975; Carter and Norris, 1976;
Cooper et al., 1987]. A change in the relative plate motion along
the Pacific-Indian plate boundary �10 Myr ago [Molnar et al.,
1975; Carter and Norris, 1976] resulted in increasingly oblique
motion on the Alpine fault. Substantial shortening (50–100
km) has occurred perpendicular to the fault over the last 10
Myr [Molnar et al., 1975; Walcott, 1979; Allis, 1981; Walcott,
1984], with compression increasing markedly since 5 Ma [Wal-

cott, 1979; Wood and Sutherland, 1997; Walcott, 1998].

2.2. Geologic Setting

Transect 3 crosses the Eastern Province, the Median

batholith, and the Miocene volcanic centers of Dunedin and

the Banks Peninsula (Figure 1a). A number of Permian to

Jurassic tectonostratigraphic terranes were accreted during

the Mesozoic to form the Eastern Province [Norris et al.,

1990; Davey et al., 1998]. These terranes trend southeast

onshore and continue offshore beneath the Cretaceous-

Cenozoic Great South basin [Bishop and Turnbull, 1996]

(Figures 1a and 1b). From southwest to northeast, they

include the Permo-Jurassic arc and forearc basin system of

the New Zealand region (the Brook Street (volcano-

plutonic arc), Murihiku (forearc basin), and Dun Mountain-

Maitai (oceanic affinity) terranes) and the coeval relatively

mafic volcanoclastic Caples and quartzo-feldspathic Tor-

lesse accretionary terranes (Figure 1a). See Appendix A for

more detail about the Eastern Province terranes. The colli-

sion of the Caples and Torlesse accretionary terranes during

the Early Cretaceous Rangitata Orogeny (120 –150 Ma) re-

sulted in the formation of the Haast Schist [Coombs et al.,

1976; Bishop et al., 1985; Mortimer, 1993a, 1993b] (Figure

1a).

The Median batholith is part of a Carboniferous-Cretaceous

Andean-type arc that intruded the Western Province Takaka

terrane and the Eastern Province Brook Street terrane [Mor-

Figure 1. (a) Terrane map of South Island, New Zealand, showing major faults, geophysical profiles
discussed in the text, and the locations of seismic recorders and petrophysical sample sites. (b) Heat flow
(stars) and helium isotope (circles) measurements on South Island (values given for sites close to Transect 3).
(c) Enlargement showing additional SIGHT multichannel seismic lines and industry wells used. Sections of
seismic lines shown with solid lines are shown in Figure 5. Light shaded region shows coverage of dense grid
of industry multichannel seismic lines [B.P. Shell Todd, 1982; Field and Browne, 1989]. Dark shaded region is
portion of industry data set that shows the uplifted section of the Oligocene horizon near Dunedin discussed
in the text.
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timer et al., 1999] during late Jurassic and Cretaceous times, in
response to subduction at the Gondwana margin [Bishop et al.,
1985; Rattenbury, 1987].

The Dunedin Volcanic Group includes the intraplate basalts
of the Dunedin region and Banks Peninsula as well as other
smaller volcanic centers on South Island, which were active
during the middle Miocene. Activity at the Dunedin volcanic
center began at 21 Ma, while the main volcano was constructed
intermittently between 13 and 10 Ma [Coombs et al., 1986;
Coombs, 1987]. A 20-mGal amplitude, 20-km-wide gravity
anomaly over the volcano has been modeled as a cylindrical
magma chamber that is partially full of high-density olivine
gabbro [Reilly, 1972]. Mantle xenolith flows are restricted to
the edge of the volcano, suggesting the presence of a major
magma chamber, which hindered the ascent of xenolith flows
to the surface [Hoke et al., 2000]. Ninety-five percent of the
Dunedin volcanic center is alkali basalt, and geochemical data
suggest that most of the lavas were mantle derived and under-
went fractional differentiation in upper mantle magma cham-
bers [Bishop and Turnbull, 1996].

The volcanoes on the Banks Peninsula formed between 11
and 5.8 Ma in four main eruptive phases. Volumetrically, the
Banks Peninsula is the largest Miocene volcanic center on
South Island, although production rates were low compared to
typical hot spot driven volcanic activity [Watson and McKenzie,
1991].

3. Geophysical Data and Models

Data used to develop and constrain models presented here
are WAR/R seismic data, MCS data from industry and the
SIGHT program, petrophysical measurements, and helium iso-
tope and heat flow data.

3.1. Wide-Angle Reflection/Refraction Seismic Data
and Associated Velocity Model

3.1.1. Data. The 600-km-long, two-dimensional (2-D) ve-
locity model described here is based on a subset of the
Transect 3 WAR/R data. The entire Transect 3 WAR/R data
set is too sparse to adequately constrain a true 3-D model.
Only in-line shots and receivers were used to produce our 2-D
model. The sources were air gun shots from SIGHT line 4E
and the section of SIGHT line 6E that is collinear with line 4E
(solid line, Figure 1a). These shots were recorded by four
ocean bottom hydrophones (OBH) beneath SIGHT line 4E, 18
onshore Refraction Technology (REFTEK) recorders col-
linear with SIGHT line 4E (two of which are on the Banks
Peninsula), and nine sonobuoys deployed along SIGHT line
6E (Figure 1a).

The station spacing is relatively coarse: 10–15 km spacing
for onshore stations and 50–70 km spacing for ocean bottom
instruments. The air gun shots had a shot interval of 50 m and
a total air gun volume of 8495 cubic inches. No land sources
were used for Transect 3.

Data quality is generally excellent (Figure 2). We were able
to correlate crustal refractions (Pg), mantle refractions (Pn),
Moho reflections (PmP), and a lower crustal reflection (PiP)
between gathers. A lower crustal refraction (Pi) associated
with the lower crustal reflection, PiP , was identified as a sec-
ondary arrival on most gathers (Figure 2). The sonobuoys
recorded shallow upper crustal refractions (Pg) which helped
constrain the near-surface velocities beneath SIGHT line 6E.
The travel times of all identified phases were picked for incor-
poration into the velocity model.

3.1.2. Velocity model. Upper and midcrustal portions of
the crust are modeled as a single layer with laterally and ver-
tically variable velocities (dashed contour lines, Plate 1a). The

Figure 2. Wide-angle reflection/refraction seismic data recorded along Transect 3. Circles show arrival
times of model phases. (a) Gather recorded by ocean bottom instrument 27 (see Figure 1a for location).
Sources are air gun shots from SIGHT line 4E. (b) Gather recorded by onshore station 5018 (see Figure 1a
for location). Sources are air gun shots from SIGHT line 6E.
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lower crust is a separate layer whose top surface is constrained
by wide-angle reflections (PiP), and whose velocity is con-
strained by the Pi phase. The third layer is the upper mantle
(velocity constrained by Pn), whose top surface (Moho) is
constrained by PmP reflections. Uncertainties in velocities
shown in Plate 1a are based on perturbating the preferred
velocity values until the misfit becomes intolerable (larger than
the uncertainty in the travel time picks). Uncertainties so de-
rived are in the range 1–5%. Boundary depths, where con-
strained by reflection bounce points, are accurate within
�0.5–1 km.

The most striking feature of our velocity model is the low-
velocity (5.2–5.9 km s�1) region in the lower crust beneath
Dunedin (region C, Plate 1a). This overlies a low-velocity (7.7–
7.9 km s�1) region in the mantle (Plate 1a). Crustal velocities
are generally lower to the north of Dunedin than to the south
(Plate 1a).

Tests were made to see if the low velocities distributed
between the lower crust and mantle can be placed either en-
tirely above or below the Moho. If the low velocities are en-
tirely in the lower crust, the Pn phase reduced at the “normal”
mantle velocity (�8.1 km s�1) will be horizontal on the travel
time versus offset plot, and Pn , which travels through low-
velocity lower crust, will be delayed compared to Pn traveling
through normal velocity lower crust on either side. If the low
velocities are entirely in the mantle, the Pn phase will become
horizontal with an offset where the low-velocity mantle occurs
for an apparent velocity �8.1 km s�1. If the low velocities are
distributed between the lower crust and mantle, a combination
of these effects will be observed.

On gathers 5017 and 5019 (Plate 1) (recording shots from
MCS line 4E), Pn passes through relatively fast lower crust
(6.8–7.2 km s�1) and enters the mantle in the low-velocity
region. On a travel time plot reduced at 7.8–7.9 km s�1, Pn is
mostly horizontal with a slight kink where Pn travels through
transitional-velocity mantle (Figures 3a and 3b). On gather
OBH 27, however, the Pn phase, which also passes through
relatively fast lower crust (6.5–6.7 km s�1), can be flattened

using an apparent velocity of �8.1 km s�1 (Figure 3c). Pn on
gather 5008 can also be flattened using an apparent velocity of
�8.1 km s�1 but arrives 0.5 s later than Pn on OBS 27 after
passing through low-velocity lower crust (Figure 3c). The low-
velocity zone is therefore distributed between the lower crust
and mantle. The low velocities in the mantle are constrained by
Pn , but no rays turn in the lower crustal low-velocity zone, so
exact lower crustal velocities are poorly constrained. If the
lower crust beneath Dunedin (region C, Plate 1a) has a velocity
varying from 6.0 (top) to 6.4 (bottom) km/s, the modeled Pn

arrives significantly early compared with the data. Within pick-
ing errors, two end-member velocity models for the lower crust
have velocities of 5.5–6.1 and 5.0–5.8 km s�1 beneath Dun-
edin. We choose a velocity of 5.25 � 0.25 km s�1 at the top and
5.95 � 0.15 km s�1 at the bottom for the lower crust in region
C (Plate 1a).

3.2. SIGHT MCS Data

Four SIGHT MCS lines along the southeast coast of South
Island together form a �600-km-long image of the crust be-
neath Transect 3. These data are discussed and interpreted in
detail by Mortimer et al. (submitted manuscript, 2001). For the
discussions in this paper we focus on the highly reflective lower
crust beneath Dunedin and the Canterbury Basin (Plate 1c and
Figure 4b).

3.2.1. Deep SIGHT MCS data. Zero-offset two-way
travel times (TWTT) to the top of the lower crust and Moho in
our WAR/R-derived velocity model are calculated and super-
imposed on the travel times of the MCS image (Plate 1c). The
Moho in the velocity model coincides with the base of reflec-
tivity on coincident MCS line 6E. Despite a 40-km gap between
the MCS profile and the WAR/R profile, it is also close to the
base of reflectivity interpreted as the Moho between model
coordinates 120 and 400 (Plate 1c). Between model coordi-
nates 400 and 540 the Moho in the velocity model (defined by
PmP) is coincident with the reflector interpreted as the Moho
on coincident MCS line 4E (Plate 1c).

The top of the lower crust in the velocity model is deter-

Plate 1. (opposite) (a) Velocity model. Numbers are velocities in km/s. Dashed lines are velocity contours.
Dotted line shows extent of ray coverage (white areas have no ray coverage). Solid lines are velocity
discontinuities (bold lines show locations of reflection bounce points). Shaded areas show regions sampled by
refraction rays (yellow is upper crust, green is lower crust, and orange is mantle). Instrument locations are
shown along the top of the model; stars are sonobuoys, squares are onshore stations, and solid circles are
ocean bottom instruments. Vertical arrows at the base of the model show the locations of velocity-depth
profiles. Thick vertical lines define regions (A through D) which are referred to in the text. (b) Mapped
geology at the surface. Median B is the Median batholith, BSt is the Brook Street terrane, M-DM is the
Maitai-Dun Mountain terrane, and Banks is the Banks Peninsula. Blue boxes show the location of the
Miocene Banks Peninsula and Dunedin volcanic centers. (c) Line drawing of a multichannel seismic line
partially coincident with the Transect 3 velocity model. The zero-offset two-way travel time (TWTT) to the top
of the lower crust and Moho calculated from the velocity model are shown by yellow and red circles,
respectively. The orange region marks the location of the low-velocity lower crust in the velocity model. (d)
Locations of helium isotope (blue arrows) and heat flow (red arrows) measurements close to Transect 3
projected onto our model coordinate system. (e) Flexure model parameters. Upper section shows elastic
thickness (Te). Colored areas show the extent of the modeled weak elastic plate. The lower section shows the
applied loads (a negative load is a buoyant load). (f) Schematic showing the mass balance used to determine
the water-filled basin thickness (W) equivalent to a sediment-filled basin of thickness (S). L is lithosphere,
A is asthenosphere, and � is density. (g) Flexural modeling results. Orange region represents data, and solid
line is the model. The sediment load is 1300 kg m�3 (water with a density of 1000 kg m�3 replaced by
sediments with a density of 2300 kg m�3). The restoring force beneath the basin is 1000 kg m�3 (mantle with
a density of 3300 kg m�3 replacing sediments with a density of 2300 kg m�3). The restoring force beneath
Dunedin is 2300 kg m�3 (mantle replacing water with no sediment loading). Modeling is based on a finite
difference code for 2-D flexure of an elastic plate, where elastic thickness, loading, and restoring force can vary
in an arbitrary manner [Stern and ten Brink, 1989].
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mined from wide-angle reflections (PiP) everywhere except in
the Dunedin region. Between model coordinates 40 and 120,
the top of lower crust in the velocity model is approximately
coincident with the top of a reflective region in the lower crust
(Plate 1c). The onset of reflectivity in the lower crust in this
region is associated with an impedance contrast sampled by the
wide-angle reflections. Beneath Dunedin (model coordinates
250–320) the top of the lower crust, which is not defined by
wide-angle reflections but which marks a velocity inversion, is
approximately coincident with the top of a highly reflective
lower crustal section (Plate 1c) (although the velocity model
and MCS line are up to 40 km apart in this region).

3.2.2. Shallow SIGHT MCS data. Within the Canterbury
basin, at the northeast end of Transect 3, SIGHT lines 4E and
25E both show a prominent reflector that is most likely the
Oligocene limestone horizon that is ubiquitous on offshore
seismic data from New Zealand (solid line, Figures 5a and 5c)
[Holt and Stern, 1994]. As SIGHT lines 4E and 25E approach
Dunedin, this reflector is uplifted, and on SIGHT line 25E it is
truncated at the surface (Figure 5c). It was presumably depos-
ited horizontally, which makes it a useful marker horizon
whose profile can be used to calibrate uplift. The age of uplift
can be estimated from the age of the shallowest uplifted hori-
zon on which there are onlapping sediments as seen on SIGHT
line 4E (Figure 5a).

3.3. Industry Well Data

Two industry wells either on, or close to, three of the SIGHT
MCS lines (Figure 1c) are used to date the horizon that we
expect to be the Oligocene limestone and the shallowest up-
lifted horizon. We mapped both horizons from SIGHT line 4E
to SIGHT lines 2E and 25E (Figure 5). On SIGHT lines 25E

and 2E the deeper prominent reflector ties with the Oligocene
limestone horizon in the well logs of the Galleon-1 well (Fig-
ures 1c and 5c and Table 1) [Wilson, 1985] and the Clipper-1
well (Figures 1c and 5b and Table 1) [Hawkes and Mound,
1984]. The shallower onlap horizon on SIGHT lines 25E and
2E coincides with a late Miocene (�11.5 Ma) horizon in both
the Galleon-1 well (SIGHT line 25E) and the Clipper-1 well
(SIGHT line 2E) (Figures 5b and 5c).

3.4. Industry Seismic Reflection Data

A comprehensive grid of industry seismic reflection data in
the Canterbury Bight (light shaded region, Figure 1c) [B.P.

Shell Todd, 1982; Field and Browne, 1989] also images the
Oligocene horizon. All the lines that approach Dunedin show
the Oligocene horizon to be uplifted (dark shaded region,
Figure 1c) showing that it is a large-scale feature associated
with Dunedin. A similar, but much smaller-scale uplift of the
same horizon is seen on the parts of the lines that approach
Banks Peninsula. Any uplift seen close to the southeast coast
of South Island in the Canterbury basin is minor, suggesting
that we are not just seeing relative uplift due to sediment
loading in the Canterbury Bight but are seeing Miocene uplift
somehow associated with the two major volcanic centers. The
industry seismic data show no evidence for faulting being re-
sponsible for the steep uplift profile of the Oligocene and later
horizons.

3.5. Helium Isotope Data

Radiogenic helium 4 (4He) is generated by the radioactive
decay of unstable isotopes of uranium and thorium and is
present in relatively large quantities in the continental crust.
Radiogenic helium 3 (primordial 3He) is generated by the
radioactive decay of lithium 6 (6Li) and is generally present in
small quantities in the continental crust. The average ratio of
3He to 4He in a sample (R), normalized by the 3He/4He ratio
measured in air (Ra), R/Ra, is 0.005–0.02 for samples of
continental crust [Mamyrin and Tolstikhin, 1984]. Significant

Figure 3. (a) Ray diagram for Pn phase recorded at four
receiver locations (from left to right, 5019 (solid lines), 5017
(solid lines), 5008 (dashed lines), and OBH27 (dotted lines).
Only minimum and maximum offset rays are shown. Shaded
regions are the low-velocity zones shown in Plate 1a. (b) Pn
arrival times taken from the data for receiver 5019 shown with
reduction velocities of 7.8 and 8.1 km/s. (c) Pn arrivals time
taken from the data for receivers 5008 and OBH27 shown with
a reduction velocity of 8.1 km/s.

Figure 4. (a) Schematic for the vertical cooling of a hot body.
The parameter z is the depth from the surface to the top of the
cooling body. (b) Interpretation of multichannel seismic data
showing the time calculated for heat to reach the surface. The
calculation is done with the top of the heat source (dashed
lines) at the Moho (�25 km), at the top of the low-velocity,
highly reflective lower crust (�19 km) and at the top of the
“normal velocity,” reflective midcrust (4.3 s TWTT or �13.4
km).
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amounts of primordial 3He in the continental crust define
regions beneath which mantle melts exist and active basaltic
addition to the crust is likely, since the mantle signature only
remains in the crust for about 1–2 Myr [O’Nions and Oxburgh,
1983]. Helium isotopes can thus help differentiate between a
radiogenically enriched upper mantle (R/Ra � 8 � 1.5),
depleted upper mantle (mid-ocean ridge basalt (MORB),
R/Ra � 8 � 1.5) and mantle plumes from the lower mantle
(R/Ra � 12) [Hoke et al., 2000].

Helium ratios from the seven gas samples closest to Transect
3 show a range of R/Ra values between 0.38 and 6.97 [Giggen-

bach et al., 1993; Hoke and Sutherland, 1999; Hoke et al., 2000].
This gives mantle helium percentages of 4–88% [Hoke et al.,
2000] (Figure 1b and Plate 1d), where the percentage is cal-
culated from R/Ra of the sample divided by 8 (MORB). Val-
ues �10% are considered to show a significant mantle helium
contribution [Hoke et al., 2000].

The helium isotope data from South Island suggest upper
mantle melting beneath the volcanic centers, although the vol-
canic centers on South Island developed well away from the
nearest subduction zone. There is also no evidence for signif-
icant crustal or lithospheric thinning which might have invoked
mantle melting during the Miocene [Hoke et al., 2000]. No
helium isotope ratios typical of the lower mantle associated
with mantle plumes or hot spots have been recorded on South

Island [Giggenbach et al., 1993; Hoke and Sutherland, 1999;

Hoke et al., 2000]. Alkali basalts are restricted to the continen-

tal crust, and no hot spot traces related to these volcanic

centers are observed on adjacent Pacific oceanic crust [CANZ,

1996; Hoke et al., 2000]. Hoke et al. [2000] suggested that the

South Island volcanics are related to melting caused by thermal

perturbations in the upper mantle, which may have remained

attached to the continental plate since 40 Ma despite move-

ment of the overlying Pacific plate.

3.6. Heat Flow Data

Background heat flow in the Great South basin, South-

land basins (Figure 1b), and on the Western Platform of the

Taranaki basin on North Island, all of which have a similar

geological history, is �60 mW m�2 [Funnell et al., 1996].

The heat flow data that we use (Figure 1b) are from Funnell

and Allis [1996] and Cook et al. [1999]. The data are mostly

from offshore industry wells, but there are four onshore

sites in the database. The Canterbury basin, near the coast,

shows slightly elevated heat flow values of 70 –74 mW m�2.

The data from Macraes Flat mine near Dunedin, and a

nearby offshore well, show extremely high heat flow (90 –92

mW m�2) (Figure 1b). The three onshore sites closest to the

Banks Peninsula (Figure 1b) may be contaminated by cold

deep groundwater, and the heat flow calculated at these

sites may be an underestimate [Funnell and Allis, 1996; Cook

et al., 1999]. There are no data from the Banks Peninsula

itself.

There is a major heat flow anomaly in the Dunedin region,

which persists northeast along the coast toward the Banks

Peninsula. Funnell and Allis [1996] and Cook et al. [1999] at-

tribute the high heat flow around Dunedin to anomalously high

temperatures in the underlying lower crust and mantle associ-

ated with a thinned lithosphere. Simple 1-D models suggest the

lithosphere may be as thin as 50 km in the Dunedin region

compared with 100 km elsewhere beneath South Island [Fun-

nell and Allis, 1996; Cook et al., 1999].

Figure 5. Top 2-s two-way travel time of data from three SIGHT multichannel seismic (MCS) lines. The
locations of the lines are shown in Figure 1c. Vertical lines show well locations or the location of the
intersection with a SIGHT MCS line. Bold solid line shows the Oligocene limestone horizon. Bold dashed line
shows the late Miocene onlap horizon. Shaded lines show horizons that onlap onto the late Miocene horizon.

Table 1. Industry Well Informationa

Clipper-1 Galleon-1

Drilled by BP Shell Todd Canterbury Services Ltd.
Year 1984 1985
Maximum depth, m 4742 3086
Closest MCS 2E 25E
Water depth, m 151 91
Seafloor TWTT, s 0.23 0.12
Pink horizon TWTT, s 1.498 0.782
Oligocene TWTT, s 1.732 1.472

aHawkes and Mound [1984], Wilson [1985], and Field and Browne
[1989].
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4. Interpretation and Further Modeling

4.1. Crustal Structure

4.1.1. Lithological interpretation of the velocity model.

We extracted velocity-depth profiles from our velocity model
and compared them with velocity-depth curves of various
lithologies, including those represented at the surface, to in-
terpret the lithology at depth beneath Transect 3 (see Appen-
dix A and Figure 6).

The southwest part of the model (region A, model coordi-
nates 0–210, Plate 1a and Figures 6a and 7), is consistent with
mafic Median batholith and Brook Street terrane island arc
dominating the crust. The Brook Street terrane is overlain by
the very thin (based on our velocity model) Murihiku forearc
basin (Figure 7a). This is the only part of the velocity model
that is in possible conflict with surface geology. Laboratory-
measured Murihiku terrane velocities are 4.8 km s�1 at sea
level, 5.0 km s�1 at 2 km depth, and �5.5 km s�1 down to 15
km depth (Table A1 and Figure 6a). On the basis of velocity
the Murihiku terrane appears to only be �2 km thick, much
thinner than expected, since the stratigraphic thickness of the
Murihiku terrane is 10 km. Pg on gathers 5018 and 5019,
however, is not consistent with velocities slower than the final
model (Figure 2b and Plate 1a). We interpret the lower crust,

which bows down with the Moho to form a root beneath the
southwest end of Transect 3, as a 5-km-thick reflective gabb-
roic underplate (Plate 1a and Figures 6a and 7).

In regions B and C (model coordinates 220–320, Plate 1a),
rocks with velocities faster than the measured values of Haast
Schist are seen down to �20 km depth (Figures 6b and 6c). We
only have petrophysical measurements on Haast Schist sam-
ples that we believe were derived from Torlesse terrane
graywackes. We expect Caples terrane graywackes to be more
mafic, and faster, than Torlesse terrane graywackes. This sug-
gests that Haast Schist in this region is derived from Caples
terrane graywackes. The low-velocity regions of our velocity
model (lower crust in region C and mantle in regions B and C,
Plate 1a) were compared with candidate lithologies corrected
for high heat flow (dashed lines, Figures 6b and 6c). The
low-velocity lower crust in region C (Plate 1a), is slower than
basalt corrected for high heat flow (Figure 6c). The presence of
melt may lower the velocity further and we interpret the low-
velocity lower crust as a hot, fluid-rich, possibly actively melting
region. Dunite in a high heat flow setting is a suitable candi-
date for the low-velocity mantle in regions B and C (Figures 6b
and 6c).

The northeast end of Transect 3 (region D, model coordi-
nates 320–600, Plate 1a and Figures 6d and 7) can be inter-
preted as basin sediments overlying Torlesse graywacke, over-
lying Haast Schist derived from Torlesse graywacke down to
19–20 km depth at the top of the lower crust. The Caples/
Torlesse boundary within the Haast Schist inferred from a
change from faster velocities for the Caples-derived schist to
slower velocities for the Torlesse-derived schist occurs at about
model coordinate 290 (Figure 7). The lower crust is 5 km thick
and is interpreted as mafic (diorite, diabase, and gabbro) Me-
sozoic(?) oceanic crust, presumably the crust on which the
Torlesse accretionary prism accumulated (Figure 7). The
Moho is fairly uniform in depth dipping slightly to the north
east and overlies normal lithospheric mantle (Figure 7).

4.1.2. SIGHT MCS data. The highly reflective lower
crust in the Dunedin region is coincident with the low-velocity
lower crust of the velocity model (Plates 1a and 1c), and we
interpret it as hot, fluid-rich basaltic crust.

4.2. Thermal History

4.2.1. Active melting. The strongest mantle helium
anomaly on South Island (84–88%) is centered over Dunedin
(Figure 1b and Plate 1d), suggesting that magmatic addition to
the base of the crust is a recent event or even ongoing in this
region, which contrasts with the volcanic history of the area. By
comparison, samples from the Banks Peninsula have a much
smaller, but still significant, mantle helium signature (25%,
Figure 1b and Plate 1d). Mantle melting may be less active
there.

4.2.2. Cooling rates. The heat flow measured at the sur-
face today includes heat lost from a hot subsurface body some-
time in the past. If there was an additional heat source within,
or immediately below the crust, we can estimate the time taken
for a heat pulse to reach the surface from various depths. For
simplicity, we assume 1-D heat flow, that is, that no heat is lost
laterally, no heat is lost from the base of the hot body, and all
the heat is being lost through the crust to the surface.

For the 1-D case the time t taken for heat from the top of a
hot body at depth z to reach the surface (Figure 4a) is given by
Sleep and Fujita [1997]:

t � z2
�c/k , (1)

Figure 6. Velocity-depth profiles (bold lines) taken from the
velocity model (see vertical arrows in Plate 1a). Numbers are
the model coordinate of each profile. Each plot corresponds to
a region shown in Plate 1a (see letters). Other profiles (solid
lines for average heat flow and dashed lines for high heat flow)
are for different lithologies (data taken from Table A1 and
Christensen and Mooney [1995]). Regions marked with diago-
nal lines show the range of average velocities encompassed by
Haast Schist (Table A1).
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where �c is volume heat capacity (4 � 106 J m�3 K�1 for water
and rocks) and k is thermal conductivity (2.4 W m�1 K�1 for
granites and gabbros). This gives t � z2/18.9, where z is in
kilometers and t is in million years. We consider the following
three cases.

4.2.2.1. Heat source entirely in the mantle immediately

beneath the Moho: At model coordinate 287 (i.e., Dunedin)
the Moho is at 25 km depth. Using z � 25 km gives t � 33 Ma
(Figure 4b). Heat put into the system 33 Myr ago will only be
appearing at the surface now. This does not fit with the main
input of heat coinciding with peak volcanism at the Dunedin
volcanic center during the Miocene (13–10 Ma).

4.2.2.2. Top of heat source at the top of the present-day

lower crust: At model coordinate 287 the top of the lower
crust ( z) is at 19 km depth, which gives t � 19 Ma (Figure 5b).
This means heat put into the system 19 Myr ago will only be
appearing at the surface now. This fits better with the main
input of heat coinciding with peak volcanism between 13 and
10 Ma but suggests that we are only seeing the start of the heat
flow anomaly related to peak Miocene volcanism, with the
highest heat flow anomaly to come in the future.

4.2.2.3. Top of heat source in the midcrust: There is a
“dome” of reflectivity in the SIGHT MCS data (light shaded
region, Figure 4b) that is shallower than the reflectivity asso-
ciated with the top of the low velocity zone (dark shaded
region, Figure 4b). This shallower reflectivity may represent
older intrusions above the currently hot, fluid-rich region (dark
shaded region, Figure 4b). The top of this dome of reflectivity
at model coordinate 287 is at 4.3 s two-way travel time (13.4 km
depth based on the velocity model). Using z � 13.4 km gives
t � 9.5 Ma. This means that heat put into the system �9.5
Myr ago will be appearing at the surface now. This fits better
with the main input of heat coinciding with peak volcanism

between 13 and 10 Ma and suggests we might be seeing the
postpeak phase of the Miocene event.

The high heat flow in the Dunedin region can be explained
as the peak, or postpeak, phase of the Miocene volcanic event,
that is only now reaching the surface. Our simple calculation
suggests that the heat source (region of melt) at the time the
volcanic center was active in the Miocene was within the mid-
crust, shallower than suggested by the velocity model for the
present day.

4.3. Flexural History

Well data show that the limestone horizon, which we have
assumed was deposited flat and horizontally, was uplifted from
the late Miocene, at around 11 Ma, and hence we make the
important inference that the start of uplift was approximately
coeval with the eruption of the Dunedin volcanics. We suggest
a hot, buoyant load in the mantle beneath the volcanic centers
may have been responsible for the uplift. We test this idea with
a flexure model.

We have modeled the steep uplift profile of the Oligocene
horizon near Dunedin (Figure 5) by invoking flexure of an
elastic plate, with variable elastic thickness. Flexure is due to
loading by a negative (buoyant) load beneath the Dunedin
volcanic center and a positive load due to sediment addition in
the Canterbury basin. The Oligocene limestone was deposited
at �0.2 km depth [Field and Browne, 1993] and is now at 1–1.5
km depth, except near Dunedin. The limestone horizon is at
�2 km depth around most of offshore New Zealand due to
rapid subsidence in the last �10 Myr [Field and Browne, 1993],
although the reason for this rapid subsidence is uncertain.

We use a 2-D offshore model for simplicity (Figure 1a). The
sediments extend into the Southern Alps toward the northwest
and out to the edge of a deep basin to the southeast, and to a

Figure 7. Schematic showing our interpretation of the geophysical data along Transect 3. (a) Interpretation
of the present-day situation. (b) Interpretation of the Miocene situation.
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first order a 2-D model is reasonable. Our results, however,
show minimum load and maximum elastic thickness, since we
believe the buoyant load is actually localized beneath the Dun-
edin volcanic center. Since we do not have the peak of the
uplift profile beneath Dunedin (see truncated sediments in
Figure 5a), the deflection we are fitting is a minimum, making
our modeled load also a minimum.

For the sediment load in the Canterbury basin we use a
rectangular load that has a thickness (0.5 km) equal to a water-
filled basin that is equivalent, after subsidence, to a 1–1.5 km
thick sediment-filled basin (Plate 1f). The present-day thick-
ness of sediments above the late Miocene onlap horizon is
based on a two-way travel time to the deepest part of the onlap
horizon of 0.95 s and interval velocities of 2.2–3.15 km s�1

[Stagpoole, 1997]. The sediment load has a width equal to the
length of the Canterbury basin.

In the Dunedin region we apply a 75-km-thick load (the
distance between the approximately 25-km-deep Moho and
the mantle lid at 100 km depth) (Plate 1e) whose magnitude
and width are to be determined. This load represents astheno-
sphere replacing mantle and is therefore a density contrast
with respect to normal mantle density.

The best fitting 2-D flexural model has a positive sediment
load plus a 60-km-wide, negative (buoyant) load of 35 kg m�3

beneath Dunedin, with a weak elastic plate (5 km thick) be-
neath Dunedin (Plates 1e and 1g).

The steep profile of the data can not be modeled in two
dimensions unless there is both a buoyant load in the mantle
and a weak elastic plate beneath Dunedin (Figures 8a and 8b).
Altering the magnitude of the load by as much as 5 kg m�3

makes the fit of the model to the data unacceptable (Figure
8c).

The change in mantle density (35 kg m�3) represented by
the load in the flexural model is related to a change in tem-
perature of �354�, assuming a thermal expansion coefficient of
3 � 10�5 K�1 [Turcotte and Schubert, 1982, p. 182]. This is
consistent with temperatures predicted in the upper mantle
from the high heat flow measured over Dunedin (�860� at 30
km depth) compared with the region outside Dunedin (�490�

at 30 km depth) [Funnell and Allis, 1996; Cook et al., 1999].

5. Summary

We interpret all the geophysical anomalies associated with
the Dunedin region (low-velocity mantle, extremely low veloc-
ity, highly reflective lower crust, high mantle helium ratios, a
buoyant load in the mantle and weak elastic plate during the
late Miocene, and high heat flow) as telling us about two
thermal events associated with the Dunedin volcanic center.
One event occurred during the Miocene, when volcanism was
last actively occurring at the surface, and the other is occurring
at present.

5.1. The Dunedin Volcanic Center

5.1.1. Present-day thermal event. The velocity model,
MCS data, and helium isotope data tell us about present-day
conditions in the crust and mantle. The low-velocity, highly
reflective lower crust, which overlies low-velocity mantle, is
probably due to the presence of hot, fluid-rich (melt?) material
in the crust and mantle today (Figure 7a). High mantle helium
ratios, which are most likely related to a current to recent (1–2
Ma) melting event in the mantle, support this idea. We inter-
pret these data as showing a present-day thermal event asso-

ciated with mantle and lower crustal melts beneath Dunedin
and probable basaltic addition to the crust. Simple modeling of
heat flow data suggest that heat from a hot body in the lower
crust today will reach the surface in �19 Ma. Volcanism asso-
ciated with the present-day event has yet to reach the surface.
The current compressive regime affecting South Island, which
initiated with the change in plate motions at �10 Ma, may
make it difficult for magma associated with this event to reach
the surface at all. Watanabe et al. [1999] suggest the initiation
of the compressive regime may also have been responsible for
shutting down the Dunedin volcano. If the melt formed due to
thermal perturbations in the upper mantle, which has re-

Figure 8. Tests on the flexural model. Model coordinates are
shown along the top of the elastic thickness schematic and
along the horizontal axis of the deflection plot and are the
same as for Plate 1. For each part of the figure, the model and
model parameters are shown at the top and the model fit
(dashed or solid lines) to the data (shaded region) is shown
below. For the model parameters the uppermost schematic
shows elastic thickness (in km), with relatively low elastic thick-
ness shown by shading. Underneath are shown the loads ap-
plied to each part of the model, with the thickness of each load
(in km) shown to the side of the load. Restoring forces are the
same as in Plate 1e.
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mained attached to the continental plate over the last 40 Myr,
as suggested by Hoke et al. [2000], we have no way of knowing
the recurrence rate of volcanic activity at the Dunedin volcanic
center. A present-day thermal event may be reasonable.

5.1.2. Miocene thermal event. The heat flow data reflect
a thermal event some time in the past, since it takes a finite
amount of time for heat emplaced in the crust or upper mantle
to reach the surface. The present-day high heat flow can be
explained by simple modeling as the thermal anomaly resulting
from the peak or postpeak phase of the Miocene volcanic
event, that is only now reaching the surface. During the Mio-
cene the heat source (region of melt) was within the midcrust,
shallower than suggested by the velocity model for the present-
day thermal event. Flexural modeling suggests that the elastic
thickness in the Dunedin region was small (5 km) implying a
thermally weakened plate, and there was a buoyant load in the
mantle, probably hot asthenosphere, which caused and main-
tained the uplift of sedimentary horizons in the Canterbury
basin. The base of the midcrust is very reflective, but not as
reflective as the lower crust. The midcrustal reflectivity may
correspond to Miocene intrusives.

5.1.3. Alternative interpretation: A single thermal event.

The WAR/R data reveal a low-velocity lower crust and upper
mantle beneath Dunedin, which is most likely hot at present.
The helium data suggest current or recent mantle melting but
do not constrain the time at which this melting began. Volca-
nism and the flexural modeling presented in this paper suggest
a thermal even during the Miocene, which may have continued
as a single event to the present day. This is a feasible alterna-
tive interpretation given the uncertainty in the crust’s thermal
diffusivity.

5.2. Banks Peninsula Volcanic Center

During the Miocene the Banks Peninsula volcanic center
was volumetrically more significant than the Dunedin volcanic
center. The Banks Peninsula volcanic center may be expected
to show similar features to the Dunedin volcanic center. Un-
fortunately, we do not have enough data to fully analyze this
volcanic center. Mantle helium isotope percentages are ele-
vated but not as high as in the Dunedin region. There are no
heat flow data on the Banks Peninsula itself, and samples close
to the Peninsula are most likely contaminated by cold ground-
water [Funnell and Allis, 1996; Cook et al., 1999]. Our models
do not extend far enough to the northeast to detect whether
there are slow mantle velocities and highly reflective lower
crust beneath the Banks Peninsula. We do see low-amplitude,
south dipping reflectors on the northeasternmost part of
SIGHT line 4E (Plate 1c), which may be related to intruded
volcanics and/or zones of melt associated with the Banks Pen-
insula to the northeast.

Appendix A

A1. Summary of the Geology of the Eastern
Province Terranes

The Eastern Province consists of the arc and forearc system
of the New Zealand region (Figure 1a).

A1.1. Brook Street terrane. The Brook Street terrane is
the remnant of a Permian volcano-plutonic arc. It consists of
weakly metamorphosed volcanogenic sediments, basaltic-
dacitic volcanics, and arc-root complexes of oceanic origin up
to 16 km thick [Coombs et al., 1976].

A1.2. Murihiku terrane. The Murihiku terrane is a 10-
km-thick sedimentary sequence that includes turbidite se-
quences and slope, shallow water deltaic, estuarine and terres-
trial facies, all of which have been metamorphosed to zeolite
facies [Bishop and Turnbull, 1996]. It is interpreted as a Triassic
to Jurassic forearc basin [Campbell and Coombs, 1966; Coombs

et al., 1976].
A1.3. Dun Mountain-Maitai terrane. The Dun Moun-

tain-Maitai terrane includes the Dun Mountain ophiolite belt
and the Maitai Group. It is in fault contact with both the
Murihiku and Caples terranes [Coombs et al., 1976; Mortimer,
1993b]. The volcanic breccias, sandstones, mudstones, and
limestones that make up the Permian to Triassic Maitai Group
were derived from an inactive volcanic arc and deposited in a
forearc or backarc setting. The Maitai Group overlies the Dun
Mountain ophiolite belt (serpentinized harzburgite and dunite
of oceanic affinity intercalated with Maitai Group rocks) along
a local unconformity. The Dun Mountain ophiolite belt does
not crop out at the surface at the coast and is assumed to lie at
some depth beneath Transect 3.

A1.4. Caples terrane. The relatively mafic volcanoclastic
Caples terrane, which is at least partly contemporaneous with
the Torlesse terrane to the northeast, is more similar to the
Brook Street terrane than the Torlesse terrane [Norris and

Craw, 1987; Mortimer, 1993b]. It is interpreted as a forearc/
trench accretionary complex [Coombs et al., 1976].

A1.5. Torlesse terrane. The Carboniferous-Permian to
Jurassic Torlesse terrane consists of quartzo-feldspathic sand-
stones and graywackes [MacKinnon, 1983; Norris and Craw,
1987; Mortimer, 1993b]. The exact mode and location of its
formation are uncertain [Norris et al., 1977; Nur and Ben-

Avraham, 1977; Kamp, 1980; MacKinnon, 1983], although it is
generally thought to represent an accretionary prism.

A2. Petrophysical Measurements Made
on South Island Rocks

Laboratory measurements were made on samples from
South Island collected as part of the SIGHT project (Table
A1). Petrophysical measurements were made as described by
Godfrey et al. [2000] and are reported here as the average
compressional wave velocity measured through three mutually
perpendicular cores taken from each sample [Godfrey et al.,
2000]. The average velocities for all samples of a particular
rock type at each pressure were averaged to give a single
velocity value. Pressure was converted to depth and corrected
for temperature (average heat flow and high heat flow) (Table
A1) using the formulations given by Christensen and Mooney

[1995], such that all velocity-depth curves shown in Figure 6
are comparable. High heat flow velocity values of Christensen

and Mooney [1995] are based on Basin and Range temperature
gradient, which is comparable to the elevated heat flow re-
corded on South Island [Funnell and Allis, 1996; Cook et al.,
1999].

A3. Detailed Lithological Interpretation
of the Transect 3 Velocity Model

We extracted velocity-depth profiles from our velocity model
and compared them with velocity-depth curves of various
lithologies to interpret the lithology at depth beneath Transect
3. Some of the velocity data (diorite, diabase, gabbro, basalt,
phyllite, and dunite) are taken from Christensen and Mooney

[1995]. All other velocity data are new laboratory velocity mea-
surements made on samples from South Island.
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A3.1. Region A (model coordinates 0–220). From south-
west to northeast, the terranes exposed at the surface are the
Median batholith, and the Brook Street, Murihiku, Maitai-
Dun Mountain, and the Caples terranes (Plate 1b). Between 0
and 7 km depth modeled velocities are consistent with a wide
range of lithologies (Figure 6a). Midcrustal velocities between
7 and 17 km depth are between those measured for diorite and
basalt, both of which are consistent with crust composed of
Median batholith, Brook Street terrane, or Maitai-Dun Moun-
tain terrane rocks (Figure 6a). The velocities of the midcrust
below 17 km depth are equivalent to those of diorite and
diabase and consistent with either Median batholith or Brook
Street terrane at the base of the midcrust. Below this, the 5- to
8-km-thick lower crust has velocities similar to gabbro (Figure
6a).

A3.2. Region B (model coordinates 220 –250). Haast
Schist, which is most likely derived from the relatively mafic
Caples terrane graywackes in this region, is exposed at the
surface in this region (Plate 1b). Caples terrane graywackes are
expected to be more mafic and faster than Torlesse terrane
graywackes. We only have petrophysical measurements on
Haast Schist samples that we believe were derived from Tor-
lesse terrane graywackes. Rocks with velocities faster than our
measured values of Haast Schist are seen down to 14 km depth
(Figure 6b). This suggests that Haast Schist in this region is
derived from Caples terrane graywackes. The midcrust below
14 km depth has velocities consistent with diorite and amphi-
bolite (Figure 6b), although this may also be fast Caples-
derived schist. The 5- to 7-km-thick lower crust (20–27 km
depth) is slightly faster than basalt but is consistent with Haast
Schist or diorite in an average heat flow regime or amphibolite
in a high heat flow regime (Figure 6b). The mantle is consistent
with dunite in a high heat flow regime (Figure 6b).

A3.3. Region C (model coordinates 250–320). The geol-
ogy exposed at the surface includes the Dunedin volcanic cen-
ter (model coordinate 260–300) (Figure 3b). It is presumably
underlain by Haast Schist.

Velocities above 9 km depth are fast compared to both our
Haast Schist samples and basalt (Figure 6c, southwest of model
coordinate 310). If the Haast Schist beneath the Dunedin vol-
canic center is derived from relatively mafic Caples terrane
graywackes, rather than Torlesse graywackes, velocities may be
faster than the measured Haast Schist values. Velocities be-
tween 9 and 18 km depth are consistent with, or faster than,
measured values for Haast Schist (see profiles at model coor-
dinates 260, 280, and 300, Figure 6c). This may indicate that
between 9 and 18 km depth, the Torlesse-Caples boundary
within the Haast Schist is between model coordinates 280 and
300. The 5- to 7-km-thick lower crust (18–25 km depth) has
exceptionally low velocities, which are considerably slower
than basalt in a high heat flow regime (Figure 6c). The rela-
tively low velocity of the mantle is consistent with dunite in a
high heat flow regime (Figure 6c).

A3.4. Region D (model coordinates 320–600). Torlesse
graywacke is exposed onshore and is believed to continue off-
shore beneath the Canterbury basin and the Banks Peninsula
volcanic center. Velocities in this region can be interpreted in
terms of basin sediments overlying Torlesse graywacke, which
in turn overlies Haast Schist down to 19–20 km depth at the
base of the midcrust (Figure 6d). The 5-km-thick lower crust is
consistent with diorite and diabase in the southwest half of
region D and gabbro in the northeast half of region D (Figure

Table A1. Compressional Wave Velocities and Densities of
Samples Collected From South Island, New Zealanda

Depth, km

Velocity at
Room

Temperature,
km s�1

Velocity
With Average

Heat Flow,
km s�1

Velocity
With High
Heat Flow,

km s�1

Haast Schist: Garnet-Oligoclase Zone
Density � 2707 kg m�3

0 4.478 4.478 4.478
10 6.006 5.943 5.900
20 6.175 6.051 5.975
30 6.267 6.081 5.953

Haast Schist: Biotite Zone
Density � 2692 kg m�3

0 4.230 4.230 4.230
10 6.212 6.149 6.107
20 6.409 6.286 6.209
30 6.503 6.316 6.189

Haast Schist: Chlorite IV Zone
Density � 2734 kg m�3

0 4.274 4.274 4.274
10 6.142 6.079 6.036
20 6.353 6.229 6.152
30 6.454 6.267 6.139

Haast Schist: Chlorite III Zone
Density � 2738 kg m�3

0 4.957 4.957 4.957
10 6.246 6.183 6.141
20 6.436 6.313 6.236
30 6.529 6.342 6.215

Haast Schist: Chlorite II Zone
Density � 2682 kg m�3

0 4.895 4.895 4.895
10 5.957 5.894 5.852
20 6.152 6.029 5.952
30 6.249 6.062 5.934

Torlesse Terrane
Density � 2705 kg m�3

0 5.575 5.575 5.575
10 6.116 6.054 6.011
20 6.216 6.092 6.015
30 6.268 6.081 5.953

Murihiku Terrane
Density � 2605 kg m�3

0 4.790 4.790 4.790
10 5.459 5.396 5.354
20 5.628 5.504 5.427
30 5.710 5.523 5.396

Australian Plate
Density � 2653 kg m�3

0 4.986 4.986 4.986
10 5.977 5.916 5.874
20 6.103 5.983 5.908
30 6.165 5.983 5.858

Fiordland
Density � 2866 kg m�3

0 4.073 4.073 4.073
10 6.577 6.516 6.475
20 6.758 6.638 6.563
30 6.835 6.653 6.529

Amphibolite
Density � 2937 kg m�3

0 4.339 4.339 4.339
10 6.563 6.476 6.418
20 6.794 6.624 6.518
30 6.891 6.634 6.458

aHeat flow regimes are the same as in the study by Christensen and
Mooney [1995].
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6d). Dunite in an average heat flow regime is consistent with
mantle velocities in this region (Figure 6d).
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