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ABSTRACT
Current understanding of the Auckland Volcanic Field is predominantly based on geological and
geochemical observations from the surface. Low local seismicity hinders passive seismic
imaging efforts, whereas strong shallow heterogeneity reduces the resolution and
penetration of active seismic models. To overcome these difficulties, we have estimated
crustal shear-wave velocity profiles beneath the Auckland Volcanic Field from the ocean-
generated ambient seismic noise. Variations in seismic velocity in the shallow crust correlate
with variations in surface geology. In addition, our results highlight a contrast between
oceanic and continental features in the Auckland Volcanic Field. Velocity models associated
with the Waipapa Terrane (relative juvenile continental crust) tend to show a mid-crustal
low-velocity anomaly, whereas a monotonic increase in velocity is associated with including
the oceanic rocks in the ophiolite belt of the Dun Mountain–Maitai Terrane.
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Introduction

The active Auckland Volcanic Field (AVF) coincides
with the most highly populated urban area of New
Zealand and consists of more than 50 volcanoes (Hay-
ward et al. 2011). In recent years, efforts have been
made to improve geological knowledge about the
field, so that volcanic risk can be better assessed and
civil defence measures can be improved. A large
amount of information on the history and mechanisms
of eruptions has been collected and published by uni-
versity and government institutions under the
DEVORA (Determining Volcanic Risk in Auckland)
project (Bebbington & Cronin 2011; Lindsay et al.
2011; McGee et al. 2013; Kereszturi et al. 2014). Struc-
tural information about the lithosphere under the AVF
is crucial for understanding controls on eruptions, but
data are scarce compared with those available for the
other major cities in New Zealand. Perhaps this is
because cities such as Christchurch and Wellington
face more immediate risks of another kind, in the
form of earthquakes.

Low levels of natural seismicity and high levels of
ambient seismic noise of Auckland mean that seism-
ometers in the region receive little in terms of local seis-
mic signals to investigate the subsurface, hindering
many conventional passive seismic imaging tech-
niques. The few geophysical studies that have been
made of the AVF have either produced relatively
high-resolution two-dimensional images of the first
few kilometres of the subsurface (Eccles et al. 2005;
Davy 2008) or penetrated to greater depths at the

expense of resolution (Stern et al. 1987; Horspool
et al. 2006; Ashenden et al. 2011).

Seismic data from the Auckland Volcano Seismic
Network (AVSN, Figure 1a) are publicly available
through the GeoNet project (GeoNet 2001). The
AVSN was installed to detect volcanic tremor and to
possibly image the lithosphere with distant earth-
quakes. We used seismic data from six short-period
borehole seismometers, three short-period surface seis-
mic stations, and one broadband seismometer. Data
from a seventh short-period borehole seismometer
(RBAZ, Figure 1a), installed on Rangitoto Island by
the University of Auckland, has been added for this
study.

Much of the seismic noise that the Auckland region
experiences is generated by ocean waves, because of the
proximity of extensive and intricate coastlines (Tindle
& Murphy 1999; Gorman et al. 2003; Behr et al.
2013). This ambient noise can be exploited as a passive
seismic source. Ambient seismic noise has been suc-
cessfully used internationally to produce subsurface
models of intermediate spatial resolution and pen-
etration depth (Lin et al. 2008; Pyle et al. 2010; Stankie-
wicz et al. 2010, 2012; Saygin & Kennett 2012; Young
et al. 2013) and in New Zealand (Lin et al. 2007;
Behr et al. 2010, 2011). Horspool et al. (2006) used a
joint inversion of teleseismic receiver functions and
surface-wave phase velocities to determine the shear-
wave velocity structure in the crust and upper mantle
beneath station MKAZ at Moumoukai in the Hunua
Ranges (Figure 1a). We present the first seismic images
of the AVF subsurface that reveal structure in the
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entire crustal package and account for lateral
heterogeneity.

In the following, we first present a brief overview of
the geological framework of the region, then describe
the instrumentation and data acquisition, the methods
of data processing and present the results in terms of
seismic images. Finally, we discuss possible subsurface
geologic implications for the Auckland region that can
be deduced from our results.

Geological framework

The basement rocks of the Auckland region were
accreted to the Gondwana supercontinent from the
late Paleozoic to at least mid-Cretaceous and can be
divided into three belts (Figure 2), from east to west:
(1) the imbricated, mainly Mesozoic age Waipapa Ter-
rane, dominated by highly deformed terrigenous clas-
tics with melange and broken formation structure

(Spörli et al. 1989; Adams et al. 2009); (2) the mostly
late Paleozoic DunMountain–Maitai Terrane, contain-
ing the Dun Mountain ultramafic belt (Eccles et al.
2005; Williams et al. 2006), with possibly a sliver of
Caples Terrane to the east (Spörli et al. 2015); and
(3) the Murihiku Terrane of gently folded Mesozoic
sedimentary rocks (Briggs et al. 2004) that are of sig-
nificantly lower metamorphic grade than those of the
Waipapa Terrane, which ranges up to pumpellyite–
actinolite. There are no schists and intrusive felsic
rocks exposed at the surface. The Dun Mountain–Mai-
tai Terrane is concealed by younger cover sequences,
but its serpentinite shear zones can be detected magne-
tically as the Junction Magnetic Anomaly (JMA;
Hatherton & Sibson 1970; Eccles et al. 2005). A
coinciding local gravity anomaly indicates the presence
of a large lensoid body of crystalline ultramafic rocks
(Williams et al. 2006). The deeper configuration of
the covered Dun Mountain–Maitai Terrane can only
be inferred from along-strike analogous exposures
throughout New Zealand (Eccles et al. 2005): We
extrapolate this to be a steeply east-dipping band that
may turn to sub-horizontal towards the west at depth
(Figure 2).

From 85 Ma (mid–Late Cretaceous) to 52 Ma (early
Eocene), the continent of Zealandia separated from
Gondwana (Bache et al. 2014) and the tectonic regime
changed from convergence to extension, resulting in
considerable crustal thinning. The basement rocks
were initially uplifted and eroded, but eventually sub-
sided and became covered discordantly by a sequence
of Tertiary sedimentary rocks, including the Te Kuiti
Group (Edbrooke et al. 2003). Convergent tectonics
resumed in the Miocene, when the presently active
plate boundary propagated through New Zealand and
arc volcanism above a subduction zone resumed, in
the Auckland region leading to the formation of the

Figure 1. (a) Map of the Auckland area with the seismic network and numbered paths defined by station pairs used in this study.
*University of Auckland seismometer. (b) Geological map (modified after Kermode & Heron 1992) including the Auckland Volcanic
Field (AVF) and exposures of the Murihiku Terrane to the south.

Figure 2. Schematic representation of the expected crustal
structure under the greater Auckland area, from the surface
to the base of the lithosphere, after Eccles et al. (2005). Not
to scale. Brown: thin ocean floor slivers marking the base of
thrust slices of broken formation terrigenous clastics in the
accreted Waipapa Terrane. Depth extent is only speculative,
but would not be valid at and below the brittle/ductile bound-
ary (c. 10 km depth).
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Waitemata turbidite basin and its bounding chains of
arc volcanoes (Hayward 1993). However, after the
Miocene, the plate boundary activity migrated east-
ward to its present location in the Taupo Volcanic
Zone (Mortimer et al. 2010), leaving the Auckland
region and Northland in a less-active behind-arc pos-
ition, with renewed extensional tectonics and small
scale basaltic volcanism, of which the AVF is an
example. The active AVF is a typical monogenetic
field (Smith et al. 2008) composed of many small vol-
canoes (Hayward et al. 2011), many of which have
erupted only once. The basaltic magma is considered
to originate in the asthenospheric mantle at 60–
100 km depth (McGee et al. 2013) and rises directly
to the surface without forming crustal magma
chambers.

Auckland City lies in a depression influenced by the
pattern of geological units (Figure 1b) and sculpting of
the landscape by sea-level changes during the Pleisto-
cene (Hayward et al. 2011). The depression is filled
with young cover rocks, the most voluminous of
which are the Miocene Waitemata Group (Edbrooke
et al. 2003; Kenny et al. 2012). To the east is a belt of
north–northwest-striking ranges with exposed Wai-
papa Terrane basement, while rugged ranges in the
west expose Miocene arc volcanics with a particular
abundance of dense rocks.

Together with the basement in all of eastern Zealan-
dia, the crust under Auckland is less evolved than nor-
mal continental crust. During the Mesozoic convergent
tectonics, these rocks always occupied a relatively fron-
tal position in the accretionary prism. Present-day Tai-
wan (Camanni et al. 2016) represents a similar
example. This eastern crust never experienced the
large-scale deep recycling into plutons and gneisses
that are prevalent in western Zealandia and equivalent
belts in Australia (Sutherland 1999; Daczko et al. 2001).
Because of this, the Auckland crust may also have been
somewhat thinner from the outset, before additional
thinning during the Late Cretaceous–early Paleogene
extension. Obtaining more data on the structure of
this crust is not only helpful for volcanic risk assess-
ment, but will also provide a good illustration of the
structure in such relatively juvenile crust.

Method

Ambient noise tomography (ANT) is a three-stage
method that can be used to interrogate the subsurface.
ANT has been widely successful and often resolves
structures in the upper crust at a higher resolution
than earthquake-based surface wave tomography (Sha-
piro et al. 2005; Yao et al. 2006; Lin et al. 2008). The
first stage involves cross-correlating ambient seismic
noise—typically ocean waves causing weak seismic
vibrations—on pairs of stations in the AVF. Under
the right conditions, this provides an estimate of the

surface-wave impulse response between these stations
(Shapiro & Campillo 2004; Snieder 2004; Larose et al.
2006).

In the second stage, the group and phase velocity of
the surface wave information from stage one are esti-
mated as a function of period. The penetration depth
of surface waves is proportional to their wavelength
so heterogeneous media give rise to dispersion. The
final stage involves the inverse problem of making
inferences about the shear-wave velocity profile,
given the observed frequency dependence of phase
and group surface wave velocity.

The cross-correlations of stage 1 were performed in
the software package MSNoise (Lecocq et al. 2014).
These cross-correlation functions (CCFs) stem from
the cross-correlation of 30-minute waveforms summed
to form a single daily CCF. We used single-bit normal-
isation to remove earthquake generated signal (See
Table B.1 in Ensing 2015 for the parameters and full
configuration details). The sum of CCFs converges
after 200 days to a stable estimate of the surface wave
impulse response for the 16 station pairs analysed for
this study.

We obtained dispersion relations in stage 2 for both
group and phase velocities of the surface waves by
applying multiple band-pass filters (Herrmann 1973)
to the impulse response in the frequency domain
(Cooley & Tukey 1965) using do_mft from Computer
Programs in Seismology (Herrmann 2013). Computer
Programs in Seismology’s do_mft allows for a number
of different input parameters. We set the units to
counts, the type to Rayleigh, and the filter parameter
α to 3.00 and 6.25 for the inter-station distances <50
and 50–65 km respectively (after Cho et al. 2007).
The filter parameter, α, is related to the inter-station
distance and helps balance a resolution trade-off
between the time and frequency domains (Herrmann
1973). We performed multiple filter analysis on periods
of 1–15 s because this included our highest energy band
or the highest spectral amplitudes.

For stage 3, the inverse problem, we iteratively per-
turbed the velocity model and compared the fit
between the predicted dispersion data for the perturbed
model and the observed dispersion data using surf96
from ‘Computer Programs in Seismology’ (Herrmann
2013). We used an initial model of 32 isotropic layers
that extends from 0–25 km, with several thin layers
concentrated near the surface and layer thickness
increasing with depth because our power to resolve
decreases with depth. The first kilometre was given
three layers (0.2, 0.3 and 0.5 km thick), then 1–10 km
deep was divided into 18 × 0.5 km layers, 10–20 km
was divided into 10 × 1 km layers, and 20–25 km was
a single 5 km layer. See Ensing (2015) for details. As
iterative inversions were computed, the model misfit
reduced, where measures of misfit were: standard
error of dispersion data fit, mean residual and average
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absolute residual. We stopped iterating when the aver-
age absolute residual reduced to 0.05 km s−1, or the
root mean square change in shear-wave velocity model
became smaller than 0.01 km s−1. The final models
serve as our best estimates of the subsurface structure.

The 1D models are interpolated to construct pseudo
2D or 3D models. We created a 47.7 × 44.3 km grid
with 900 rectangles of dimension 1.6 km in the x
dimension and 1.5 km in the y dimension. The grid
extended 25 km into the crust, discretised to match
the 32-layer model used to create the 1D models. We
set the data points at the inter-station path midpoints
to the 1D model velocities and interpolated all other
points on the grid to the closest data point, creating
an approximate tomographic model of the subsurface.
We then plot 2D slices of the model that are perpen-
dicular to and intersect each of the 1D models.

Results

The CCF for path 16 annotated in Figure 1(a) is shown
in Figure 3. The signal from time lags 0 to −120 s rep-
resents a dispersive surface wave travelling along path
16, from the Riverhead and Waiheke Island, and one
travelling in the opposite direction for time lags 0 to
+120 s. Note that the longer period signals (also higher
amplitude in this case) generally arrive earlier than
shorter period signals, illustrating frequency depen-
dence in the wave speed. Asymmetry in the amplitude
of the causal (0 to +120 s) and acausal (0 to −120 s)
parts of the CCFs is an indication that ocean noise
does not have a uniform azimuthal distribution. In
our study area, ocean noise propagating east has com-
paratively high energy, resulting in the CCFs for inter-
station paths oriented east–west having the greatest
asymmetry in amplitude. Figure 4(a) shows the folded
CCF or symmetric component of the CCF in Figure 4
(b) shows the group velocity estimates by period, over a
coloured background representing spectral amplitudes.
The highest energy band is 3 to 10 s. All CCFs

contained dispersion information and we applied mul-
tiple filter techniques to the periods from 1 to 15 s.
Figure 4(c). shows possible phase velocities by period.
The frequency dependence of Rayleigh wave phase vel-
ocity is shown in Figure 4(d) which presents our picks
from Figure 4(c) and the predicted dispersion curve for
the final model for path 16. The frequency dependence
of Rayleigh wave group velocity is shown in Figure 4(e)
which presents our picks from Figure 4(b) and the pre-
dicted dispersion curve for our final model for path 16.

These curves are inverted with surf96 to obtain a 1D
earth model that explains the observed dispersion. We
inferred information about the shear-wave profile from
the surface to c. 25 km depth from noise-generated sur-
face waves between stations. The lower bound on the
frequency content limited the sensitivity of these sur-
face waves to 25 km. The average velocity model
from this process agrees well with the velocity model
from Horspool et al. (2006) for station MKAZ
(Figure 5). The average model and the Horspool et al.
(2006) model show an increasing velocity with depth,
with an abrupt increase in velocity at 2 km, and a
higher than average rate of increase between 15 and
20 km. The most notable differences are that the aver-
age model is smoother than the Horspool et al. (2006)
model and has a higher rate of increasing velocity
increase with depth between 2 and 8 km. The average
model, however, largely supports the crustal part of
the Horspool et al. (2006) model.

The standard deviation of the 16 1D models in each
layer is larger, ranging from 0.17 to 0.65 km s−1

(Figure 5) compared with the average standard error
of the dispersion fit of models, which is 0.04 km s−1,
suggesting that the differences between models rep-
resent lateral variations in seismic velocity. The varia-
bility in the 1D models can be used for a preliminary
geological interpretation of the AVF subsurface. At
depths to 1.5 km, the models can be divided into a
group with higher shear velocities and a group with
lower shear velocities, with the lower velocities ranging

Figure 3. Cross-correlation function from 200 days of seismic records from seismometers along path 16 (Figure 1a) between
stations at the Riverhead (RVAZ) and Waiheke Island (WIAZ).
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between 2 and 2.5 km s−1, and the higher velocities
fitting into the broader range of 2.5–3.2 km s−1

(Figure 6).
For the models at shallow levels (<1.5 km), the

inter-station paths with high velocities tend to be con-
centrated in the eastern part of the study area, where
the relatively dense terrigenous rocks of the Waipapa
Terrane are exposed at the surface (Figure 7). Of
these, paths 2, 11, 12 and 14 lie almost entirely in the
exposed basement. Path 5 is an exception, having
high shear-wave velocities but it is also similarly posi-
tioned to path 4 which has low shear-wave velocities.
Inter-station paths with low velocities at shallow levels
are dominant in the western part of the area where the
basement sinks to lower levels and is covered by lower
density Tertiary to recent sedimentary rocks, particu-
larly, the Miocene Waitemata and Waitakere groups.
The low-velocity materials are most conspicuous in
and around the two harbours of Auckland, i.e. in the

depression where the city is located and where low-
density sedimentary rocks prevail.

At deeper levels (>1.5 km depth) one group of
models exhibits low-velocity zones (LVZ) at depths
of 10–20 km (Figure 8), whereas the remaining models
show shear-wave velocities that increase monotonically
with depth (Figure 9). For these two groups, there is
again a regional difference between the east and the
west of the area (Figure 10), with paths modelling a
LVZ predominating in the eastern half, while those
with a monotonic increase are more common in the
northwest. Stations RBAZ, MBAZ (Motutapu Island),
WIAZ (Waiheke Island) and ETAZ (Tamaki) lie in
the east and only participate in paths that model a
LVZ. By contrast, stations KBAZ and RBAZ participate
only in paths with a monotonic increase in velocity. We
note that the latter two are the stations closest to or on
the JMA, the expression of the subsurface location of
the Dun Mountain Belt.

Figure 4. (a) Folded cross-correlation function from 200 days of seismic records from seismometers along path 16 (Figure 1a)
between stations at the Riverhead (RVAZ) and Waiheke Island (WIAZ). B–E were computed from this CCF. (b) Group velocity by
period, over a coloured background that corresponds to the spectral amplitudes (blue through red representing lowest to highest).
The black markers represent estimates for the 10 largest amplitude envelopes. The white markers represent our picks. (c) Possible
phase velocities by period. Solving for phase velocity introduces a 2πN uncertainty (each curve represents a different N value; Herr-
mann 1973). The red symbols mark our picks. (d) Frequency dependence of Rayleigh wave phase velocity. The solid lines are the
predicted dispersion curve and error bars represent sampling errors. (e) Frequency dependence of Rayleigh wave group velocity
obtained by multiple filter analysis. The black line is the predicted dispersion curve and the error bars were computed as if the
travel-time were mis-measured by a single filter period.
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An approximate tomographic model of the crust
under the AVF is the result of interpolation of the
1D models shown in Figures 8 and 9 to 2D horizontal
slices proceeding from near surface to depth
(Figure 11). The following important features appear:
(1) between 0–2 km depths, there are distinctly higher

velocities in the northeast half, lower velocities in the
southwest half, and a high-velocity spot in the south-
east corner; (2) at 6 km deep, there is a zone of high vel-
ocity, also aligned northwest–southeast; and (3) a sub-
rectangular area of relatively low velocity appears
under the AVF down from c. 16 km and (4) a high-vel-
ocity body appears down from c. 12 km in the south-
west sector.

So far, there are only fragmentary indications of fea-
tures representing the position and general trend of the
Dun Mountain belt, the dominant tectonic feature of
the region (e.g. Figure 11c–l).

Discussion

The agreement between the average of the 16 velocity
models for individual station pairs and a model
obtained by independent methods (Horspool et al.
2006) builds confidence in our shear-wave models for
the AVF (Figure 5). Both the Horspool et al. (2006)
model and our model have higher resolution than the
P-wave models in Stern et al. (1987), Maunder (2001)
and Ashenden et al. (2011), which have only two to
three layers in the upper 25 km. At both shallow and
deeper levels of the crust, two different groups of seis-
mic models can be distinguished among the individual
seismic models between station pairs. This encourages
us to examine the patterns in more detail and to specu-
late how far the influence of geology may already be
becoming apparent.

Our models penetrate with resolution to c. 25 km
based on limited low-frequency content (Ensing
2015). Stern et al. (1987) estimated a Moho depth of
25 ± 2 km, whereas Horspool et al. (2006) found
upper mantle velocities as shallow as 27–29 km in the
Auckland region. This suggests that our models cover
most of the crust, nearly reaching the Moho.

The estimates of impulse responses from ambient
seismic noise in the Auckland region indicate that the
AVF lies in a noise field (Figure 3) that is complex
and varied. There is a broad range of wave periods in
the noise signals (Figures 3 and 4) and noise sources
are widely distributed. The azimuthal distribution of
asymmetry in amplitude is in general agreement with
those in Lin et al. (2007), but in Auckland, the greatest
asymmetry in amplitude is for interstation paths
oriented east–west (Ensing 2015), an orientation not
represented in Auckland or Northland by Lin et al.
(2007). It is likely that a portion of the asymmetry in
the noise field may be explained by the difference in
wave heights between the west and east coasts. Future
work using multicomponent data may reveal even
more about the azimuthal distribution of noise around
Auckland. The periods of signals with the highest
spectral amplitudes typically lie in the 3–10 s range
(Figure 4b), which is consistent with other studies
using ambient seismic noise (Ardhuin et al. 2011,

Figure 5. Average of 16 models from this study compared with
a single model from Horspool et al. (2006). The boundaries of
the pink region mark the standard deviation of the 16 models
at each layer. The average model is the result of 16 cross-cor-
relation functions. The Horspool et al. (2006) model was
obtained by joint inversion of surface waves and receiver func-
tions from the MKAZ broadband seismometer.

Figure 6. Seismic shear-wave velocity estimates for the top
1.5 km. Each model has four layers in the top 1.5 km and
shows the average velocity that shear waves travel along
each inter-station path at depths close to the surface. The num-
bers in the legend refer to paths mapped in Figure 7. Note the
subdivision into a group with lower velocities and a group with
higher velocities in comparison to the Horspool et al. 2006
model.
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2015). This suggests that the seismic noise was primar-
ily generated in shallow coastal areas where marine
surface gravity waves interact with the ocean floor
(Stehly et al. 2006; Yang & Ritzwoller 2008).

Some of the models in the group with monotonic
velocity increase, such as those for paths 3 and 15 in

Figure 9, show values that exceed those expected at
depths shallower than 25 km, due to signal appearing
in the CCFs from surface wave out of line with the
inter-station paths (van Wijk et al. 2011). The future
addition of cross-term CCFs should not only diminish

Figure 7. Shallow structure (<1.5 km depth). Two different types of paths between pairs of seismic stations distinguished by line
patterns. Solid lines indicate high velocities, dashed lines low velocities. Note the preponderance of high-velocity paths in the east
and of low-velocity paths in the west. The geological map is modified after Kermode & Heron (1992).

Figure 8. Seismic shear-wave velocity estimates from 0 to
25 km, for individual paths (the numbers in the legend refer
to paths mapped in Figure 1a and Figure 10). These nine
models show a low-velocity zone between 10 and 20 km.

Figure 9. Seismic shear-wave velocity estimates from 0 to
25 km, for a specific path (the numbers in the legend refer
to paths mapped in Figures 1a and 10). Note that in contrast
to the models in Figure 8, these seven models show largely
monotonic increases in velocity with depth.
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this bias but also retrieve a greater frequency range in
the signal (van Wijk et al. 2011; Haney et al. 2012).

Cover rocks

At depths to 1.5 km, a group of models with higher
shear velocities can be distinguished from a group
with lower velocities (Figure 6). Models with inter-
station paths with high velocities are spatially corre-
lated with the relatively dense terrigenous rocks of
the Waipapa Terrane that are exposed at the surface
(Figure 7). Paths with low velocities at shallow levels
are dominant in the western part of the area (Figure
11a,b), where a deeper basement is covered by lower
density Tertiary to Holocene sedimentary rocks, in
particular, the Miocene Waitemata and Waitakere
groups.

Murihiku and Waipapa terranes

Two of the three generalised tectonic units in the
basement of the Auckland area (Figure 2), the Wai-
papa and the Murihiku terranes, are relatively similar
in that they consist of terrigenous clastic sedimentary
rocks and contain no, or very limited, oceanic
material with higher densities. The eastward-skewed
distribution of inter-station traces with a LVZ
makes a causal link with the Waipapa Terrane
reasonably likely (Figures 8 and 10). It is unclear
what causes this low-velocity feature, but it may
mark an especially shallow onset of the brittle/ductile
transition in this part of the crust. Whether there is
also a low-velocity anomaly contribution from the
similar Murihiku Terrane is not yet discernible, but
the fact that some inter-station lines with a LVZ

cross the whole region (i.e. lines 1, 5, 6, 8, 13 and
16 in Figure 10) may be a hint in that direction.
We do not consider this LVZ to be magma
chamber-generated because geochemical analysis of
volcanic deposits in the AVF find very little crustal
contamination, point to magma sources that are
down in the upper mantle (Huang et al. 1997;
McGee et al. 2013), and are associated with a deeper
LVZ at 70–90 km (Horspool et al. 2006). At this
stage, we restrict ourselves to recognising that this
low-velocity feature distinguishes areas of outcrop-
ping Waipapa Terrane and from areas we expect to
see the Dun Mountain–Maitai Terrane (See below).

Dun Mountain–Maitai Terrane

The Dun Mountain–Maitai Terrane, in contrast to the
Waipapa and the Murihiku terranes, is dominated by
thick oceanic, mostly igneous crustal and mantle
rocks, including the Dun Mountain belt, and can be
expected to be geophysically different from the other
two terranes. The western preponderance of traces
with a monotonic increase in velocity (Figures 9 and
10) may indicate an influence of the oceanic rocks in
the Dun Mountain–Maitai Terrane, for the following
reasons: the steeply dipping part of the Dun Moun-
tain–Maitai Terrane bisects our study area (Figure
11). It is modelled to form a syncline by resuming a
sub-horizontal attitude towards the west, i.e. it is likely
to be confined to the western part of the area (Figure 2).
This may be supported by the position on or near the
JMA of the two stations (KBAZ and RBAZ, Figure
11) that only participate in paths with monotonic vel-
ocity increase and therefore may be directly sampling
the Dun Mountain–Maitai Terrane.

Figure 10. Deeper structures (>1.5 km depth). Two different types of paths between pairs of seismic stations distinguished by their
line pattern. Solid lines indicate paths where shear velocities increase monotonically with depth, dashed lines indicate paths with
low-velocity zones. Junction Magnetic Anomaly is shown using data from Eccles et al. 2005. Paths with low-velocity zones tend to
be anchored in the east where Waipapa Terrane is dominant. Paths with monotonic velocity increases tend to prevail in the west
where the Dun Mountain Belt exerts a greater influence.
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From c. 4 km depth (Figure 11c–l), a mass of higher
velocity rocks inserts itself from the west and becomes
increasingly prominent. It is interesting to note that
this could be a signal from the sub-horizontal western
limb of the syncline postulated for the configuration of
the Dun Mountain–Maitai terrane (Figure 2). A subdi-
vision into higher velocity rocks in the west and lower
velocity rocks in the east becomes established, reflect-
ing a dominant influence of the dense (fast) rocks of
the Dun Mountain belt. At higher levels, this would

be masked by a strong effect from the overlying
lower density (slower) Murihiku Terrane material.

Auckland Volcanic Field

The very thin and discontinuous deposits of the AVF do
not seem to impact on the velocity patterns. Lava flows
would counteract the low velocities seen at shallow levels,
whereas volcaniclastic deposits could contribute to or be
neutral to them. The cause for the region of relatively

Figure 11. A tomographic assemblage of lateral variations in shear-wave velocity cut into 2D slices in 2 km intervals descending to
24 km. Coastlines and surface trace of the Junction Magnetic Anomaly (JMA, dotted line) which represents the Dun Mountain
Ophiolite Belt are both shown for reference.
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lower velocities down from 10 km (Figure 11f) under
Auckland City and roughly corresponding to the AVF
footprint is yet unknown. As stated above, the nature
of the AVF and its magma feeders does not allow us
to postulate any crustal magma chambers. Alternative
explanations could be a zone of thermal activity or
alteration, a deeper basin filled with yet unknown
lower density sedimentary rocks or a local volume of
special low-density rocks within the Dun Mountain Belt.

Conclusions

The analysis of ambient seismic noise improves our
understanding of the 3D crustal structure under the
Auckland Volcanic Field. 1D seismic tomography has
allowed us to make first-pass distinctions between geo-
logic environments both at shallow and deeper levels.
Shear-wave velocities in the top 1.5 km of the crust cor-
relate with variations in surface geology, with lower
velocities in areas dominated by low-density sedimen-
tary deposits, and higher velocities in areas dominated
by comparatively dense rocks. At greater depths, we are
able to distinguish between domains primarily contain-
ing terrigenous sedimentary rocks and domains domi-
nated by oceanic material. Paths along which Waipapa
Terrane (relatively juvenile continental crust) are
dominant typically show a crustal low-velocity
anomaly, while velocities increase monotonically with
depth for paths that go through the ophiolite belt of
the Dun Mountain–Maitai Terrane (oceanic crust)
that diagonally crosses the region and causes the JMA.

Future inclusion of multicomponent data and the
additions of ray paths between stations is expected to
improve resolution and penetration depth of these sub-
surface models.
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