
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tnzg20

Download by: [122.62.131.117] Date: 09 May 2016, At: 01:49

New Zealand Journal of Geology and Geophysics

ISSN: 0028-8306 (Print) 1175-8791 (Online) Journal homepage: http://www.tandfonline.com/loi/tnzg20

New Zealand GPS velocity field: 1995–2013

John Beavan, Laura M Wallace, Neville Palmer, Paul Denys, Susan Ellis, Nico
Fournier, Sigrun Hreinsdottir, Christopher Pearson & Mike Denham

To cite this article: John Beavan, Laura M Wallace, Neville Palmer, Paul Denys, Susan Ellis, Nico
Fournier, Sigrun Hreinsdottir, Christopher Pearson & Mike Denham (2016) New Zealand GPS
velocity field: 1995–2013, New Zealand Journal of Geology and Geophysics, 59:1, 5-14, DOI:
10.1080/00288306.2015.1112817

To link to this article:  http://dx.doi.org/10.1080/00288306.2015.1112817

View supplementary material 

Published online: 04 May 2016.

Submit your article to this journal 

Article views: 15

View related articles 

View Crossmark data

Citing articles: 3 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=tnzg20
http://www.tandfonline.com/loi/tnzg20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00288306.2015.1112817
http://dx.doi.org/10.1080/00288306.2015.1112817
http://www.tandfonline.com/doi/suppl/10.1080/00288306.2015.1112817
http://www.tandfonline.com/doi/suppl/10.1080/00288306.2015.1112817
http://www.tandfonline.com/action/authorSubmission?journalCode=tnzg20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tnzg20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00288306.2015.1112817
http://www.tandfonline.com/doi/mlt/10.1080/00288306.2015.1112817
http://crossmark.crossref.org/dialog/?doi=10.1080/00288306.2015.1112817&domain=pdf&date_stamp=2016-05-04
http://crossmark.crossref.org/dialog/?doi=10.1080/00288306.2015.1112817&domain=pdf&date_stamp=2016-05-04
http://www.tandfonline.com/doi/citedby/10.1080/00288306.2015.1112817#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/00288306.2015.1112817#tabModule


RESEARCH ARTICLE

New Zealand GPS velocity field: 1995–2013
John Beavana†, Laura M Wallaceb, Neville Palmera, Paul Denysc, Susan Ellisa, Nico Fourniera,
Sigrun Hreinsdottira, Christopher Pearsonc and Mike Denhamc

aGNS Science, Lower Hutt, New Zealand; bInstitute for Geophysics, Univerity of Texas, Austin, TX, USA; cSchool of Surveying, University of
Otago, Dunedin, New Zealand

ABSTRACT
We collate nearly two decades of campaign GPS data gathered at over 900 sites throughout
New Zealand to release a New Zealand nationwide GPS velocity field. The data span the
entire North and South islands of New Zealand with a typical spacing of 10–20 km and a
denser network (c. 2–8 km spacing) in the Wellington region, central Taupo Volcanic Zone
and parts of the Arthur’s Pass area. The dataset provides the most comprehensive-to-date
view of crustal deformation within the Australia–Pacific plate boundary zone in the New
Zealand region. We discuss the data acquisition, processing and derivation of the velocities
and uncertainties. We also undertake corrections for earthquake displacements to obtain a
velocity field that is largely representative of interseismic deformation between 1995 and 2013.
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Introduction

The New Zealand plate boundary zone has long fasci-
nated geoscientists, partly due to the diversity of active
tectonic processes that are represented there from sub-
duction (and intra-arc rifting) in the North Island at
the Hikurangi subduction zone, to strike-slip on the
Marlborough Fault Zone, transpressional collision
along Alpine Fault and finally back to subduction
again at the Puysegur Trench offshore Fiordland.
Over the last two decades, Global Positioning System
(GPS) methods have served as an important method
to obtain a detailed picture of the distribution of con-
temporary crustal deformation throughout New Zeal-
and’s diverse plate boundary zone.

GPS methods have been widely used since the early
1990s to track crustal deformation at plate boundaries.
Continuously operating GPS (cGPS) sites offer the best
way to capture time-varying tectonic processes; they
are expensive however, and require infrastructure
that in many cases make installation of dense cGPS
networks prohibitive. Alternatively, campaign GPS
datasets (which are obtained by periodic measurements
at permanent survey marks) provide an economically
viable means of establishing a spatially denser network,
although lacking the temporal resolution of cGPS.
Campaign GPS surveys are an important method of
obtaining a time-averaged snapshot of the deformation
rates within a plate boundary zone at a high spatial res-
olution. This is particularly so in areas where logistics,
environmental conditions and/or cost prohibit dense
installation of cGPS sites. Campaign GPS measure-
ments have revolutionised our view of the distribution

and kinematics of deformation at plate boundary zones
(Beavan & Haines 2001; Wallace et al. 2004, 2007;
Zhang et al. 2004; Reilinger et al. 2006; McCaffrey
et al. 2007; Shen et al. 2011; Elliott et al. 2013), and
have also refined our understanding of seismic hazard
in these regions (e.g. Mazzotti et al. 2011; Stirling et al.
2012).

An extensive campaign GPS dataset has been
acquired throughout New Zealand since the early
1990s. Here, we present velocities derived from 18
years’ worth of data, gathered at over 900 sites during
GPS campaigns between 1995 and 2013 (Figure 1).
The network is densest in the Wellington region, cen-
tral Taupo Volcanic Zone and parts of the Arthur’s
Pass region (c. 2–8 km spacing between GPS sites),
and is sparsest in the less tectonically active Northland
region of the North Island (>50 km spacing). In the
remainder of the country, campaign GPS sites are gen-
erally spaced at 10–20 km. This represents one of the
densest, most comprehensive campaign GPS datasets
ever collected at a major, large-scale (e.g. >1000 km)
plate boundary zone, and is rivalled only by datasets
that have been gathered at large-scale plate boundaries
in the western United States and Japan. We note that
comparable datasets spanning similarly large-scale
plate boundary zones are typically gathered by many
different research groups who are often working inde-
pendently of each other, focusing on small portions of
the plate boundary. In contrast, it is important to note
that most of the New Zealand dataset has been
acquired under the leadership of the late John Beavan.
This collaborative effort has resulted in uniform,
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comprehensive, national coverage of crustal defor-
mation data throughout the New Zealand plate bound-
ary, making the existence of this dataset all the more
remarkable. Here, we present the details of the GPS
data acquisition and processing along with the velocity
field data.

The New Zealand campaign GPS dataset

The GPS velocity field presented here is derived from
numerous GPS campaigns conducted throughout
New Zealand. GPS campaign data acquisition in New
Zealand began in the early 1990s, largely through the
efforts of Desmond Darby and Graeme Blick, formerly

of the New Zealand Department of Science and Indus-
trial Research (now GNS Science), with important
assistance from Chuck Meertens at UNAVCO in the
United States. John Beavan arrived in New Zealand
in the mid-1990s and was instrumental in ramping
up the scale of campaign GPS measurements in New
Zealand. Under John’s leadership, the campaign net-
work continued to grow and expand. The resulting net-
work now comprises over 900 stations distributed
throughout the country (Figure 1).

Since 2002, GPS campaigns have been conducted in
New Zealand typically once per year, taking place in
the summer months in a different region of New Zeal-
and, alternating between the North and South islands

Figure 1. Map of campaign sites with campaign region outlines.
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each year (Figure 1). We have divided New Zealand
into eight different regions to define the footprint of
each campaign, with the entire country being re-
measured approximately every 8 years (Table 1).
Prior to 2002, more frequent and regionally extensive
campaigns were undertaken to establish a base of
measurements throughout the country, resulting in
coverage of much of the country during this period.
Some of the mid-1990s measurements in the South
Island were augmented by campaigns undertaken by
Oxford University in collaboration with GNS Science
and Richard Walcott at Victoria University of Welling-
ton. In the last 10 years, various one-off funding oppor-
tunities from the New Zealand Earthquake
Commission and other sources have also enabled
more frequent re-measurement of networks in the
Taupo Volcanic Zone and the southern North Island.
Many of the sites in central Otago have also seen
more frequent measurements (not included in this
table). The School of Surveying at the University of
Otago has installed the Central Otago Deformation
network (COD; Denys et al. 2014), consisting of 33
marks. Initially in 2004 the COD network comprised
five marks that were observed every 3 months; as the
number of marks increased, the measurement fre-
quency decreased to 6-month campaigns (2007–
2011) and annual campaigns (2012–2013). The New
Zealand dataset has also benefited from occasional
nationwide campaigns (1997, 1998, 2006) to observe
all first-order survey marks, which is a national net-
work of survey marks that help to connect the 1949
New Zealand Geodetic Datum (NZGD49) to the
2000 New Zealand Geodetic Datum (NZGD2000).
The Fiordland and Christchurch regions have also
seen more frequent campaign observations to docu-
ment deformation following large earthquake
sequences (Reyners et al. 2003; Petersen et al. 2009;
Beavan et al. 2010, 2011a, 2011b, 2012). Table 1 details
the years in which the various campaigns were
undertaken.

The velocity field we derive in this paper is based
on data gathered between 1995 and 2013, and is
similar to that used most recently by Wallace et al.
(2012a). Most of the velocities have been updated
however, benefiting from the addition of more
recent (2009–2013) campaign data from various
parts of New Zealand. These data have been used
in numerous papers to define the overall kinematics
and rates of crustal deformation throughout the
New Zealand plate boundary zone (e.g. Darby &
Meertens 1995; Bourne et al. 1998; Beavan et al.
1999, 2007, 2010, 2011a, 2011b, 2012; Darby et al.
2000; Beavan & Haines 2001; Darby & Beavan
2001; Moore et al. 2002; Nicol & Beavan 2003; Wal-
lace et al. 2004, 2007, 2012a; Ellis et al. 2006a, 2006b;
Nicol & Wallace 2007; Holden et al. 2015; among
many others).

In each campaign GPS sites are observed for at least
two sessions with session lengths of 18–24 hours, but as
short as 7–8 hours in a very few cases (most of these
shorter sessions were during the mid-1990s cam-
paigns). A variety of receiver types have been used
for the fieldwork including Ashtech Z-XII and µZ,
Trimble 4000 (SSE and SSi), 5700, R7 and NetRS recei-
vers. Most of the GPS campaign data were acquired
using either choke ring antennas (Trimble and Ash-
tech), Trimble L1/L2 compact antennas with ground
plane or Trimble Zephyr Geodetic antennas. For the
last 10 years, the vast majority of the campaign
measurements have been undertaken with Trimble
5700 and R7 receivers and Zephyr Geodetic Antennas,
which helps to minimise any problems arising from
antenna mixing. We note that Zephyr Geodetic anten-
nas are also being used by GeoNet, New Zealand’s con-
tinuous GPS network (www.geonet.org.nz). Many of
the campaign GPS benchmarks in New Zealand consist
of a survey pin installed in a mostly buried concrete
block that is well-connected to the ground. When poss-
ible, some sites are installed in bedrock, constructed by
securing the survey pin into rock with epoxy. Many of
the campaign measurements are performed using a tri-
pod and a rotating optical plummet to set up over the
survey mark. Many of the campaign sites are existing
survey marks that are also used by local surveyors,
which often have a survey beacon on them that we
either: (a) mount the antenna on top of; or (b) tempor-
arily remove the beacon to enable set up over the mark
with a tripod. Most of the sites in the Central Otago
Deformation network are 5/8’’ threaded rod installed
directly in bedrock, using a short adaptor for the
antenna during each occupation.

GPS data processing

The GPS carrier phase data from all surveys were pro-
cessed by methods similar to those described in Wal-
lace et al. (2004, 2012a), using Bernese software
version 5.0 (Dach et al. 2007) to determine daily esti-
mates of relative coordinates and their covariance
matrices. In addition to the campaign GPS data, we
also include in the processing c. 20 of the longer-run-
ning continuous GPS sites in Land Information New
Zealand’s PositioNZ network (http://apps.linz.govt.
nz/positionz/index.aspx) and the GeoNet network
(http://www.geonet.org.nz), and several IGS stations
in the southwest Pacific region on the Australian and
Pacific plates. Of more than 9500 station-days of
data, about 3% of station observations are rejected at
the Bernese processing stage because they appear as
outliers (residuals greater than three standard errors)
in single-survey variation of coordinate solutions.
Some poorly determined station observations are
rejected as a result of observing sessions being too
short. We account for ocean loading using Topex 7.1
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ocean load tides (e.g. FES2004) from Onsala Space
Observatory (http://holt.oso.chalmers.se/loading/). We
use orbits and polar motion files in the IGS08 reference
frame from the IGS, with the associated absolute
antenna phase centre files for both satellite and receiver
antennas. IGS final orbits and earth orientation par-
ameters are held fixed. Tropospheric delays are esti-
mated hourly, using dry Niell (1996) mapping
functions. Ambiguities are fixed using Bernese’s quasi-
ionosphere-free strategy and the global ionosphere

model produced by the Center for Orbit Determination
in Europe (CODE).

Obtaining a velocity field in ITRF 2008 and
Australian Plate fixed frames

To obtain velocities from daily processing of the GPS
sites in a well-defined terrestrial reference frame, we
combine SINEX files from the Bernese daily solutions
(see previous section ) withMIT’s daily global solutions
of the IGS network using GLOBK (Herring et al. 2010).
With GLOBK we estimate a rotation and translation of
each daily solution into the ITRF2008 reference frame
(e.g. Altamimi et al. 2012). To accomplish this, we
tightly constrain the coordinates of a subset of the
most reliable core IGS GPS stations to their known
ITRF2008 values. We calculate the velocities and
uncertainties at each GPS station by a linear fit to the
daily ITRF2008 coordinate time series (see the next
section for details on how we addressed outliers and
coseismic/postseismic deformation prior to velocity
calculations; Table S1).

Formal uncertainties of GPS velocity estimates are
known to be unrealistically small (e.g. Zhang et al.
1997; Williams et al. 2004). We use the approach of
Zhang et al. (1997) to incorporate random walk noise
σRWN and σWN white noise into the velocity uncertain-
ties at each site, defined

sRWN = ARWN
��

T
√

and

sWN = 2
��

3
√ AWN

���

N
√

T

where ARWN is the amplitude of random walk noise,
AWN is the amplitude of white noise, T is the duration
of the time series, and N is the number of data obser-
vation points. Since we are dealing with campaign
GPS data, it is not possible to determine the amplitude
of random walk noise and white noise from the data
time series themselves. Beavan (2005) analysed 2–5
years of data from several New Zealand continuous
GPS sites, and obtained estimates for white noise and
random walk noise amplitudes. We use the Beavan
(2005) white noise values (1.1 mm a–1 for east and
north components) in our campaign velocity uncer-
tainty estimation. However, random walk can be diffi-
cult to estimate with short time series (Langbein 2012),
and we expect that the random walk noise from Beavan
(2005) is likely too large (c. 2 mm a–1/2) due to the short
duration of NZ cGPS sites available at the time. Here,
we assume a random walk noise amplitude of 1 mm
a–1/2, similar to the mean random walk estimated by
Dmitrieva et al. (2015) from a network of long-running
cGPS sites in North America; 1 mm a–1/2 is also the

Table 1. Years of campaigns.
Year Campaign region

1995 Raukumara, Hawke’s Bay, TVZ (Rotorua area), Central South Island,
Otago/Southland, southern North Island, Waikato (western part of
TVZ region), northern North Island

1996 South Island west coast, TOPS
1997 Arthur’s Pass, partial TOPS, Raukumara and Hawke’s Bay, NZFO,

some Wellington sites
1998 Central South Island, Waitaki, Wairarapa, NZFO, some Arthur’s Pass,

some TVZ
1999 TOPS, Wellington/Wairarapa, some TVZ sites, Canterbury
2000 Arthur’s Pass, TVZ (Rotorua area), Taranaki
2001 Raukumara, Fiordland/Southland, Hawke’s Bay, Waitaki
2002 Central South Island, Arthur’s Pass, Wellington/Wairarapa
2003 Taranaki, Fiordland (select sites)
2004 TOPS, Fiordland (select sites), subset of Raukumara and Wellington
2005 Fiordland (select sites), TVZ
2006 Fiordland/Southland, Arthur’s Pass, NZFO
2007 Wellington/Wairarapa, TVZ, Fiordland (selected sites)
2008 Arthur’s Pass
2009 Raukumara, Hawkes Bay, selected TVZ, selected Fiordland,

Wellington
2010 Central South Island, Fiordland (selected), Canterbury
2011 Taranaki and TVZ, Canterbury
2012 TOPS
2013 Wellington/Wairarapa, Canterbury, Northern North Island

NZFO, New Zealand First Order Network; TOPS, Top of the South Island;
TVZ, Taupo Volcanic Zone.

Figure 2. Spatial distribution of velocity uncertainties in the
New Zealand velocity field, in terms of (σe

2 + σn
2)1/2, where σe

is east uncertainties and σn is north uncertainties, in mm a–1

(east and north uncertainties from Table S1).
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preferred value used in an analysis of campaign and
continuous GPS sites in southern California (Shen
et al. 2011). In Figure 2, we provide a summary of
how the uncertainties vary spatially in New Zealand
by plotting a map view of (σe

2 + σn
2)1/2 (where σe is

east uncertainties and σn north uncertainties). The
uncertainties are largest in the southern half of the
South Island, due in part to the our removal of all of
the post-2009 campaign data in the southern portion
of the South Island because of effects from the 2009
Mw 7.8 Dusky Sound earthquake (see discussion in
‘Outlier removal and coseismic deformation’ below).
The large uncertainties in Fiordland (southwestern
South Island) are also a consequence of the disruption
of the time series by earthquakes in 2003, 2007 and
2009. Most other areas of large uncertainties are related
to a combination of fewer observations and/or a
shorter duration of campaign measurements (see
Table S1).

Rather than viewing the velocities in a reference
frame such as ITRF2008, it is more instructive for crus-
tal deformation purposes to view the New Zealand vel-
ocity field in a plate-fixed reference frame such as an
Australian or Pacific Plate fixed frame. We solve for a
pole of rotation for Australia relative to ITRF08 using
the velocities we obtain for sites on the Australian
Plate (ALIC, CEDU, DARW, HOB2, KARR, NOUM,
TID2, TIDB, TOW2, YAR2). Our best-fitting
ITRF08/Australia pole of rotation is located at 32.34°
N, 37.66°E, with a rotation rate of 0.635° Ma–1. The
misfit of Australian plate site velocities to this best-fit-
ting ITRF08/Australia pole is generally less than 0.3
mm a–1 (see Table S1). We then rotate the ITRF2008
velocity field for New Zealand into an Australian
Plate fixed frame using this pole of rotation (Figure 3).
In addition to the velocities of the New Zealand cam-
paign (and some continuous) sites, we also include
the velocities of these Australian Plate sites in Table S1.
Figure 4 shows the New Zealand velocities relative to
the Pacific Plate using the ITRF2008/Pacific pole of
DeMets et al. (2014; Pacific Plate relative to ITRF08:
62.544°S, 110.817°E, 0.68° Ma–1). We expect that
their ITRF2008/Pacific pole is the most reliable one
to use, as they use a larger number of sites on the Paci-
fic Plate than our study or other previous studies.

Outlier removal and coseismic deformation

Following the GLOBK stage, the time series for each site
is visually inspected for outliers using the time series
viewing tool, TSview (Herring & McClusky, http://
www-gpsg.mit.edu/~tah/GGMatlab/). These outliers
were removed before the final velocity estimation. We
also removed 56 velocities (of 995) from the dataset
that were clearly incompatible with the rest of the GPS
velocity field. Most of these removed velocities are
from sites that have only been observed on two

campaigns, over a short span of time (<2 years) or at
sites where it was not possible to reliably address coseis-
mic displacements in nearby earthquakes.

Several large earthquakes have impacted the New
Zealand campaign GPS network during the period
1995–2013, particularly in the South Island of New
Zealand (Table 2). To avoid coseismic and postseis-
mic deformation from the 2010–2011 sequence of
earthquakes near Christchurch (Beavan et al. 2010,
2011a, 2012; Gledhill et al. 2011), we have simply
removed from our velocity calculations all campaign
data collected after the Darfield 2010 Mw 7.1 earth-
quake at sites that experienced significant (>5 mm)
displacement during the 2010/2011 earthquake
sequence (Beavan et al. 2010, 2011a, 2012). Gener-
ally, this included sites within c. 100 km of the
earthquake sequence. Dealing with the effects from
earthquakes that have occurred in the Fiordland
region since 2003 is much more complicated as the
2003 Secretary Island, 2007 George Sound and
2009 Dusky Sound earthquakes have all impacted
parts of the southern South Island. There were insuf-
ficient data collected at most GPS sites in Fiordland
prior to the 2003 Secretary Island earthquake to
enable robust determination of interseismic vel-
ocities using only the pre-2003 data. To remove
the effect of the Dusky 2009 Mw 7.8 earthquake
and subsequent postseismic deformation from this
event, which has impacted GPS sites across much
of the southern half of the South Island (Beavan
et al. 2011b), we removed all campaign data from
after July 2009 in the southern half of the South
Island from our velocity determination. The August
2003 Secretary Island and October 2007 George
Sound earthquakes were more complicated to deal
with, since they occurred in the middle of the time
series. For sites impacted by the Mw 7.1 Secretary
Island event, we removed all data between the earth-
quake and the end of 2004 (to avoid any influence
from coseismic slip and poseismic afterslip), and cal-
culated an offset in the time series during the earth-
quake using TSview. Only the pre-2003 earthquake
and post-2004 data (corrected for the earthquake
offset) are therefore used in the velocity determi-
nation. We implemented a similar approach to cor-
rect for the Mw 6.7 George Sound earthquake.
However, due to the uncertainties in removing the
Secretary Island and George Sound earthquake dis-
placements from the campaign GPS time series, we
advise caution in the use and interpretation of the
GPS velocities from the Fiordland region.

We also note that the 23 December 2004 Mw 8.1
Macquarie Island earthquake produced noticeable dis-
placements at continuous GPS sites in New Zealand.
Southernmost South Island sites were displaced by up
to 10 mm, decreasing to <5 mm in the central South
Island and to <1–2 mm in the North Island (Watson
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et al. 2010). The GPS sites in the southern South Island
that underwent the largest displacements were also
strongly affected by the 2003 Secretary Island earth-
quake. The offset from the Secretary Island earthquake
that we determine at these sites in the Fiordland region
(see preceding paragraph) will also include effects from
the 2004 Macquarie Island earthquake, so we effec-
tively correct for this at sites in the southern portion

of the South Island in our offset calculation. However,
due to lower level of displacement (≤5 mm) through-
out the rest of New Zealand, we chose not to correct
for the 2004 Macquarie Island earthquake elsewhere.
Given the long duration of the New Zealand time
series, the 2004 Macquarie Island earthquake will
only affect the New Zealand campaign velocity esti-
mates at the level of 0.25–0.05 mm a–1.

Figure 3. New Zealand GPS velocities in an Australian Plate fixed reference frame. A, South Island; B, North Island.

Figure 4. New Zealand GPS velocities in a Pacific Plate fixed reference frame. A, South Island; B, North Island.
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Assessment of velocity uncertainties

One of the most challenging aspects of GPS velocity
field development is the calculation of reliable uncer-
tainties. This is problematic, partly due to uncertainties
in the appropriate noise models to use in these calcu-
lations (e.g. Williams et al. 2004; Shen et al. 2011; Dmi-
trieva et al. 2015). If the ‘true’ values of velocities at
GPS sites are known, one test of reasonable velocity
uncertainties is that the normalised residuals (e.g. the
difference between the velocity estimate and the ‘true’
estimate multiplied by the uncertainties) should have
a Gaussian distribution with zero mean and a variance
of one. Although the ‘true velocities’ are impossible to
know, particularly in complex deforming zones at plate
boundaries, McCaffrey et al. (2007) and Shen et al.
(2011) have addressed this by using predictions of
the ‘true velocities’ at GPS sites in low-strain-rate
areas using an elastic block model to calculate normal-
ised residuals.

To evaluate the robustness of our uncertainty calcu-
lations, we undertake a similar analysis by calculating
the predicted velocities at GPS sites in the low-strain-
rate portions of the western North Island and north-
western South Island from an updated block model
of Wallace et al. (2012a). Figure 5 shows the cumulative
distribution of normalised residuals (e.g. the difference
between the velocities predicted by the block model
and those in Table S1, multiplied by the velocity uncer-
tainties) compared to that predicted by the theoretical
curve for a Gaussian distribution with variances of 1.0
(red) and 0.5 (green) for both the east and north com-
ponents of the velocity residuals. Overall, the distri-
bution of normalised residuals agrees reasonably well
with the Gaussian curve with a variance of 1.0,
although it fits the variance=0.5 curve even better.
This suggests that we may have overestimated our
uncertainties, perhaps by as much as 50%. Some
users of this velocity field may therefore wish to scale
our quoted uncertainties by 0.5, although to be conser-
vative we prefer to use the values shown in Table S1.

Discussion and conclusions

With the exception of the earthquakes discussed under
‘Outlier removal and coseismic deformation’ above, no
other major earthquakes have significantly impacted

the campaign GPS network in New Zealand. We
have largely removed or corrected for the influence of
these earthquakes where possible, producing a velocity
field that is representative of interseismic deformation
in New Zealand during the 1995–2013 period (Figures
3, 4; Table S1).

The overall pattern of crustal motions observed in
the new velocity field (Figure 3) is similar to that
from previous New Zealand velocity fields (e.g. Beavan
& Haines 2001; Wallace et al. 2012a). The major
obvious features are a rapid clockwise rotation of the
eastern North Island (e.g. Wallace et al. 2004) and
strong shear associated with the Alpine Fault andMarl-
borough Fault System (e.g. Beavan & Haines 2001;
Wallace et al. 2007). However, in addition to a longer
duration of measurements, the new velocity field has
much denser coverage in the Taupo Volcanic Zone
(TVZ) and the Southland/Otago region than pre-
viously published velocity fields. In particular, the
TVZ velocity field shows some surprising results.
Sites west of the central TVZ are moving southeast-
wards at several millimetres per year relative to the
Australian Plate, while many of the sites within the
central TVZ have much lower rates of motion relative
to the Australian Plate. This suggests strong contrac-
tion within the central TVZ (between Lake Taupo
and Rotorua), which is at odds with the observation
of active normal faulting within the central rift (e.g.
Villamor & Berryman 2001). Holden et al. (2015)
also observe such a contractional signal from their
independent processing of data from the Okataina
region. This contraction coincides with a large region
of rapid subsidence (up to 2 cm a–1) observed from
interferometric synthetic aperture radar (InSAR)
data, which Hamling et al. (2015) suggest is due to
cooling of a magma body beneath the TVZ. It is likely
that the observed GPS contraction is also related to
magmatic cooling processes, and that it is masking tec-
tonic deformation within the central TVZ (e.g. Holden
et al. 2015).

Although we fit GPS velocities on the Australian
Plate to within uncertainty (see Table S1, sites in Aus-
tralia marked with **) with a single pole of rotation for
the Australian Plate, many of the sites in the western
portion of the North Island (Waikato and Northland
regions; Figure 1) deviate from Australian Plate motion
by as much as 0.5–3.0 mm a–1 (Figure 3B, Table S1),
suggesting that the western North Island of New Zeal-
and is not part of the stable Australian Plate. Tregoning
et al. (2013) included a subset of the New Zealand con-
tinuous GPS sites in their processing of the global IGS
network, and they showed that cGPS sites in the wes-
tern North Island also deviate from Australian Plate
motion. They estimated a pole of rotation for the wes-
tern portion of the North Island, located near –36°S,
172°E, with a clockwise rotation rate of 0.28° Ma–1.
Our Australia-fixed velocity estimates at the same

Table 2. Table of earthquakes that have caused large
displacements in the campaign network.
Date Location/name Mw

22 August 2003 Secretary Island,
Fiordland

7.1

23 December 2004 Macquarie Island 8.1
15 October 2007 George Sound,

Fiordland
6.7

15 July 2009 Dusky Sound 7.8
4 September 2010 (and subsequent
aftershocks)

Darfield, Christchurch
area

7.1
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cGPS sites (Table S1) agree with Tregoning et al.’s
(2013) velocities to within uncertainty. Moreover, our
velocities from those sites, and most of the campaign
sites in Northland and Waikato, exhibit a similar,
slow clockwise rotation about a pole offshore of the
western North Island. This implies that much of the
North Island is rotating in a similar fashion to that
suggested for the Hikurangi forearc (e.g. Wallace
et al. 2004; Figure 3B), albeit at a much slower rate
(by a factor of c. 10). We also note that sites on the Cor-
omandel Peninsula (CORM, A9MT; Figure 1) are
moving eastwards relative to Auckland at 0.3–0.7
mm a–1. This suggests that active faults which may
exist within the Hauraki Gulf and onshore Hauraki
Rift (such as the Kerepehi Fault) could be accommo-
dating extension at rates on the order of 0.3–0.7
mm a–1. Densification of campaign GPS networks in
this region is needed to refine our understanding of
this slowly deforming but potentially hazardous source
of earthquakes for the highly populated Auckland
region.

Likewise, all GPS sites on the east coast of the South
Island exhibit c. 2–3 mm a–1 of northeastwards motion
relative to the Pacific Plate (Figure 4), similar to that
noted by Beavan et al. (2002). Some component of
this northeastwards motion may be a result of elastic
deformation from interseismic coupling on the Alpine
Fault. The elastic block model of Wallace et al. (2007)
predicts c. 1–2 mm a–1 of elastic deformation on the
east coast of the South Island, due to locking on faults
in the region. However, we cannot rule out the possi-
bility that some low rates of deformation (<1–2
mm a–1) also occur between the South Island and the
Pacific Plate, accommodated along offshore structures
east of New Zealand.

It is important to remember that there is strong tem-
poral variability of deformation rates in parts of the

North Island and northern South Island, particularly
due to volcanic processes in the Taupo Volcanic
Zone and the time-varying deformation on the Hikur-
angi subduction interface beneath the eastern North
Island forearc and northern South Island during the
period of campaign GPS measurements. However,
these are not clearly discernible within the campaign
GPS data and our velocities represent averages through
these variations. The GeoNet continuous GPS network
has revealed dozens of episodic slow slip events that
have occurred on the Hikurangi subduction interface
beneath the North Island (e.g. Wallace & Beavan
2010; Wallace et al. 2012b). The temporal resolution
of the campaign velocity dataset is too low to correct
for (or even identify) slow slip event behaviour in the
North Island. The velocity field presented here is only
intended to represent a snapshot of average defor-
mation rates over the last c. 18 years, including defor-
mation from slow slip events and interseismic coupling
that occurred during that period. Analysis of the con-
tinuous GPS network data (www.geonet.org.nz), with
its much higher temporal resolution, is necessary to
investigate slow slip event and volcanic deformation,
and any temporal variation in deformation rates over
short timescales.

Supplementary data

Table S1. GPS velocities (in east component (VE) and north
components (VN) in both ITRF2008 (IT08) and Australian
Plate-fixed (AUS) reference frames, with uncertainties (σE
and σN).
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