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Abstract The Taupd Volcanic Zone is a ~300 km long, volcanically active region in the North Island of
Aotearoa New Zealand. As well as hosting numerous active volcanoes, it is also one of the most seismically
active parts of the country. In this study, we present a new consistent and high-precision earthquake cata-
logue for the Taupd Volcanic Zone from 2007 to 2023. This catalogue was produced through the detection
of earthquake phase arrivals, association of these arrivals, and finally earthquake location and relocation us-
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ing a three-dimensional velocity model. The final catalogue contains 86,579 individual earthquakes, 65% of

which also have a high-precision relative relocation hypocentre. The catalogue contains a huge amount of
information on multiple volcanic, geothermal, and tectonic events. We make the catalogue freely available in
the hope that it will be used for future research and development in the Taupo Volcanic Zone.

1 Introduction

The Taupd Volcanic Zone (TVZ, Figure 1a) is one of
the most seismically active regions of Aotearoa New
Zealand. Much of this seismicity is small in magnitude,
and related to the numerous volcanic and geothermal
systems in the TVZ (e.g., Hurst et al., 2008; Hopp et al.,
2019; Illsley-Kemp et al., 2022). However, the TVZ also
hosts an active continental rift (Seebeck et al., 2014)
and is capable of producing large earthquakes (e.g.,
the 1987 M,, 6.5 Edgecumbe earthquake, Smith and
Oppenheimer, 1989; Delano et al., 2022). Earthquake
activity in the TVZ, and in New Zealand as a whole,
is routinely monitored by GeoNet using the national
seismic network (Petersen et al., 2011; GNS Science,
2024). There have also been many individual studies of
earthquake sequences in the TVZ, as well as multiple
temporary seismic deployments (e.g., Webb et al., 1986;
Sherburn, 1993; Sherburn et al., 1999; Bryan et al.,
1999; Hayes et al., 2004; Bannister et al., 2016; Benson
etal., 2021; Illsley-Kemp et al., 2021; Lamb et al., 2024).
The 24/7 monitoring of earthquake activity by GeoNet
is essential for hazard mitigation purposes; however,
the catalogue produced is not of sufficient accuracy
for many research purposes, particularly at volcanic
and geothermal systems where earthquakes tend to be
low magnitude. In addition, the lack of uniformity in
data-processing approaches across catalogues makes
it challenging to compare earthquake activity from
different time-periods, something which is crucial for
many purposes, such as volcano monitoring.
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The purpose of our study was to develop and present
a consistent and high-precision earthquake catalogue
for the entirety of the TVZ from 2007-2023. Our study
is limited to the crustal seismicity of the TVZ (i.e.
<50 km depth) and does not consider the underlying
subduction zone seismicity (e.g., Mark et al., 2024). We
fully document each of the processing steps and make
all of the underlying data openly available, with the
hope that this catalogue can continue to be developed
with the addition of newly available seismic data. We
envisage that this catalogue will be used for a wide

variety of research purposes in the future.

2 Methods

Below, we describe each distinct stage of generating the
TVZ earthquake catalogue. Each stage requires choices
of parameters which we selected with the aim of pro-
ducing the most consistent and accurate earthquake
catalogue. However, some of these choices are natu-
rally subjective and so we detail each stage in order to
make our workflow fully reproducible and adjustable
for other researchers.

2.1 Seismicdata

We used all seismic data from the TVZ that was publicly
available between 2007/01/01 and 2024/01/01 (UTC).
The vast bulk of this data was from the GeoNet national
seismic network (GNS Science, 2019, 2021). At the
beginning of 2007 this network consisted of 40 seismic
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Figure1l a)The Taupo Volcanic Zone and its position in the North Island of New Zealand (inset). The dashed black outline
denotes the approximate outline of the modern Taupo Volcanic Zone (Wilson et al., 1995, 2009). Orange triangles denote
active volcanic centres with the caldera margins of Taup6 and Okataina shown in red. b) The seismometers used in this study.
Thered inverted triangles denote the GeoNet National Seismic Network (as of 2023), blue and green inverted triangles denote
the temporary HADES and BARNZ networks, respectively. The black outline shows the region displayed in the subsequent

Figures 4, 5,and 6.

sensors, but over time this has been steadily increased
to 62 sensors. The national GeoNet seismic network
in the TVZ is predominantly made up of short-period
seismometers, but in recent years the proportion of
broadband seismometers has increased. The spacing
of these seismometers is relatively consistent (~ 10 —20
km), with the exception of Ruapehu and Tongariro vol-
canoes, which are more densely instrumented (Figure

1b).

During the time period 2007-2023, there were also
two temporary seismic deployments whose data were
publicly available at the time of data processing. The
first of these was the Deep Geothermal HADES seismic
array, which was active in the central TVZ between
2009-2011 and consisted of 39 broadband and short-
period seismometers (Bannister, 2009), and the second
was the Back-Arc Rifting in New Zealand (BARNZ)
seismic array which was active in the northern TVZ
between 2017-2019 and consisted of seven broadband
seismometers (Ebinger and Stern, 2017). The data
from these temporary deployments were integrated
with the national seismic network and processed in
the same way. Naturally, the temporal changes in
seismic network density will mean that the earthquake
detection capability will change over time.

2.2 Automatic picking

To generate phase-arrival picks for our data, we used
the SeisBench (Woollam et al., 2022) implementation of
EQTransformer (Mousavi et al., 2020). EQTransformer is

2

a machine-learning algorithm that has been trained on
a global earthquake dataset (Mousavi et al., 2019). The
earthquake dataset used for training is well suited to
our study as the majority of earthquakes in the training
dataset are shallow (<50 km), have magnitudes across
a broad range (-0.5-7.9), and are recorded on three-
component seismic data (Mousavi et al., 2019). We
applied an overlapping window of 55 seconds to ac-
count for bias in the pick probabilities (Pita-Sllim et al.,
2023). We used the conservative pre-trained model from
Mousavi et al. (2020), which is designed to minimise
false-positives, and retained arrival-time picks where
the event probability was > 0.2 and the pick probabil-
ity was > 0.01 (P or S). This approach tends to produce
many duplicate picks so it was necessary to decluster
the initial output. We first removed any complete du-
plicates (i.e., picks with the same time and peak proba-
bility value), and then for any picks with the same phase
that were within 5 seconds of each other, the pick with
the highest probability was retained. After this process,
we were left with 3.5x107 picks across 105 unique seis-
mometers. The daily number of picks is almost always
>103, and occasionally >10% (Figure 2). However at this
stage, prior to association, many of these picks can be
attributed to large earthquakes outside of the TVZ.

2.3 Earthquake associating

In order to associate individual phase picks to earth-
quakes, we used the PyOcto earthquake associator
(Miinchmeyer, 2024). PyOcto is a python-based associ-
ator which divides the space and time dimensions of
the problem using an OctoTree approach. In order to
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Figure 2 a) Red denotes the daily number of picks produced by EQTransformer (Mousavi et al., 2020) across all seismome-
ters. Blue denotes the daily number of these picks that were associated by PyOcto (Miinchmeyer, 2024) to earthquakes in the
TVZ.b) Green denotes the daily number of seismometers that had at least one pick. This shows the steady increase in GeoNet
sensors from 2007, and the temporary deployments between 2009-2011 and 2017-2019 (Bannister, 2009; Ebinger and Stern,
2017). c) Black denotes the daily number of earthquakes in the final TVZ catalogue and red shows cumulative number of

earthquakes through time.

associate phase picks to a possible earthquake origin,
PyOcto requires a one-dimensional velocity model.
For our study, we employ the velocity model of Mes-
tel (2023), which was developed for the Taupo region.
While this study is focused on the TVZ, there were many
earthquakes that occured outside of the TVZ during
our study period. Therefore, we used a search region
for PyOcto that is much wider than the TVZ (Longitude:
173° to 178.5°, Latitude: -42° to -37°, Depth: -2 to 300
km). We found that using this wider search region
stopped PyOcto from ‘mis-associating’ distant earth-
quakes into the region of interest. When creating the
velocity grid, we allowed for a velocity model tolerance
of two seconds. For the association stage we set a time
slice overlap (time_before) of 300 seconds to account
for the relatively large study area. We set the minimum
number of picks for an earthquake to 10, with a min-
imum of 5 and 2 P and S picks, respectively. Finally,

3

we set the minimum grid node size (min_node_size)
to 10 km, the number of times to subdivide the initial
volume (location_split_depth) to 10, and the
location_split_return value, which determines
the size of the new search volume, to 5.

The association resulted in 288,229 individual earth-
quakes from a total of 5.8 x10° individual phases (17%
of the input phases). These earthquakes were initially
located by PyOcto using the 1D model. Before the
next stage of earthquake catalogue generation, these
earthquakes were then filtered to preserve only those
that were in our area of interest (Longitude: 175° to
178°, Latitude: -40° to -37°, Depth: <50 km), meaning
that 151,042 earthquakes progressed to the next stage.
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Figure3 5km depthslicethroughthe velocity model of Chow et al. (2022) that we used in our study for earthquake location.

a) P-wave velocity, b) S-wave velocity, c) Vp/Vg ratio.

2.4 Earthquake locating and magnitudes

PyOcto performs a relatively crude estimate of earth-
quake location. To improve this, we again locate the
earthquake catalogue using NonLinLoc (Lomax et al.,
2000) and a more representative velocity model. The
TVZ is a highly complex and heterogeneous geological
region; therefore a three-dimensional seismic veloc-
ity model will best capture the spatial variation in
seismic properties. For our study, we used the three-
dimensional velocity model for the North Island of New
Zealand from Chow et al. (2022) (Figure 3). Chow et al.
(2022) used earthquake adjoint tomography to image
the shallow crust in the North Island. Their model is
particularly sensitive to velocity variations in the upper
30 km of the crust and is therefore ideally suited for
our study. Generally, both P- and S-wave velocities tend
to be relatively slow in the TVZ, though there are local
variations (Figure 3). For our earthquake location, we
used a velocity model grid spacing of 1 km.

To produce absolute locations for our earthquake
catalogue, we used NonLinLoc (Lomax et al., 2000)
with the time-weighted Equal-Differential Time like-
lihood function (Font et al., 2004) and the Oct-Tree
sampling algorithm (Lomax and Curtis, 2001). We used
an assumed pick error of 0.3 seconds and included
seismometer elevations in the location procedure. For
the grid search, we applied a minimum cell size of 0.05
km and a maximum of 1 x10° iterations with an initial
12x12x4 Oct-Tree grid. We then applied a series of
location quality filters to ensure that our final absolute
location catalogue only contained well-constrained
earthquakes. Each earthquake had to fulfill the follow-
ing criteria: a maximum horizontal error <5 km; either
an azimuthal gap <180° or a distance to the nearest
seismometer of <20 km; a minimum of eight phase
arrivals used for the location; and a maximum mean
arrival time residual of 0.5 seconds. These quality fil-
ters were selected based on an iterative process which
sought to remove earthquakes which were far outside
of the TVZ network, remove any remaining falsely
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associated earthquakes which had been mis-located
inside the network, and retain all well-constrained TVZ
earthquakes. This resulted in a total of 86,579 earth-
quakes, 57% of the earthquakes which were associated
by PyOcto. The occurrence and location accuracy of
these earthquakes have large spatial variations (Figure
4). Generally, earthquakes offshore of the Bay of Plenty
tend to have larger location errors due to a lower
number of phases; this is not surprising, given the
relative reduction in network density in this region. In
the on-land component of the TVZ, earthquake loca-
tion errors and residuals are consistently low (Figure 4).

We then calculated local magnitudes (My,) for the
entire catalogue. We first convolved the seismograms
with the Wood-Anderson standard response (Anderson
and Wood, 1925; Richter, 1935), and then measured
half the peak-to-peak displacement amplitude on the
vertical component. These values were then used
with the local magnitude scale from Mestel (2023)
to calculate local magnitudes while accounting for
attenuation (Keir et al., 2006; Illsley-Kemp et al., 2017).
Local magnitudes are appropriate for the majority of
the earthquake catalogue; however, the magnitude
will tend to be underestimated (Hudson et al., 2022;
llsley-Kemp et al., 2022) for the small number of
larger magnitude (>4) earthquakes. For the entire
catalogue, local magnitudes range from -1.2-4.5 and
the magnitude of completeness, calculated using the
methodology of Wiemer and Wyss (2000), is 1.2, though
this will vary with both space and time.

The final stage of our earthquake catalogue gen-
eration was to create a subset of earthquakes that
are relocated using high-precision cross-correlation
derived picks. These picks were then used in the
well-established relative-relocation procedure (e.g.,
Waldhauser and Ellsworth, 2000; Trugman and Shearer,
2017). To generate differential travel-times, we cross-
correlated waveforms for all earthquakes within a
10 km hypocentral distance of each other, using the
EQcorrscan package (Chamberlain et al., 2018). We
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Figure4 2a)All 86,579 earthquakes between 2007-2023 in the absolute location catalogue, coloured by depth. b) The num-
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residual for all earthquakes in each sub-region.

detrended and filtered the seismic data between 1-15
Hz and used a correlation window 1 second wide,
starting 0.3 seconds before the pick. To ensure only
high-quality measurements, we only retained values
with correlation >0.65 and event pairs with more
than 8 measurements, following Trugman (2024). This
resulted in 2.2x10% differential time measurements
across 1.7x107 event pairs.

For the relocation procedure, we used GrowClust3D
(Trugman et al., 2023), a Julia implementation of the
GrowClust algorithm (Trugman and Shearer, 2017)
which allows for three-dimensional velocity models.
We used the same velocity model as we used for the
absolute location stage (Chow et al., 2022). We allowed
clusters to merge if they were within a distance of 8 km
and for these clusters to shift their locations by up to 2
km. This resulted in 55,969 (65%) of the input events
being relocated, with a mean RMS differential time
residual of 0.08 and 0.18 for P and S phases, respectively.

3 The TVZ earthquake catalogue

The final TVZ earthquake catalogue contains a huge
amount of information, which we will not discuss in
full detail here. Our hope is that by presenting and
describing the catalogue here we will allow future
detailed analysis and interpretation, as well as support
other investigations that rely upon an understanding of
seismic activity. The catalogue shows that earthquake
activity in the TVZ is highly variable in time and tends
to occur in geographically isolated swarms (Figure 5).
Some of these swarms have previously been studied
in detail, such as the activity at Taupo in 2019 (Illsley-
Kemp et al., 2021) and 2022-23 (Lamb et al., 2024),
but we also find many that require further investiga-
tion. To name a few, we find a remarkably persistent
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earthquake swarm near the town of Waiouru, a distinct
swarm near Matata that persists for the first six years
of our catalogue, and intense earthquake activity to the
southwest of Lake Taupo in 2008-2010, 2015 and 2017
(Figure 5).

The depth of earthquakes varies quite significantly
along the length of the TVZ. At the southern end of the
TVZ, seismicity spans almost the entire thickness of
the crust (0-30 km), and is particularly deep to the west
of Ruapehu (Figure 6). Beneath the andesitic volcanoes
Ruapehu and Tongariro, seismicity is relatively limited,
and when it does occur it tends to be in the upper 10
km of the crust. This depth distribution is also shared
by the seismic activity to the southwest of Lake Taupo.
However, this depth distribution changes at Taupd
volcano, where the majority of the earthquakes are
in the mid-crust (8-20 km depth). This is consistent
with previous studies of Taupd seismicity (Illsley-Kemp
et al., 2021, 2022; Mestel, 2023; Lamb et al., 2024). In
the region from Taupo to Okataina, earthquake depths
are remarkably consistent at around 9 km depth.

4 Discussion

Itis our hope that this earthquake catalogue can be used
for many future studies in the TVZ. This could include
studies on individual volcanoes, structural geology and
tectonics, geothermal exploitation, and perhaps more
that we have not envisaged. We have therefore tried
to make the data accessible to non-seismologists and
here explain how to use the catalogue and some of
its limitations. Firstly, a note on data format: in the
Zenodo data repository, we present the catalogue in
both QuakeML and CSV format. QuakeML is now a
standard data format for earthquake catalogues and
can be parsed with software such as ObsPy (Beyreuther
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Figure 5 Each panel shows the yearly breakdown of the absolute location earthquake catalogue, with each earthquake
coloured by hypocentre depth. Swarms of note at Matata and Waiouru are labelled. The final panel shows the entire absolute
location earthquake catalogue.

et al., 2010). It contains all of the earthquake metadata, origin time, location, depth, and magnitude. The CSV
including phase picks and amplitudes. Alongside this, format should be sufficient for most purposes, and can
we present the data in a simple CSV format which pro- easily be converted into GIS-compatible formats.

vides basic information about each earthquake such as
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Figure 6 The entire relocated earthquake catalogue, coloured by hypocentre depth. The right panel shows an along-TVZ
cross section displaying the variation in earthquake depths along the TVZ.

The differences in location methodology, velocity
model, magnitude calculation, and quality control pro-
cedure between our catalogue and the GeoNet catalogue
(GNS Science, 2024) mean that it is not possible to mean-
ingfully compare the errors in earthquake source pa-
rameters. However, we can make some basic compar-
isons of the two catalogues for the same time period

7

and approximate location. From 2007-2023, GeoNet
detected 58,317 earthquakes in the TVZ (“Tongariro &
Bay of Plenty” region), compared to the 86,579 earth-
quakes in the absolute earthquake catalogue presented
here. The majority of these additional earthquakes
are smaller-magnitude earthquakes not included in the
GeoNet catalogue. The GeoNet catalogue for this region
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has a magnitude of completeness of 2.0 and a minimum
magnitude of -0.3. In comparison, the magnitude of
completeness for our catalogue is 1.2 with a minimum
magnitude of -1.2.

For any users of the catalogue, it is important to
understand the distinction between the absolute earth-
quake locations (86,579 earthquakes, Figure 5) and the
relocated earthquake locations (55,969 earthquakes,
Figure 6). The relocated earthquake locations are
useful for distinguishing fine-scale structures and
earthquake migration through time. We illustrate
the detail available from the relocated earthquakes
in Figure 7, with an example from the Hipaua-Waihi-
Tokaanu geothermal field. This geothermal field is
expressed at the surface by hot springs, fumaroles,
and the Hipaua Steaming Cliffs (Severne, 1999; Risk
et al., 2002; Soto et al., 2019). However, there has been
very little research into earthquake activity here. In
the region shown in Figure 7, 12,254 earthquakes are
detected in the absolute earthquake catalogue, 8,785
(72%) of which are relocated. The majority of these
earthquakes occurred in distinct swarms in 2009-2010,
2015, and 2017 (Figure 5). The relocated earthquake
catalogue illustrates that these earthquakes occur in
discrete clusters at depths 3-7 km (Figure 7).

Due to the requirements of the relocation procedure,
only 65% of earthquakes from the total catalogue were
able to be relocated, and the analysis often excluded
higher-magnitude earthquakes, which tend to have
complex waveforms. This means that any studies that
wish to investigate seismic moment release, seismic
hazard, or changes in earthquake rates must use the
entire earthquake catalogue, not just those that have
been relocated.

4.1 Limitations of the catalogue and future
work

As with any earthquake catalogue, there are limitations
to the one we present here and these should always be
considered when using this data for future research.
Firstly, the accuracy of any earthquake location relies
upon the accuracy of the velocity model used in the
location procedure. In our study, we used the three-
dimensional model of Chow et al. (2022), which at
the time of writing is the best available model for the
North Island. However, this inevitably will not resolve
fine-scale variations in seismic velocity at a local scale.
Future studies that focus on a small geographic area
may wish to locate the earthquakes in this catalogue
with a local velocity model.

Users must also be careful with earthquakes that
are at the edge of the seismic network. As with any
earthquake catalogue, earthquakes that are outside of
the seismic network have higher location uncertain-
ties (Figure 4d, e). In addition, because we apply a
quality criterion during our location procedure which
requires that any earthquake be within 20 km of a
seismometer, this produces artificial curves in the

earthquake distribution at the edge of the network; this
is particularly apparent to the northeast of Whakaari
and to the west of Ruapehu (Figure 5). Finally, the mag-
nitudes presented here are local magnitudes, which
are appropriate for the vast majority of the earthquakes
but have been shown to underestimate magnitudes
for earthquakes with magnitudes My, > 4 (Hudson
et al., 2022; Illsley-Kemp et al., 2022). Future work
could calculate moment magnitudes for these larger
earthquakes. We also did not solve for or use individual
station correction terms for this calculation. This could
be a useful future addition, potentially combined with
a three-dimensional inversion of attenuation.

By making the underlying phase picks available and
documenting the full catalogue generation procedure,
we make it straightforward to expand the earthquake
catalogue as more seismic data becomes available,
either through the passage of time or the lifting of data
embargoes. This means that the value of this catalogue
can increase with time, particularly when considering
long-term trends in earthquake occurrence. We have
also not performed any analyses of phase polarities
or focal mechanisms. If appropriate methods can be
developed to quickly and accurately produce polarity
picks, this would be an excellent addition and would
allow for detailed analyses of the stress field in the TVZ
(e.g., Townend et al., 2012).

Finally, the EQTransformer model we use was trained
on a global earthquake dataset that does not include
low-frequency seismic events, which are known to oc-
cur in volcanic regions and have been documented in
the TVZ (Hurst and Sherburn, 1993; Park et al., 2019;
Steinke et al., 2024). This means that our earthquake
catalogue will not include these earthquakes. Future
work that seeks to detect and catalogue low-frequency
seismicity (e.g., Zhong and Tan, 2024) would greatly im-
prove our understanding of these signals in the TVZ,
particularly alongside the earthquake catalogue pre-
sented here. It is also possible that the geological set-
ting of the TVZ, in particular the high rates of seismic
attenuation (Illsley-Kemp et al., 2022), may hinder the
performance of the pre-trained model. Future work
could train earthquake picking models on an earth-
quake dataset that is specifically designed for volcanic
regions.

5 Conclusions

In this paper, we present a new consistent and high-
precision earthquake catalogue for the Taupo Volcanic
Zone, beginning in 2007 and covering the subsequent
seventeen years to the end of 2023. The final earth-
quake catalogue contains 86,579 earthquakes, 65% of
which were then further relatively relocated into a high-
precision catalogue. The catalogue contains an enor-
mous amount of information about volcanic and tec-
tonic processes during this time period. We make the
earthquake catalogue freely available to the scientific
community in the hope that it will be used for further
research and development.
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Figure7 Adetailed look at the highly seismically active Hipaua-Waihi-Tokaanu geothermal field, southwest of Lake Taupo.
The majority of earthquake activity here occurs in distinct swarms in 2009-2010, 2015, and 2017. This figure shows the relo-
cated earthquake catalogue and highlights the level of detail that is present.
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