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ABSTRACT

Tens of thousands of earthquakes are located by GeoNet across Aotearoa every year. However,
spatial variability — both in station coverage and earthquake distributions - produce
heterogeneity in earthquake location quality throughout the GeoNet catalogue. Here we
consider simple, established criteria (including station azimuthal coverage, minimum station
distance, phase arrival coverage and fixed location criteria) to score earthquakes on a
network location Quality Score (QS) scale of QS0 (unconstrained) to QS6 (best constrained).
Significant variation in QS exists nationwide; 48% and 20% of earthquakes score QS6 for the
North and South Islands respectively. The Hawkes Bay region scores highest (68% QS6)
closely followed by other Hikurangi regions. However, several regions score extremely
poorly, with Fiordland, West Coast, Nelson, Otago-Southland and Auckland-Northland
regions having <5% QS6 events and >75% of events scoring QS3 or lower. Low QS mostly
arises from the failure of minimum distance criteria, whereby the closest station is too far
from the earthquake to provide sufficient depth control. Our analysis quantitatively assesses
the impact of network heterogeneity on GeoNet earthquake catalogue location quality to
inform end users. This work also provides motivation for the expansion of the weak-motion
network in critically under-instrumented regions, especially those with high seismic hazard.
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Introduction

Tens of thousands of earthquakes are catalogued by
the New Zealand geohazards monitoring agency,
GeoNet (Petersen et al. 2011), across the country
every year (https://quakesearch.geonet.org.nz/). An
earthquake’s nucleation location - either specified in
two dimensions by latitude and longitude (epicentre)
or additionally including depth information in the
third dimension (hypocentre) - is a fundamental par-
ameter in the catalogue. This location is determined by
several inverse methods which use earthquake phase-
arrival information from a network of seismic stations
and an approximation of earth structure (e.g. Milne
1886; Lee and Lahr 1975; Lomax et al. 2009).

An earthquake’s location uncertainty is heavily
dependent on several uncertain factors including: (1)
the quality of the phase-arrival picks, (2) the accuracy
of the seismic velocity model used to estimate wave
travel times, (3) the inversion method used, (4)
whether the depth is co-estimated with the location
or fixed to a set value, as well as (5) the geometry of
the recording seismic network (Lee and Stewart
1981; Husen and Hardebeck 2010). Spatial (and tem-
poral) variability in these factors is not straightforward
to quantify across a network such as GeoNet, where

nationwide disparities in station spacing (Figure 1),
varying spatial
especially with depth (Figure S1) - in contrasting tec-
tonic regimes, alongside other data processing factors
mean that reported hypocentral uncertainties are not
representative of true uncertainties. Furthermore, a
significant number of earthquakes in the GeoNet cat-

distributions of earthquakes -

alogue (up to 75% in some regions) are reported with
analyst-fixed depths. GeoNet procedure dictates that
earthquake depths are fixed when the closest recording
station is farther than two focal depth’s distance from
the event’s epicentre (H. Godfrey, pers. comm.),
resulting in no depth uncertainties, only epicentral
uncertainties which are likely underestimated. There-
fore, assessment of location quality considering uncer-
tainties alone is not possible, as this information is not
properly propagated through the location process and
is largely unavailable in some regions.

However, spatial heterogeneity in the recording
network and its effect on location uncertainty is easier
to quantify. Generally speaking, good epicentral pre-
cision requires sufficient azimuthal coverage by
recording stations, while hypocentral uncertainties
and depth precision are more strongly dependent on
the horizontal proximity to recording seismic stations,
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Figure 1. 63,105 earthquakes for which Quality Scores are calculated, selected from the GeoNet Catalogue (1/1/2018 to 1/1/2023,

depths < 50 km) within polygons around the South and North Islan

ds. Twelve sub-regions analysed in this study are also outlined

(black lines). Labels show number of events analysed within each region. Earthquakes coloured by preferred origin depth. GeoNet

broadband and short period weak-motion instruments are shown

in order to maximise the rate of change in travel times
as the depth of the hypocentre is changed (Thurber
1985). Figure 2 demonstrates this effect, whereby a
nearby station (R,) experiences a larger effect on the
travel times (which approximates path length) for
different depth sources (S;, S,) than a more distant
station does (R,).

By considering simple, established criteria (Husen
and Hardebeck 2010) it is possible to assess the quality

by upright triangles and inverted triangles, respectively.

of earthquake location precision arising from network
geometry on a national and regional basis. Here, we
consider these criteria, namely station azimuthal cov-
erage, minimum station distance, P- and S-phase arri-
val coverage and fixed location criteria, to rank each
catalogued earthquake (Figure 1) on a network
location Quality Score (QS) scale of QSO (uncon-
strained) to QS6 (best constrained) to quantitatively
assess location quality.
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Figure 2. Simplified schematic of earthquake depth resolution
using both a distant receiver (R;) and a nearby receiver (R;).
Differences in depth between a shallow (S;) and deeper source
(S,) are easier to resolve using Ry, as the difference in path
length (travel time) is more significant than for the difference
in path length between R, and each source.

Our analysis provides a quantitative means of asses-
sing the impact that network heterogeneity has on
earthquake catalogue location quality - using
Aotearoa New Zealand as an example - and is easily
applicable to other catalogues and seismic networks
globally. Furthermore, it enables the identification of
where network improvements should be focussed to
have the most impact on improving quality, and to
understand and highlight the impacts that variable
location quality has on downstream scientific analyses
(e.g. statistical seismology (Christophersen et al.
2017), seismic hazard modelling (McGinty 2001; Ger-
stenberger et al. 2024) and tomographic inversions
(Eberhart-Phillips et al. 2010) among others).

Our work was motivated and informed by recent
consultation within the New Zealand earthquake
science community around the need for geophysical
network expansion (Warren-Smith et al. 2023),
which emphasised sparse station spacing as a long-
standing limitation on seismological research and
event response. Overall, this work has three main
benefits: (1) Alerting catalogue users to the highly
variable level of location quality nationwide and pro-
viding a methodology for assessing location quality
in the catalogue, (2) driving discussion around
weak-motion network expansion in critically
under-instrumented regions, especially those with
high seismic hazard such as the late-interseismic
Alpine Fault and (3) forming a baseline reference,
against which proposed future network expansion
can be tested to gauge any improvements and opti-
mise impact.

Data and methods
GeoNet earthquake catalogue

The GeoNet earthquake catalogue contains technical
information from earthquakes recorded by the perma-
nent network of weak and strong motion seismic
instruments across New Zealand since the 1930s, as
well as oral and written records of earthquakes prior
to instrumentation (GNS Science 1970; https://www.
geonet.org.nz/data/types/eq_catalogue, https://www.
geonet.org.nz/data/network/sensor/search). Each
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earthquake’s information is populated with a series
of available attributes, including a unique ID, pre-
ferred and alternative solutions for origin time, epi-
central location, depth, and magnitude, alongside
phase-pick information used to calculate those sol-
utions. These pick data, that GeoNet host in standar-
dised formats (e.g. QuakeML), are a valuable
resource for assessing the quality of the input data
used for the final earthquake solution.

For our analysis, we focus on five years of GeoNet
catalogued earthquakes between 1/1/2018 and 1/1/
2023. This period was chosen to avoid the highest
aftershock rate portion of the November 2016 M,,7.8
Kaikoura earthquake, to reflect the current state of
the operational GeoNet network, and to mostly
include events catalogued by the 24/7 National Geo-
Hazard Monitoring Centre (NGMC) (Godfrey et al.
2021) which started operating in December 2018,
and to cover a period of minimal network change.
We analyse events shallower than 50 km, as these
are generally within the upper plate and represent
the majority of earthquakes of both seismic and public
interest. Due to our focus on improving the existing
onshore instrumentation, we only consider earth-
quakes with geographic distributions that should
enable reasonable location estimates with onshore
sensors alone, defined as those events occurring
onshore or within ~20 km of the coast (Figure 1).

We split the catalogue into twelve regions (Figure
1) based on regional variations in earthquake depth
distributions, tectonic regimes (i.e. subduction vs.
transpression) and permanent weak-motion station
distributions, maintaining as much uniformity within
regions as possible. The East coast of the North Island,
dominated by Hikurangi subduction zone seismicity,
is split into three regions (Gisborne, Hawkes Bay
and Wellington) with similar characteristics to main-
tain a reasonable number of events in each region.
We undertake analysis for each region, as well as com-
paring total combined analysis for both the North and
South Islands.

Network location quality criteria and quality
scoring

Five essential location quality network criteria have
been established as requisite for a good hypocentral
location by previous studies (Table 1) (Chatelain
et al. 1980 Kissling 1988; Gomberg et al. 1990;
Husen and Hardebeck 2010;). These include: a maxi-
mum azimuthal gap of stations recording the earth-
quake of less than 180° (Max_az_gap < 180°), at least
eight travel time arrivals (Min_picks > 8), of which at
least one is an S-arrival (Min_Spicks > 1), at least
one arrival on a station within a focal depth’s distance
of the epicentre (Min_dist < depth) and at least one S-
arrival on a station within 1.4 focal depth’s distance of
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Table 1. The six quality criteria used for assessing earthquake location quality, informed by Husen and Hardebeck (2010).

Criteria Requirement  Score Description Reference
Max_az_gap < 180° 1 A maximum azimuthal gap in station coverage around the epicentre < 180°. Kissling 1988
Min_picks >8 1 At least eight travel time arrivals. Chatelain et al.
1980
Min_Spicks >1 1 At least one of those travel times is an S-pick. Chatelain et al.
1980
Min_dist < depth 1 At least one phase arrival recorded on a station within a focal depth’s distance from the Chatelain et al.
epicentre. 1980
Min_Sdist < 1.4*depth 1 At least one S-phase arrival recorded on a station within 1.4 focal depth’s distance from the =~ Gomberg et al.
epicentre, to provide a unique constraint on focal depth. 1990
Fixed_depth ~ FALSE 1 Focal depth must be free and not fixed by the analyst.
Maximum possible 6

Quality Score (QS):

Earthquakes are assigned a maximum quality score (QS) of six if all criteria are met.

the epicentre (Min_Sdist < 1.4*depth). While strong
motion stations are not generally useful for detecting
and locating earthquakes of small magnitude, we do
include picks made on these stations where they
exist. We identify a sixth criterion whereby we require
an earthquake’s depth to not be fixed by an analyst
(Fixed_depth = False), such that the reported depth
accurately reflects the focal depth and uncertainty in
the location can also be assessed. While this sixth cri-
terion has some overlap with the two other distance
criteria and hence could double penalise for epicentral
distance in some cases, an earthquake may still be
fixed (and location information lost) even if the two
other distance criteria are met. We therefore consider
it a useful criterion, especially in shallow seismicity
regions.

Using these six criteria, we assign each earthquake a
network location Quality Score (QS) from QSO (no
criteria met) to QS6 (all criteria met) and report on
percentages of each score within each region
(Table 2). Importantly, by applying these only to
earthquakes that are present in the catalogue, we are
not able to report on areas where detection may be
so poor that earthquakes do not even trigger the sys-
tem. Hence, the percentage of highest quality scores
in each region is likely a maximum value, whereas
the lowest quality scores are likely a minimum percen-
tage, compared to the true numbers of earthquakes
occurring.

Our network location Quality Scores can be con-
sidered as an indicator of the potential for good
location precision, provided other sources of uncer-
tainty are well constrained. For simplicity, our
approach does not consider the effect of other
uncertainty sources, such as using a simplified 1D
velocity model (GeoNet use IASP91) - which does
not represent the true heterogeneity in crustal struc-
ture at multiple scales - on event location quality.
Similarly, Gomberg et al. (1990) discuss the signifi-
cant impact incorrectly timed S-phase arrivals can
have on location precision. We acknowledge that
this effect and others relating to pick quality exist
within any catalogue, but assume these inconsisten-
cies are distributed homogeneously nationwide and

can effectively be ignored in this regional compari-
son focussed case, where we only consider the
impact of the network. Most importantly, errors
introduced through incorrect velocity model and
pick timing can be addressed secondarily by
researchers using improved picking and relocation
routines, whereas network limitations remain fixed
and therefore represent a critical primary source of
uncertainty in catalogue locations, which is highly
important and easier to quantify.

A Python code for calculating Quality Scores is pro-
vided to allow researchers to replicate the analysis for
their own networks and catalogues, or for a different
temporal or spatial selection of the GeoNet catalogue
(see data accessibility statement).

Results
Azimuthal coverage (Max_az_gap)

Generally, a high percentage of analysed earthquakes
fulfil the criterion to have a maximum azimuthal gap
in station coverage around the epicentre of less than
180° (86% and 89% of events for the North and
South Island, respectively) (Figure 3). As expected,
inland regions perform well (blue colours, Figure 3),
while coastal regions perform less well in spite of lim-
iting our analysis to events within 20 km from the
coast (red colours, Figure 3). Along the North Island’s
East coast, dense coastal instrumentation means gen-
erally all onshore events meet this criterion and only
offshore events fail. However, in particularly sparsely
instrumented coastal regions such as Fiordland and
Northland, a large portion of onshore events also fail
this criterion (only 37% and 48% of Fiordland and
Northland events pass, respectively). Notably, the
Central Volcanic region, despite being inland and
densely instrumented, also exhibits many events with
large azimuthal gaps. These events tend to be smaller
magnitude earthquakes (Figure S2), which occur at
the edge of, but are detected by, the densest volcanic
network, and are too small to be detected on the spar-
ser stations in Taranaki and Manawata (Figure 3),
resulting in poor azimuthal coverage. Additionally,
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Table 2. Summary of quality performance for the North and South Islands, and twelve subregions.

. N ldedian Number I_VIear_\ Max_az <|Min_pick| MinS_picks | Min_dist < Min:SdiSts Depth not
Region [:ﬁs‘t;‘ [:;’::)h of EQs M'(':(ﬂ)'“ 180 (%) [s=28(%)| =1(%) | depth (%) 1'4(';;”" Fixed (%) | @524 (%) | QS=6 (%)
South_Island 50 7 14880 20 89 99.9 83 31 28 60 50 20
- |Fiordland (F) 50 5 1908 32 37 99.9 94 12 16 30 19 5.2
E West_Coast (WC) 50 5 2324 23 94 100 86 5.7 8 24 15 215)
ﬁ Nelson (N) 50 5 257 26 90 100 84 7 6 35 23 2.7
%’ Marlborough (M) 50 12 7821 17 97 99.9 79 48 40 80 71 31
¥ [Southland_Otago (SO) 50 5 188 30 88 100 80 4.8 5.3 22 12 4.3
Canterbury (C) 50 5 2382 15 98 100 86 24 20 59 48 15
North_Island 50 19 48225 14 86 99.9 85 68 61 90 82 48
- |Taranaki (T) 50 17 2749 20 82 100 91 37 50 86 76 27
E Auckland_Northland (AN) 50 5 326 40 48 99.4 86 3.7 4 28 12 0.9
ﬁ Gisbome (G) 50 24 6748 15 76 100 77 83 66 97 83 54
g Hawkes_Bay (HB) 50 25 9860 14 90 100 84 88 77 98 93 68
z Wellington (W) 50 21 16013 15 90 100 83 78 70 94 89 59
Central_Volcanic (CV) 50 5.2 12529 9.8 84 99.7 91 40 37 75 70 20
South_Island 15 5 11648 21 89 100 88 21 20 49 42 13
- |Fiordland (F) 15 5 1568 33 36 100 94 1 2.6 16 5 0.3
Eu West_Coast (WC) 15 5 2288 22 94 100 86 4.8 7 23 14 1.6
ﬁ Nelson (N) 15 5 235 25 90 100 89 3 43 30 20 13
%‘ Mariborough (M) 15 8.6 5162 15 98 100 89 35 33 70 66 24
“ |Southland_Otago (SO) 15 5 184 30 88 100 80 2.7 3.8 21 10 2.7
Canterbury (C) 15 5 2211 15 99 100 86 20 17 56 45 12
North_Island 15 6.1 17456 12 82 99.8 89 32 32 71 63 16
- [Taranaki (T) 15 9.8 1022 19 69 100 94 19 25 64 50 11
fw Auckland_Northland (AN) 15 5 296 37 50 99.3 90 2 3 21 11 0.7
ﬁ Gisbome (G) 15 10 943 13 75 100 78 33 36 80 61 18
%’ Hawkes_Bay (HB) 15 11 964 14 73 99.8 70 35 30 84 57 14
z Wellington (W) 15 12 3351 18 75 100 86 35 39 73 60 17
Central_Volcanic (CV) 15 5 10880 8.8 87 99.7 92 33 32 71 67 16

Max depth defines the maximum earthquake depth considered in analysis. Median earthquake depth refers to the median depth of earthquakes above
that maximum depth used for analysis. Mean Min_dist is the average distance to the closest picked station for all events in that region, indicative of
relative station spacing. Columns in yellow present percentages of events fulfilling each of the six quality criteria outlined in Table 1 for each region.
Blue columns present percentages of events scoring full quality scores. Cells are coloured to graphically present relative percentages more clearly. Cells
with red text and pink shading are those which perform particularly poorly, having less than 30% of events fulfilling that criterion or quality score.

high attenuation in the volcanic region results in lim-
ited raypath coverage along some azimuths (P. Herath,
pers. comm).

It is possible that the use of a simplified global 1D
velocity mode (IASP91) by the NGMC for their rou-
tine location analysis, which doesn’t represent the
lateral variation in velocity, also contributes to the
apparent lack of azimuthal coverage in some areas.
Hypocentral locations will have higher residuals (and
therefore may become unresolvable) when stations
in highly contrasting velocity regions are used jointly,
rather than only using stations within a single region
with more similar material properties and therefore
similar misfit to the 1D model. An example of this is
the northern offshore end of the Central Volcanic
Region (Bay of Plenty) whereby the inclusion of Gis-
borne stations could provide improved azimuthal cov-
erage for coastal events but have contrasting misfit to
the simplified velocity model and therefore degrade
any location, so are typically excluded during manual
review.

Minimum picks (Min_picks, Min_Spicks)

GeoNet operational practice requires that an earth-
quake triggers on at least ten stations for it to be
detected. The NGMC also creates events manually if

significant shaking is observed across the network.
In theory, all events should therefore fulfil the cri-
terion requiring at least eight travel time arrivals. In
general, all regions score very well on this criterion,
but a very small percentage of earthquakes (<0.5% in
some regions) do not include eight or more travel
time arrivals. This discrepancy likely results from trig-
gering phases not being of high enough quality (too
emergent, or low signal to noise) to be clearly ident-
ified and their picks saved. More surprisingly, as
many as 20% of earthquakes in some regions (Marl-
borough, Gisborne and Southland and Otago) don’t
include even a single S-phase pick and fail this cri-
terion. This may be due to S-phases needing manual
addition, while P-phases are automatically picked.

Minimum distance constraints and fixed events
(Min_dist, Min_Sdist, Fixed_depth)

The poorest performance is observed against the three
minimum distance and depth constraint criteria. The
first, Min_dist, requires one phase arrival recorded
on a station within a focal depth’s distance from the
epicentre, and the second, Min_Sdist, requiring at
least one S-phase arrival recorded on a station within
1.4 focal depth’s distance from the epicentre. These
criteria (alongside the related Fixed_depth = False
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Azimuthal Gaps

North Island
86%

South Island
89%

Maximum Azimuthal Gap (°)
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Figure 3. Maximum azimuthal gaps for all earthquakes analysed. Earthquakes are coloured such that blue shades denote an azi-
muthal gap less than 180° (fulfilling criterion) and red shades denote an azimuthal gap greater than 180° (failing criterion). Per-
centages for each region show percentages of events passing with an azimuthal gap less than 180°. Regional labels abbreviated as
follows: F is Fiordland, WC is West Coast, N is Nelson, SO is Southland Otago, C is Canterbury, M is Marlborough, W is Wellington,
HB is Hawkes Bay, G is Gisborne, CV is Central Volcanic, T is Taranaki and AN is Auckland Northland.

criterion) are fundamentally dependent on both the  spacing but typically deeper seismicity will score better
network spacing and earthquake depth distributions  than the same stations used to locate a shallower seis-
within each region; a region with sparser station  micity distribution.

85U801 SUOWILLIOD A1) 8|qeo! dde au A peusenob aJe Ss(pie O 8sn Jo sejni o} Akeid18ul|UO /8|1 UO (SUONIPUD-pUE-SWLSI W00 A8 |1 Afe.d 1 jpuluo//:Sdny) SUORIPUOD pue swie | 8y} 89S *[9202/90/80] Lo AreiqTaulluQ A8|IM ‘Pueleaz MON Se0ue oS Uue3 Aq 60£TZ2 v202 '90E88200/080T OT/I0P/W00 A8 |1 Akeiq i jpuluo zus.//:sdny woly pepeojumod ‘S ‘520z ‘T6/85.TT



This is evident in the criteria scores, whereby
regions with deeper, subduction-related seismicity
and relatively dense stations (Gisborne, Hawkes Bay,
Wellington, Marlborough) score much higher (up to
88% fulfilment) than sparsely instrumented regions
with shallower, upper-crustal seismicity (e.g. West
Coast, Southland-Otago and Auckland-Northland)
which score very poorly, with fulfilment percentages
as low as 4%. Horizontal streaks in-depth plots
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(Figures 4a, c, e) highlight where analysis has fixed
the earthquake depths, most commonly 5 and 12
km, and less commonly 33 km. Within regions, per-
centages of events with fixed depths, and therefore
only qualitative depth information, vary considerably
from less than 2% (Hawkes Bay) to over 75% (West
Coast, Southland Otago) (Table 2).

Given the 10-station trigger requirement for GeoNet
event detection, the three distance criteria are not
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Figure 4. Assessment of minimum distance criteria for a-b) the North Island, c-d) the South Island and e-f) the West Coast region.

Panels on the left (a, ¢, €) show a scatter plot of the minimum
earthquake. The solid black line indicates a 1:1 slope such that

(horizontal) distance to a recording station against depth for each
events plotting to the left are classified as ‘good’ and fulfil the first

distance criteria to have one pick on a station within a focal depth of the epicentre (green symbols, i.e. minimum distance is less
than depth). The dashed black line indicates a 1:1.4 slope pertaining to the criterion to have one S-pick within 1.4 focal depth’s
distance and represents the limit at which locations can still be considered ‘OK'. Earthquakes satisfying that criteria to the left of
the line are shown in light purple (do not also fulfil first criterion) or dark green (also fulfil first criterion). Events in dark purple do
not fulfil either criterion. Dark purple events to the left of the dashed black line have a recording station within 1.4 focal depths
distance, but this station has no recorded S-phase. Light green events fulfil the first criterion but have no S-pick. Panels on the
right (b, d, f) show the distributions of earthquakes in 5km depth bins, coloured to match symbols in the left hand panels, with no
overlap in categories. The percentage of earthquakes with fixed depths is given for each panel.
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expected to be magnitude dependent, unlike the azi-
muthal criterion (e.g. in the Central Volcanic Region,
Figure S2). Because the closest station should usually
have the largest signal, it will frequently be included
for all earthquakes large enough to trigger across a 10
station sub-network. Exceptions may occur if, for
example, the S-P time is very short (overlapping phases)
or arrivals are clipped at high amplitudes.

Network location quality scores

Results of using the six-point quality scoring system
(Table 1) to score all earthquakes from QSO (uncon-
strained) to QS6 (very well constrained) are presented
in Table 2 and Figure 5.

Significant variation in network location Quality
Scores exists nationwide, especially in the highest QS
scores (QS4-6) as shown in Table 2. The North-
South divide is particularly stark at QS6 level, with
nearly half (48%) of North Island earthquakes scoring
QS6, versus only 20% for the South Island. The highest
scoring region is Hawkes Bay, with 68% QS6, followed
by other Hikurangi Margin regions including Gisborne
and Wellington (54% and 59% respectively). However,
several regions score extremely poorly, with Fiordland,
West Coast, Nelson, Otago-Southland and Auckland-
Northland regions having <5% QS6 events and more
than three-quarters of events scoring QS3 or lower.

Comparison of quality scores with other metrics

We compare our QS scores with the network metric
score (AU) of Bondar and McLaughlin (2009), which
does not consider pick counts and station distances
as our QS scores do, but aims to identify potential
bias in locations arising from azimuthal clustering of
stations (Figure S3). AU ranges from 0 (indicating
an evenly distributed network with no azimuthal clus-
tering) to 1 (indicating highly clustered stations and
therefore potential bias). Generally, our highest QS
scores correspond to low AU<0.4. We find that
spatial patterns in AU closely follow those we already
identified in the maximum azimuthal gap (Figure 3),
especially in the South Island where stations are gener-
ally evenly spaced; only events with high azimuthal gaps
around the coast also show higher values of AU. How-
ever, AU is higher through central parts of the North
Island, suggesting the clustered line of Central Volcanic
Region stations may bias locations using paths aligned
with the trend of that zone. We recommend that analy-
sis of location quality in this region should therefore
also consider the effect of azimuthal bias.

We also compare our QS scores with reported depth
and horizontal uncertainties from the GeoNet catalo-
gue, where available for non-fixed events (Figure S4).
This shows that our higher Quality Scores (QS5 and
QS6) correspond to events with low depth and low

horizontal uncertainty values. We emphasise that this
is not because these two metrics are interchangeable,
rather than the network-related uncertainties (i.e. our
QS scores) are one important component in the overall
uncertainty values, given that other uncertainty sources
are treated broadly homogeneously in the reported cat-
alogue uncertainties.

Discussion

Causes and implications of network location
quality scores

The quantitative application of network location qual-
ity criteria described above demonstrates that there is
significant variation in earthquake location quality
within the GeoNet catalogue across Aotearoa New
Zealand. Regions along the East Coast of the North
Island (Wellington, Hawkes Bay, Gisborne) score par-
ticularly well for events shallower than 50 km. By con-
sidering only shallow earthquakes (depth <15 km,
Figure S5), it is clear that high location Quality Scores
(QS4+) along the eastern North Island are not just
related to the deeper seismicity distribution here, but
also to the denser station spacing. While Wellington,
Hawkes Bay and Gisborne regions exhibit a drop in
QS4 + percentages when deep events (>15 km depth)
are excluded, they still consistently score higher than
other more sparsely instrumented regions (Table 2,
Figures 5, Figure S5).

However, our analysis highlights a drastically
reduced quality of locations throughout the South
Island compared to the North Island. Low Quality
Scores are prevalent in many regions where the mini-
mum distance quality criteria are not met (i.e. the clo-
sest station is too far from the earthquake to provide
sufficient depth control). Our results show that the
quality of earthquake locations differs significantly
across the country and that the current distribution
of weak-motion instrumentation is insufficient to pro-
duce high-quality earthquake catalogue locations
across significant parts of the plate boundary zone.

On a nationwide scale, this is fundamentally due to
the sparsest station spacing coinciding with regions of
shallow, upper-crustal seismicity (South Island plate
boundary zone), whereas deeper, subduction-related
seismicity beneath the North Island is coincident
with much denser station spacing (Figure 6). While
dense stations allow for lower magnitude earth-
quakes to be detected in regions of interest (e.g.
Hikurangi), from a location perspective the network
should ideally be the densest where the seismicity is
the shallowest, to allow as many earthquakes as poss-
ible to be located using a station within one focal
depth’s distance.

Our network location Quality Scoring is depen-
dent not just on station distribution but may also
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Figure 5. Earthquakes coloured by network location Quality Score (QS) for all earthquakes analysed above 50 km depth. The same
figure for events shallower than 15 km is available in the supplementary material. Pie charts show proportions of QS0-QS6 for each
region, labelled percentage is for events scoring QS6. Regional labels abbreviated as in Figure 3.

be influenced by non-accurate locations. Some earth-
quakes with low QS may have their scores improved
if they were relocated using realistic velocity models
that account for lateral heterogeneities alongside
double-difference or cross-correlation methods.
However, this will only improve ‘marginal’ events
- those only needing small location adjustments to
fulfil distance criteria for example - and we do not
expect these to influence the overall patterns we
observe. Most events with low QS scores are

fundamentally limited by network coverage not
designed to resolve their hypocentral location; sec-
ondary re-picking and relocation analysis cannot
offer improvements in these cases. Additional ana-
lyses incorporating depth phases, for example,
would possibly improve location uncertainties, but
this is not possible for most events.

It is important to note that Quality Scores of QS4
and below essentially render those earthquakes unsui-
table for use (even with re-picking and relocation) in
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Figure 6. Spatial distribution of earthquake depths in New Zealand based on the catalogue of Rollins et al. (2022) (Figure S2). a)
The coloured surface shows the 50th-percentile (median) depth of seismicity at each grid point, using the depths of the nearest
300 M>=2.5 events (to each point) that do not have analyst-fixed depths. The subducting plate beneath the North Island means
that the majority of seismicity is rather deep (>30 km, dark blue), whereas seismicity is relatively shallow in the central South Island
(orange) due to the absence of a subduction zone. b) Same as a) but excluding all events classified as subduction or intraslab, so
that only upper-plate events are counted (details in Rollins et al. 2022). Even with this, the central South Island is still the seismo-
logically thinnest part of New Zealand (red-orange). c) Same as a) but using the 90th-percentile depth of seismicity at each point.
d) Same as b) but using the 90th-percentile depth of seismicity (similar to Ellis et al. (2024)). In the central South Island, very little

seismicity is deeper than 15 km.

many scientific applications (e.g. tomographic inver-
sions, 3D fault analysis, spatiotemporal monitoring)
which rely on high-resolution location information.
This makes such methods extremely challenging in
regions with very low QS scores, which includes
most of the South Island. Particularly concerning are
the very low scores in regions of high seismic hazard
(e.g. Alpine Fault and Fiordland Subduction Zone,
Gerstenberger et al. 2024). Figure 7 outlines the dispa-
rate relationship between station spacing and seismic

shaking hazards within the North and South Islands.
In the North (Figure 7b), network sites serving regions
with high seismic hazard (>0.6 PGA, 10% probability
of exceedance in 50 years) all have a network spacing
less than ~30 km. Contrastingly, in the South Island
(Figure 7a), all sites serving the highest hazard regions
are spaced more than ~30 km apart, some as far as 85
km apart. While sparsely instrumented regions like
Fiordland and the West Coast are also sparsely popu-
lated, they have a high potential to produce great
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Network spacing vs. Hazard: North Island
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Figure 7. Comparison between weak motion station spacing and seismic shaking hazard from the 2022 National Seismic Hazard
Model (Gerstenberger et al. 2024). Distance to closest station (km) versus Peak Ground Acceleration (PGA) (10% probability of
exceedance in 50 years, Vs30 = 400m/s) stations in each region in the a) South Island and b) North Island.

magnitude earthquakes with national-scale impact
(Orchiston et al. 2016). Regions with very low overall
QS scores are also likely to have completely unde-
tected, or at least uncatalogued seismicity. Currently,
accurate monitoring of spatial and temporal changes
in seismicity patterns in these zones is unviable with-
out additional instrumentation.

Quality scoring for improving earthquake
catalogues and networks

We consider the analysis outlined herein useful in sev-
eral ways to those working with earthquake catalogues
in New Zealand and more broadly.

Firstly, while the GeoNet catalogue is used exten-
sively by researchers in New Zealand and globally, a
summary of its location quality does not exist in the
literature, yet its heterogeneity needs to be considered
in many disciplines. We hope that this work provides a
simple reference for groups both familiar and unfami-
liar with catalogue quality limitations, as well as help-
ing to identify regions where additional stations are
required for sufficient scientific resolution.

Similarly, our approach is easily adaptable for asses-
sing the impact of any additional stations on improv-
ing catalogue quality. New Quality Scores can be
computed for each earthquake in the original catalo-
gue by assuming that (1) picks are made on all new
stations within the median epicentral distance of the
original recording network, (2) that an S pick is
made on the closest station, and (3) that the earth-
quake depth would be fixed if the closest station was
more than two focal depth’s distance away. Figure 8
shows an example of this using a region in South
Westland where several temporary stations operate.

In this case, it is estimated that the additional stations
could have produced twenty times more QS6 events
(0.9% to 18.1%), and nearly four times as many QS4
+ events, were they used to locate the GeoNet catalo-
gued seismicity. Note that this does not account for
additional detectability improvements. We hope this
analysis is of use as a benchmark and testing set for
future network expansion opportunities, both for
identifying regions in need of expansion, and for test-
ing station placement. Since our analysis a dozen new
broadband instruments have already been deployed in
Northland, reducing the station spacing to c. 20 km in
parts of the peninsula (https://www.geonet.org.nz/
data/network/sensor/search), which will greatly
improve detection and location quality in the region.

Finally, we provide a simple framework, with acces-
sible, reproducible code, to apply this approach to any
seismicity catalogue and seismic network (see data
accessibility statement). This framework allows for
quantitative filtering of high-location quality events
for catalogue analysis, highlighting heterogeneity in
location quality across networks of any scale and is
easily applicable.

Suggested improvements in the New Zealand
context

Some suggestions - both short-term and longer-
term - are included here to aid improvements to
location quality, based on observations made during
this analysis.

1. Seismic station density within a region should
reflect both seismicity depth distributions and
seismic hazard. In  Aotearoa, network
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Figure 8. Improvement in network location Quality Scores for a region in South Westland and Central Otago covered by semi-
permanent research networks SAMBA (Boese et al. 2012; Baratin et al. 2018), COSA (Warren-Smith et al. 2017) and DWARFS (War-
ren-Smith et al. 2022). a) Quality Scores using existing GeoNet weak-motion instrumentation. Less than 1% of earthquakes score
QS6 and <14% of events score QS4+. b) Quality Scores for the same region but assuming semi-permanent research sites
were available and used for location (black squares). This way, more than 18% of events score QS6 and >50% of events score
QS4+, demonstrating the significant impact these third-party stations could have on location quality.

densification to a spacing appropriate for each
region’s earthquake depth distribution - especially
those with shallow seismicity and high seismic
hazard - is required to bring the catalogue location

location. Reduction of the station trigger threshold
to eight in sparsely instrumented regions would
improve detectability without compromising
location quality.

quality to an acceptable level. This recommended 4. S-phases should be picked on nearby stations.
spacing is — as a bare minimum - no sparser Where possible, S-phases should be picked on
than twice the depth to deeper seismicity (90% stations as close to the epicentre (within 1.4 focal
depth) (Figure 6¢, d), and ideally twice the median depth’s distance) as possible to ensure good depth
depth of seismicity (50% depth) (Figure 6a, b, Table constraints as well as improved epicentral precision
2), or denser. The former, in theory, should pro- (Gomberg et al. 1990).

duce good depth resolution for the base of the seis- 5. Only fixing event depths when absolutely necess-

mogenic zone, but this alone is insufficient to
precisely locate seismicity actually occurring within
the seismogenic zone on the upper crustal faults.

. Careful placement of coastal stations to improve
azimuthal coverage. Improvements should be
considered in conjunction with other location fac-
tors (e.g. noise suppression) when installing
stations in coastal regions. Regions with a high
number of events along the coastline would
benefit from stations placed to minimise the azi-
muthal gap, e.g. Fiordland and Northland, making
use of offshore islands where suitable.

. A minimum trigger of eight stations in low-
station density regions. GeoNet currently uses
an event trigger threshold of ten stations, but we
recommend that only eight are used, as this is the
number required to produce a good-quality

ary. Some regions have a high number of fixed
events with minimum distance values less than
the depth, meaning in theory a good solution
could have been found during location. For
example, 34% of fixed events in the Central Volca-
nic Region were found to have minimum distances
good enough to not be fixed according to GeoNet
procedure, when assuming the fixed depth was
true depth (Figure S6). While seismicity in the vol-
canic regions may indeed be shallower than 5 km,
fixing of events depth within a kilometre of a
recording station is surprising, yet appears to be
commonplace. This may be a consequence of
using an inappropriate velocity model for this seis-
micity, or the inversion scheme (locsat) not consid-
ering local topography. Care should be taken to
ensure any fixing is essential so as to not lose
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important depth data in the catalogue. Otherwise,
the argument for densification of stations is wea-
kened if those stations are not actually being used
to improve depth information during location.

6. Inclusion of a network location Quality Score in
the catalogue. A simple indicator of location qual-
ity, such as our QS system, within the GeoNet cata-
logue would make the data quality more evident to
users. Similar simple measures are routinely used
elsewhere (e.g. SCSN, https://scedc.caltech.edu/
data/eq-catalogs.html), and provide a quick way to
consider which earthquakes are suitable for a
range of scientific and operational applications.
Users should take note that these scores are only
an indicator of the potential for good location qual-
ity; locations may still be imprecise and inaccurate if
other uncertainty metrics (e.g. pick timing, velocity
model uncertainties) are not well constrained. We
encourage users to undergo additional uncertainty
improvement steps when working with the GeoNet
catalogue and to consider the temporal consistency
of the chosen timeframe also.

Conclusions

Earthquake location quality is strongly controlled by
the location of the earthquake relative to the network
of stations on which seismic waveforms are recorded
and phase-arrivals picked. Hence, variability in earth-
quake location quality is present within the resulting
earthquake catalogue, arising from heterogeneities in
networks and earthquake location distributions. To
quantify and explain this heterogeneity in the Aotearoa
New Zealand setting, we develop and apply a simple
scoring system to quantify an earthquake’s location
quality based on network constraints. This approach
allows us to identify regions where the network is per-
forming well for locating earthquakes, as well as regions
where the network is insufficient to produce good qual-
ity locations. Following this analysis, we conclude that:

1. Significant heterogeneity in the quality of earth-
quake locations exists across Aotearoa New Zealand,
arising from spatial heterogeneities in both earth-
quake depth distributions and network spacing.

2. Earthquake location quality is highest along the
eastern North Island, where a denser weak-motion
network is well designed for locating Hikurangi
subduction zone seismicity.

3. Earthquake location quality is poor in regions with
sparse station spacing and shallow seismicity, such
as the West Coast of the South Island, Otago and
Northland.

4. Low-quality locations mostly arise from the mini-
mum distance quality criteria not being met (i.e.
the closest station is too far from the earthquake
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to provide sufficient depth control). This may be
improved by installing denser seismic networks
in regions with shallow seismogenic zones.

5. Fiordland subduction zone seismicity — whilst dee-
per than the shallow crustal seismicity across most
of the South Island - does not have well-con-
strained earthquake locations, owing to sparse
station spacing and loss of azimuthal coverage
around the coast.

6. High seismic hazard regions, such as Fiordland and
the West Coast, have very sparse station spacing,
meaning adequate monitoring of seismicity there
is very challenging. These regions should be priori-
tised for future network expansion.
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