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Abstract A well-known problem in seismic hazard is the short duration of the historical record rela-
tive to the time between large earthquakes. This short record means that not all possible earthquakes have
been observed, and that the statistics of earthquake recurrence intervals and magnitudes are poorly con-
strained. These issues are particularly acute for earthquakes involving multiple faults, such as the 2010 El
Mayor-Cucapah and 2016 Kaikōura earthquakes. Such earthquakes demonstrate the potentially complex in-
teractions of faults in single earthquakes, contrasting with the typical assumption of characteristic fault rup-
tures used in seismic hazard assessment. Physics-based earthquake simulators offer one approach for explor-
ing the occurrence of, and controls on, such multi-fault earthquakes. Here we use the physics-based earth-
quake simulator RSQsim to generate two 450 kyr synthetic earthquake catalogues for central Aotearoa New
Zealand, with and without the Hikurangi subduction interface. We improve on previous synthetic earthquake
catalogues for Aotearoa New Zealand by implementing a new 3D fault modelling methodology, which is bet-
ter able to account for along-fault and down-dip variations in fault geometry. We investigate the occurrence
of multi-fault earthquakes in our synthetic catalogues with a particular emphasis on the role of the southern
part of the Hikurangi subduction interface in these earthquakes. The synthetic catalogues show an increasing
proportion of multi-fault earthquakes at higher magnitudes. We find that the subduction interface exerts a
significant control on the aspect ratios, rates of occurrence, and faults involved in synthetic multi-fault earth-
quakes. Whilst our catalogues contain >100 complex multi-fault events broadly similar to the 2016 Kaikōura
earthquake, none rupture exactly the same combination of faults, suggesting that either this fault combina-
tion is rare or that key aspects of the controlling physics or fault network are not captured by the earthquake
simulator.

Non-technical summary Earthquakes are caused by the movement of tectonic plates. These tec-
tonic plates only move as fast as fingernails grow, but in an earthquake the ground might move by up to tens of
metres. The difference between the slow movement of plates and fast movement in earthquakes means that
earthquakes do not move the same fault very often, so human observations are typically only a few earth-
quakes long. To understand what kinds of earthquakes could happen, even if we haven’t seen them yet, we
used a computer model of the how plate movement leads to earthquakes on the faults in central Aotearoa-
New Zealand. We investigated how much difference having a subduction zone offshore of the northern South
Island would have on these size, number and shape of these earthquakes and how many different faults are
involved in them. In our models the subduction zone makes a big difference to which faults move together
in the same earthquake and the similarity of these synthetic earthquakes to the 2016 Kaikōura earthquake.
Learning more about where the subduction zone is and whether it can move in earthquakes, either on its
own or with faults in the plate above it, is very important for understanding earthquake risk in Aotearoa-New
Zealand.

1 Introduction

Thehistorical record of large earthquakes is oftenmuch
shorter than inferred geological recurrence intervals.
Although there is potential to enhance this record (e.g.
Nunn, 2003; Downes, 2004; Rollins et al., 2025), it re-
mains the case that in many places, such as Aotearoa
New Zealand (A-NZ), human observations, particularly
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those constrained by instrumental data, are unlikely to
provide a complete overviewof the types of earthquakes
which can occur, or the earthquake-capable faults in a
particular region (Nicol et al., 2016). Whilst paleoseis-
mic data can extend the seismic record to thousands
of years, no such records currently span more than 24
earthquakes (Hokuri Creek, Alpine Fault, A-NZ; Berry-
man et al., 2012) meaning that the distribution of in-
terevent times remains poorly constrained. Further, re-
currence intervals and magnitudes derived from pale-
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oseismic data depend on assumptions about the scal-
ing of earthquake-surface ruptures, which allow obser-
vations at a single point to be interpreted in terms of
entire earthquakes. Such interpretations are typically
made assuming that each earthquake ruptures a single
fault, following scaling relations between mean fault
slip, magnitude and area (e.g. Wells and Coppersmith,
1994; Stirling et al., 2013; Anderson et al., 2021; Stirling
et al., 2023).
Recent observations of earthquakes rupturing mul-

tiple distinct faults, such as the 2010 El-Mayor Cuca-
pah (e.g. Fletcher et al., 2014) and 2016 Kaikōura earth-
quakes (Hamling et al., 2017, section 2; ), as well as
complex traces of historical events (e.g. Abdrakhmatov
et al., 2016), have called into question the assumption
of characteristic earthquakes on faults with particular
dimensions. To date, such earthquakes rupturing mul-
tiple distinct faults (‘multi-fault’ earthquakes) have pre-
dominantly been defined by their surface ruptures (e.g.
Litchfield et al., 2018), but this may lead to underesti-
mates of the number of events actually involving mul-
tiple faults, since slip may not reach the surface on all
faults involved in a given earthquake (e.g. Beavan et al.,
2010, 2012). From a seismic hazard perspective it is im-
portant to understand how frequentlymulti-fault earth-
quakes occur, which faults are capable of co-rupture
and what controls this synchronous seismicity (Page,
2021; Howell et al., 2023a).
Physics-based earthquake simulators offer a poten-

tial approach to addressing these questions (Tullis et al.,
2012b; Field, 2019). By using approximations to current
understandings of the frictional controls on earthquake
rupture, simulators are able to generate catalogues of
synthetic earthquakes on timescales much longer than
the observational record. Simulators also offer the po-
tential to test the sensitivity of synthetic earthquake cat-
alogues to particular parameters, such as friction co-
efficients (Liao et al., 2024), fault roughness (Delogkos
et al., 2023) and fault-network geometry. In particu-
lar, recent advances in the generation of 3D fault mod-
els (Howell et al., in review) open the possibility of us-
ing such simulators with multiple geometric configura-
tions.
Since the occurrence rate of complex multi-fault

earthquakes is likely to be a function of a specific fault
system, we focus on an area where such earthquakes
are known to occur, and where earthquake simulators
have the potential to contribute to outstanding debates
about the frequency of such events, namely central A-
NZ. This region, which spans the northern South Island
| Te Waipounamu and southern North Island | Te Ika-
a-Māui (Figure 1), includes the epicentral region of the
2016 Kaikōura earthquake, as well as the 2010 Darfield
and 2011 Christchurch earthquakes. In addition to be-
ing an area at the centre of discussions on multi-fault
earthquakes (e.g. Hamling et al., 2017; Quigley et al.,
2019; Ando and Kaneko, 2018), this region has the ad-
vantage of having numerous well-mapped faults, with
well-defined slip rates (Seebeck et al., 2023), many of
which have been extensively studied paleoseismologi-
cally (e.g. Van Dissen and Yeats, 1991; Van Dissen and
Nicol, 2009; Little et al., 2018; Hatem et al., 2019; Morris

et al., 2023a,b; Langridge et al., 2023; Humphrey et al.,
2025).
We use a multi-fault, multi-cycle earthquake simula-

tor (RSQsim; Richards-Dinger andDieterich, 2012) to in-
vestigate three key questions about the occurrence of
multi-fault earthquakes in central A-NZ: 1) how com-
mon are multi-fault ruptures? 2) Can RSQsim produce
synthetic earthquakes with similar properties to the
2016 Kaikōura earthquake? and 3) what is the role of the
Hikurangi subduction interface in controlling the pro-
portion of earthquakes which are multi-fault and the
recurrence interval, magnitude and geometry of such
earthquakes?
To address these questions, we first summarise the

key features of the 2016 Kaikōura earthquake in the con-
text of the regional tectonics of central A-NZ (Section 2).
We then present methods for developing an improved
3Dmodel of the fault network in central A-NZ and an as-
sociated catalogue of synthetic earthquakes (Section 3).
In Section 4 we outline the main ensemble properties
of this synthetic earthquake catalogue and a version
without the subduction interface. We then investigate
the properties of multi-fault earthquakes in these syn-
thetic catalogues, with specific focus on synthetic earth-
quakes analogous to that which occurred in Kaikōura
in 2016. Finally, we discuss the implications of these
results for our understanding of (complex) multi-fault
earthquakes (Section 5).

2 Regional tectonics and the 2016
Kaikōura earthquake

The 2016 Kaikōura earthquake, which provides the mo-
tivation for this study, occurred in central A-NZ (Fig-
ure 1). This area spans the north-south transition along
the Pacific - Australia plate boundary from subduction,
along the Hikurangi margin, to oblique right-lateral
continental collision, on the Alpine Fault (e.g. Wallace
et al., 2012). This transition is accommodated by a
region of complex continental faulting on dominantly
right-lateral faults in the Marlborough fault system and
the gradual transfer of slip on the subduction megath-
rust to these onshore faults (Anderson et al., 1993; Wal-
cott, 1998; Little and Jones, 1998;Wallace et al., 2012;Up-
ton et al., 2025).
The Kaikōura earthquake initiated on The Humps

fault in North Canterbury (Nicol et al., 2018) and rup-
tured into the south-eastern end of the Marlborough
fault system as far north as the Kekerengu and Needles
faults (Figure 1), crossing the boundary between what
had previously been considered to be two distinct tec-
tonic domains (Stirling et al., 2012; Hamling et al., 2017;
Stirling et al., 2017). In doing so, however, no signifi-
cant rupture (i.e. <0.2 m of slip) was observed on the
Hope fault (e.g. Hamling et al., 2017), which had been
thought to act as the domain boundary (Stirling et al.,
2012). The lack of rupture of the Hope fault during the
Kaikōura earthquake has proved particularly challeng-
ing for dynamicmodels of the earthquake to reproduce,
leading to competing hypotheses about the likely stress
state of the Hope fault prior to the event (Ando and
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Figure 1 Map of the study area, which spans the northern South Island | Te Waipounamu and southern North Island | Te
Ika-a-Māui of A-NZ. Fault traces from the New Zealand Community Fault Model (Seebeck et al., 2022, 2023) are shown in
white, whilst those used in our modelling are shown in red. The faults used are those within, or which intersect, the blue box.
We exclude faults with reported slip rates of 0 mm yr−1, except those which are thought to have ruptured in the Kaikōura
earthquake (e.g. the Offshore Splay Thrust Fault, Mouslopoulou et al., 2019; Nicol et al., 2023). Surfaces ruptures from this
earthquake (downloaded from https://data.gns.cri.nz/af/, last accessed 4/12/25) are shown in yellow, which extend from The
Humps fault (the epicentre of the earthquake, shown by the yellow star labelled Kaikōura) to the Needles fault in the north
east. The plate motion vector is taken from DeMets et al. (2010). HF is the Hope Fault. Yellow star on the edge of the blue box
shows the epicentre of the 2010 Darfield earthquake. Inset shows the overall tectonics of A-NZ, on the boundary between
the Pacific (PA) and Australian (AU) plates, transitioning from the Hikurangi subduction zone in the north-east, through the
Marlborough fault zone (MFS) to the Alpine Fault and the Puysegur subduction zone in the south-west. Black box shows the
location of the main figure.

Kaneko, 2018; Ulrich et al., 2019). Whether or not such
ruptures are likely to be observed in our synthetic earth-
quake catalogues depends on whether the dynamic or
static stress state is the primary control on the involve-
ment of fast-slipping faults in multi-fault earthquakes
(discussed further in section 3).

How often the faults which ruptured (and did not
rupture) in the Kaikōura earthquake move in complex
multi-fault, as opposed to single fault or simpler multi-
fault, earthquakes is unclear. Litchfield et al. (2018)
and Nicol et al. (2018) proposed a minimum return pe-
riod of 6,000 years based on an estimated vertical slip
rate for The Humps fault of 0.2±0.1 mm yr−1 (the slow-
est slipping fault involved in the earthquake, on which
the rupture nucleated Barrell and Townsend, 2012).
Brough et al. (2023) conducted detailed paleoseismic
investigations of The Humps fault and revised its re-
currence interval to 1.8–3.4 kyr, potentially decreasing
the minimum return period of Kaikōura-like events to

∼2 kyr. However, it is also possible that not all earth-
quakes on The Humps fault are complex, multi-fault
ruptures. Walsh et al. (2023) used a set of probabilities
for fault co-rupture combined with Monte Carlo simu-
lations to estimate the proportion of ruptures initiating
on The Humps fault which propagate to the Kekerengu
fault. Their preferred model suggests that only 1 out
of 250,000 earthquakes initiating on The Humps prop-
agate as far as the Kekerengu fault, which would sug-
gestmuch longer recurrence intervals for Kaikōura-like
earthquakes. Although Walsh et al. (2023)’s results are
dependent on the precise rules used to determine fault
co-rupture probabilities, and likely represent a lower
bound since their model does not incorporate three-
dimensional fault connectivity, they suggest that the re-
currence interval for the specific faults involved in the
2016 Kaikōura earthquake to rupture in a single earth-
quake could be up to 100s kyrs.

What proportion of earthquakes on a given fault in
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Marlborough / North Canterbury are complex, multi-
fault events is a key question for seismic hazard across
the region (e.g. Howell et al., 2023a). Inconsistencies
between themapped rake of the Jordan thrust (Van Dis-
sen and Yeats, 1991) and its sense of motion in the
Kaikōura earthquake, aswell as the observed 8mof sur-
face displacement on the previously unmapped Papatea
fault (Langridge et al., 2018), suggest that the motion of
these faults in the Kaikōura earthquake might not re-
flect their long-term or ‘usual’ slip behaviour (Howell
et al., 2020). The relatively subdued topography asso-
ciated with the Papatea fault has also led to suggestions
that the fault may not be well described by elastic mod-
els of fault recurrence (Hamling et al., 2017; Diederichs
et al., 2019), and that the fault may rupture predomi-
nantly in complex, multi-fault earthquakes (Langridge
et al., 2018, 2023). This lack of geomorphic expression
also provides a potential lower bound on the recurrence
interval of Kaikōura-like earthquakes, since any associ-
ated topography must be significantly eroded between
events (Langridge et al., 2018). The first key question
which we investigate with our simulations is, therefore,
how common are multi-fault ruptures?
The 2016 earthquake has been almost ubiquitously

described as “complex” (e.g. Hollingsworth et al., 2017;
Hamling et al., 2017; Cesca et al., 2017; Stirling et al.,
2017; Xu et al., 2018; Ando and Kaneko, 2018; Nicol et al.,
2022), referring primarily to the large number of faults
involved, and to differences in their orientation and
sense of motion (e.g. Nicol et al., 2018; Kearse et al.,
2018). Offsets >0.5 m were observed on 20 separate
surface-rupturing faults (Litchfield et al., 2018), with
≥14 faults having surface rupture over at least 1 km of
their traces (Stirling et al., 2017; Litchfield et al., 2018).
The secondquestionwe investigate is thereforewhether
a quasi-static earthquake simulator can produce syn-
thetic earthquakes with characteristics similar to those
of the 2016 Kaikōura earthquake.
In addition to the surface ruptures, slip at depth and

blind faults may also have played an important role in
linking the faults involved. Nicol et al. (2023) concluded
that the faults involved in the Kaikōura earthquake are
effectively hard-linked at depth, which Schwartz (2018)
and Nicol et al. (2022) argued is likely to be a more gen-
eral property of multi-fault earthquakes. Earthquake
simulators provide an opportunity to test the impor-
tance of this connectivity in controlling the occurrence
of complex multi-fault earthquakes.
A critical fault with the potential to provide hard-

linking at depth is the Hikurangi subduction interface
(Figure 1). The role of the Hikurangi subduction inter-
face in the Kaikōura earthquake has been widely de-
bated (e.g. Hamling et al., 2017; Bai et al., 2017; Clark
et al., 2017; Lamb et al., 2018; Wang et al., 2018; Mous-
lopoulou et al., 2019; Herman et al., 2023). The in-
terface is at depths of 25-30 km beneath The Humps
fault (Williams et al., 2013), but how, and even whether,
it connects to the crustal faults which dominated the
moment release in the earthquake is not well resolved
(Nicol et al., 2023). There is general agreement in the lit-
erature, based on: vertical coastal motions (Clark et al.,
2017; Howell and Clark, 2022; Nicol et al., 2023), tele-

seismic waveforms (Hollingsworth et al., 2017; Dupu-
tel and Rivera, 2017; Bai et al., 2017), geodesy (Ham-
ling et al., 2017; Lamb et al., 2018), tsunami observa-
tions (Bai et al., 2017) and earthquake relocations (Cesca
et al., 2017; Chamberlain et al., 2021), that coseismic
slip is likely to have occurred on one or more offshore
blind thrust faults. However, whether this slip occurred
on the interface itself (Bai et al., 2017; Herman et al.,
2023), on one of several proposed steeper dipping splay
faults (e.g. the Point Kean fault, Clark et al. (2017); the
Offshore Splay Thrust fault, Mouslopoulou et al., 2019;
Nicol et al., 2022), or a combination of these, remains
unresolved (and may ultimately be unresolvable within
the uncertainties of the geometry of the interface and
observational constraints; Wallace et al., 2017). Geode-
tic measurements following the 2016 Kaikōura earth-
quake conclusively demonstrate widespread afterslip
on the southernmost part of themapped subduction in-
terface (Wallace et al., 2018; Mouslopoulou et al., 2019;
Zhang et al., 2025). However, several studies have also
argued that features initially proposed to require slip
on the subduction interface, such as the non-double
couple component of the moment tensor, could be ex-
plained equally well by slip on a splay fault (Cesca et al.,
2017). Uncertainty surrounding the role of the subduc-
tion interface in the Kaikōura earthquake (Section 2)
has led to significant interest in the potential for com-
bined subduction interface - upper crustal multi-fault
earthquakes, and their contribution to seismic hazard
(e.g. Clark et al., 2019; Pizer et al., 2023; Coffey et al.,
2023; Humphrey et al., 2025).
Resolving the role of the Hikurangi subduction in-

terface in the 2016 Kaikōura earthquake is also impor-
tant for understanding how the subduction zone termi-
nates at its southern end. The southwards increase in
the obliquity of the Pacific-Australia collision and pro-
gressively higher proportion of plate motion accommo-
dated by the Marlborough fault system had led to the
suggestion that the subduction zone might be “perma-
nently locked”, that is, not seismogenic, on timescales
of 10s - 100s kyrs (Reyners, 1998). However, the Benioff
zone, and tomographic signature of the subducting Pa-
cific Plate extend at least as far south as Christchurch
(Eberhart-Phillips and Reyners, 1997; Eberhart-Phillips
et al., 2010; Reyners et al., 2011). Several geodetic stud-
ies (Wallace et al., 2009, 2012) and uplifted marine ter-
races (Ota et al., 1996) also suggest the possibility of off-
shore deformation. Hamling et al. (2022) argued that
coastal subsidence of easternMarlborough based on In-
SAR timeseries is consistent with interplate coupling
and seismic slip on the subduction interface. Combined
with the observation of afterslip and possible coseismic
movement of the subduction interface in 2016, these
lines of evidence suggest that the interface may be able
to slip further south than had previously been antici-
pated. The lack of megathrust earthquakes observed
to date might be related to observation times and slow
rates of convergence and/or to the limited resolution
of available data (e.g., both the 1855 Mw8.2 Wairarapa
earthquake and the 2016 Mw7.8 Kaikōura earthquake
may have ruptured the subduction interface), rather
than a lack of seismogenic potential, which would have
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important implications for seismic and tsunami hazard
in the South Island | TeWaipounamu (Van Dissen et al.,
2022, 2024; Gerstenberger et al., 2024a).
Equally, if a hard-linking structure, such as the sub-

duction interface, is required to allow multi-fault rup-
ture, or has a significant impact on which faults are
able to rupture together, it would have important im-
plications for how the viability of particular multi-fault
earthquakes is assessed in seismic hazard modelling
(e.g. Milner et al., 2022). Many recent seismic hazard
models (such as UCERF3 and the 2022 New Zealand Na-
tional Seismic Hazard model Field et al., 2017; Gersten-
berger et al., 2022, 2024a) use plausibility filters based
on surface traces and Coulomb stress modelling to as-
sess this rupture viability, whichmaynot provide a good
representation of the full range of possible ruptures
(e.g. Page, 2021), particularly if there are unmapped
linking faults or poorly-resolved 3D fault geometries.
Debate about the involvement of the subduction in-

terface, and the importance of understanding fault con-
nectivity for seismic hazard, leads to the final question
we investigate with our simulations: what is the role of
the Hikurangi subduction interface in controlling the
proportion of earthquakeswhich aremulti-fault and the
recurrence interval, magnitude and geometry of such
earthquakes?

3 Generating Synthetic Earthquake
Catalogues

To investigate the occurrence, and frequency of
Kaikōura-like earthquakes we generate two synthetic
earthquake catalogues using a multi-fault, multicycle
earthquake simulator, RSQsim (Richards-Dinger and
Dieterich, 2012). Below we briefly introduce the simu-
lator, before outlining the steps involved in our model
construction.

3.1 RSQsim

Tullis et al. (2012b) describe earthquake simulators as
“computer programs that use [the] physics of stress
transfer and frictional resistance to describe earth-
quake sequences”, with different simulators using dif-
ferent simplifications to this physics in order to make
the problem of generating synthetic earthquakes com-
putationally tractable (Tullis et al., 2012a; Wilson et al.,
2018).
The Rate-and-State Earthquake Simulator (RSQsim)

was developed by Dieterich and Richards-Dinger (2010)
and Richards-Dinger and Dieterich (2012), based on an
approach outlined by Dieterich (1995). RSQsim uses
static stress transfer between (triangular) fault elements
combinedwith backslip loading (Savage, 1983) tomodel
sequences of synthetic earthquakes. The frictional re-
sistance of these fault elements is determined by a
three-regime parameterisation of the earthquake cycle.
At a given time step, fault elements are either: ‘heal-
ing’ – locked with shear stress less than the steady-
state shear stress, ‘nucleating’ – accelerating to the
(fixed) seismic-slip speed, or ‘rupturing’ – slipping at the

seismic-slip speed until the shear stress again falls be-
low its steady-state value (or slightly below the steady-
state value if an optional overshoot is specified). The
computational challenge of adapting time-steps to cap-
ture both long inter-event times and rapid intra-event
rupture propagation is addressed by using the mini-
mum transition time between the three regimes for
any fault element in the model as the timestep. The
stresses and slip speeds which control these transitions
are related by analytical approximations to rate-and-
state friction (Richards-Dinger and Dieterich, 2012).
These approximations make RSQsim a computation-

ally efficient approach to generating synthetic earth-
quake catalogues, which are comparable in duration
to paleoseismologically-long time periods (i.e. 100s
of thousands to millions of years), for large fault net-
works. The simulator has several limitations, includ-
ing assumed constant slip rates (used to calculate load-
ing via a backslip calculation) and emulating, rather
than simulating, dynamic stress propagation. However,
dynamic models which more accurately capture earth-
quake physics (e.g. Lapusta et al., 2000; Kaneko et al.,
2011; Heinecke et al., 2014; Ando, 2016) cannot yet be
used at the temporal and spatial scales of interest for
investigating the recurrence of rare earthquakes within
country-scale fault systems (Field, 2019), which moti-
vates our use of RSQsim in this study. Both types of
model (fully and quasi-dynamic) are subject to uncer-
tainties in fault geometry.
RSQsim has previously been used to inform seismic

hazard analysis – perhaps most prominently in Califor-
nia (e.g. Shaw et al., 2018; Milner et al., 2021), as well
as to investigate earthquakes on individual faults – in-
cluding the Alpine fault in A-NZ (Howarth et al., 2021) –
and fault systems, such as the Eastern Betic Shear Zone
(Herrero-Barbero et al., 2021). The simulator has also
been used to investigate appropriate plausibility filters
for multi-fault earthquake ruptures in California (Mil-
ner et al., 2022) and A-NZ (Gerstenberger et al., 2024a).
The California case is somewhat different to A-NZ, be-
cause the majority of faults are sub-vertical and strike-
slip, meaning that a 2D approach to plausibility filters
and fault interactions is often appropriate, whereas in
A-NZ interactions at depth are likely to play a significant
role in (multi-fault) earthquake kinematics (e.g. Robin-
son and Benites, 1996; Nicol et al., 2022).
Shaw et al. (2022) constructed the first RSQsim-

derived synthetic earthquake catalogue for the whole of
A-NZ, using amodified version of the faultmodel in Stir-
ling et al. (2012). Here we use new fault modelling tools
(outlined in section 3.2 below; Howell et al., in review)
to develop a faultmodel based on theNewZealandCom-
munity FaultModel (NZCFM; Seebeck et al., 2022, 2023),
which represents current expert consensus on the ge-
ometries and slip rates of mapped active faults in A-NZ.
Our fault model has 3 main improvements to that used
by Shaw et al. (2022): 1) using the updated fault geome-
tries now available from Seebeck et al. (2023) as the ba-
sis for the fault network, 2) ensuring that faults do not
pass through each other at depth, and 3) using a more
realistic geometry and slip distribution of theHikurangi
subduction zone (fromWilliams et al., 2013).
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These improvements, and associated effects on the
earthquake simulator outputs motivate the construc-
tion of a new RSQsim catalogue for central A-NZ.

3.2 3D fault network modelling
Westart from theNZCFMmapof active fault traces (See-
beck et al., 2022, 2023). We select faults with non-zero
slip rates whose traces are either within or intersect our
study area (white box in Figure 1, selected faults are
shown inblack). There are 3 faultswhichhavepreferred
slip rates of 0 mmyr−1 in the NZCFM but which rup-
tured in the 2016 Kaikōura earthquake (Offshore Splay
Thrust, Kowhai and Upper Kowhai - Manakau; Mous-
lopoulou et al., 2019; Zinke et al., 2019; Howell et al.,
2020). We include these faults in our model, and assign
them slip rates of 2, 1 and 1 mmyr−1 respectively. The
preferred slip rate for the Offshore Splay Thrust (OSTF)
is 2±1 mmyr−1 based on modelling of the uplift of the
Kaikōura peninsula (Nicol et al., 2023). The slip rates
on the other two faults are unconstrained, so these rates
are chosen to allow the faults to rupture but not to dom-
inate local seismic activity. We exclude the North Mer-
noo Fault System, which accommodates offshore inter-
nal deformation of the Pacific Plate (Barnes, 1994).
We then follow themethod ofHowell et al. (in review)

to generate our fault network model. The method con-
sists of the following steps:

1. Identify fault sections in the NZCFM which form
part of the same fault or fault system (e.g. Alpine:
Kaniere to Springs Junction and Alpine: Springs
Junction to Tophouse). Specifying which fault sec-
tions are connected allows sections with varying
dip and strike to be connected rather than impos-
ing sudden changes in geometry mid-fault, or re-
quiring constant fault dip along strike (as in the
model of Shaw et al., 2022).

2. Generate a hierarchy of faults. Faults higher in
the hierarchy truncate those lower in the hierar-
chy if the faults intersect (either at the surface or
at depth). This hierarchy is primarily based on
fault slip rate (e.g. the Alpine fault truncates the
Hope fault), but contains some variations to gen-
erate a geologically and geophysically reasonable
fault network.

3. Generate depth contours and footprints (the area
surrounding each fault’s surface projection, as de-
scribed in Howell et al., in review) for each of the
faults.

4. Use the Seequent Ltd software Leapfrog-Geo (See-
quent, 2024) to generate surfaces associated with
each of the faults, and truncate them against a
depth surface. The depth surface we use is the
maximum rupture depth based on thermal con-
straints from Ellis et al. (2021) (their ‘Df’). We use
this upper bound on seismogenic depths as a limit
on the depths to which earthquakes might propa-
gate, but truncate the region where rupture nucle-
ation is likely through tapering the slip rate distri-
butions on faults (see below). Where the Williams

et al. (2013) model of the subduction interface is
shallower than this seismogenic depth, we use this
interface model as the basal surface for the crustal
faults.

5. Identify where faults intersect and truncate them
appropriately. Leapfrog-Geo creates 3D isosurfaces
500 m from these intersection lines. These isosur-
faces are used either to cut slots in a fault surface
(if it is partially intersected by a fault higher in the
fault hierarchy) or to split a fault surface in two (if
the surface is fully bisected by a fault higher in the
fault hierarchy). In the latter case, Leapfrog-Geo
then determineswhich section of the split fault sur-
face to keep based on proximity to themapped sur-
face trace of the fault. We manually check the re-
sulting fault surfaces.

6. Export the resulting 112 fault meshes and remesh
them using using Coreform Cubit-2022.11 (used un-
der an educational licence National Technology
& Engineering Solutions of Sandia, LLC., 2022).
Here we use ∼2 km-edged triangles, which are
expected to correspond to earthquakes of magni-
tude ∼Mw 4.3 (using the scaling relations devel-
oped by Hanks (2002), which are appropriate for
small earthquakes – the A-NZ-specific scaling rela-
tionships of Stirling et al. (2023) only apply to earth-
quakes ≥Mw7).

In one of ourmodels we also include theHikurangi sub-
duction interface. We model this interface separately
to the crustal faults but mesh it at the same resolution
and truncate crustal faults against it (effectively placing
the subduction interface as the top fault in our hierar-
chy). We truncate the interface at ∼40.3◦ S, ∼100 km
outside of our study region. Limiting the extent of the
interface in this waymeans that we do not expect to see
full-scale subduction interface ruptures in our synthetic
catalogues and may also affect the timing of megath-
rust ruptures. However, the Hikurangi subduction in-
terface already contributes over 50% of the fault ele-
ments to our model, dominating the significant compu-
tational resources required to run the earthquake sim-
ulator (section 3.3).
Finally, we assign slip rates to the resulting fault

meshes based on the preferred slip rates in the NZCFM.
The exceptions are the 3 faults discussed above, and the
subduction interface, where we use a smoothed version
of the coupling model from Wallace et al. (2012), mul-
tiplied by the plate convergence rate to generate a non-
uniform slip rate across the interface (Figure 2). For the
other faults in themodel, we identify the closest NZCFM
segment to that section of fault (deconstructing com-
bined faults into their original fault segments). We then
use univariate splines to taper the slip rate to 0 starting
at 2/3 of the depth to the fault base (following Ellis et al.,
2021), and 25% of the along strike fault length. We im-
pose aminimum side taper distance of 4 km and amax-
imum of 10 km to prevent overly large proportions of
long faults from being tapered. For combined faults,
we imposed the same side tapers but between the slip
rates of adjacent sections. For very short faults (<10 km)
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we set the slip rate on exterior patches to be half of the
preferred slip rate. Many of the small faults have trian-
gular or irregular geometries, due to the way they are
truncated in themodel construction so this tapered-slip
approach reduces potential stress concentrations at the
fault edges.
Figure 3 shows the distribution of hypocentral depths

in each of the models. The histograms for the synthetic
catalogues show relatively smooth distributions with
depth, suggesting that our tapered slip approach pre-
vents all events from nucleating at the edges of faults,
particularly the downdip edge, a challenge for previous
RSQsimmodels (Shaw et al., 2018).
The final fault network, with slip rates, is shown in

Figure 2. The fault combinations, hierarchy, mesh files
and resulting RSQsim inputs are all available on Zenodo
(see Data and Code Availability).
The fault system in A-NZ comprises numerous

shallow-to-moderate dipping structures, making it
more complex to model than regions with predom-
inantly sub-vertical strike-slip faulting, such as Cal-
ifornia (e.g. Robinson and Benites, 1996; Robinson,
2004). Our intention is for this network to provide one
geologically-reasonable possibility, and a starting point
for considering alternative fault network geometries,
rather than a definitive model. Indeed, the main moti-
vation behind the development of the semi-automated
fault network construction tools in Howell et al. (in re-
view) was to enable more rapid exploration of alterna-
tive geometries. Being able to generate such 3D models
may be helpful for visualising and understanding some
of the implications of, for example, changing the dip of
particular fault segments on fault interconnectivity at
depth.
Ourmethod does not currently allow for listric faults,

so we cannot capture the possibility of crustal faults sol-
ing into the plate interface (e.g. Barnes et al., 2002). In
addition, RSQsim uses a purely elastic rheology, which
means that incorporating the brittle-ductile transition
and fault creep is out of scope. In reality, the intersec-
tions between faults are likely to be highly complex, and
consist of brecciated, deformed rocks with potentially
different elastic properties to their surroundings (e.g.
Faulkner et al., 2010). Whilst both of these limitations
would provide interesting work for future study, for this
initial model we use the simpler approach of truncating
faults against the subduction interface and each other,
without the surfaces being in direct contact.

3.3 Catalogue generation

We use the New Zealand eScience Infrastructure (NeSI)
to run two RSQsim simulations, one with and one with-
out the Hikurangi subduction interface. Both simu-
lations were run with a wall time of 168 hours (∼1
week) on 108 cores, with upper model-time limits of
1.42×1013 s (∼450 kyr) and maximum 3 ×1010 earth-
quakes (chosen such that the maximum number of
earthquakes would not be the limiting factor). The
main computational constraint on running these mod-
els is RAM. The RAM required scales as the number
of patches squared, and is about 160 Gb for the ∼ 105

patches in our model. This high RAM requirement is
dominated by a single step in the programme – the cal-
culation of stiffness matrices – so could probably be re-
duced in future.
We choose the time duration of the synthetic cata-

logue to be 440 kyr (after removing the first 10 kyr to
allow for spin-up effects Hughes et al., 2023) such that
we might reasonably expect to see multiple Kaikōura-
like events. If we assumed Poissonian recurrence with
a rate, λ, of 1 event per 3 kyr (Brough et al., 2023, cf.)
then the probability of not observing any such events
drops below a probability P (0) after time − 1

λ ln P (0)
(e.g. there is less than 1% probability of not observing
such events after ∼14 kyr). In order to sample variation
in interevent time, we therefore expect to need a cat-
alogue of several hundred thousand years duration (al-
thoughwenote that this approach is an approximation –
neither the synthetic earthquakes, nor observed earth-
quakes, are likely to be strictly Poissonian, since their
occurrence is dependent on that of previous events, e.g.
Gerstenberger et al., 2024b; Iturrieta et al., 2024).
We use uniform frictional parameters throughout the

model, with a − b =-0.005. This value is consistent
with previous studies using RSQsim in Aotearoa-New
Zealand; the earlier studies of Shaw et al. (2022) and
Hughes et al. (2023) used a − b =-0.007, but more recent
studies such as Delogkos et al. (2023) and Hughes et al.
(2024) have used a − b = -0.003, which Delogkos et al.
(2023) found optimised theirmodel fit to themagnitude-
area scaling relationships proposed by Stirling et al.
(2023). Liao et al. (2024) used values from -5×10−4 to
-0.003. We find good agreement between ourmodel and
previously proposed scaling relations (Figure 4 Hanks,
2002; Stirling et al., 2023), suggesting that the parame-
ters we use are reasonable. Whilst the frictional prop-
erties of the fault network are likely to be heteroge-
neous (e.g. Boulton et al., 2018; Eberhart-Phillips et al.,
2021; Brideau et al., 2022), in the absence of further con-
straints we choose not to introduce additional complex-
ity into our model. By default RSQsim reduces a on
all patches in the model domain once an earthquake
starts to a factor, f , times a, (here f = 0.1, such that
a − b will locally drop to -0.014), which helps to emu-
late the dynamic properties of fault rupture within a
quasi-static framework. We limit the range of influ-
ence of each patch by specifying the patches within
7.5 km (∼2 patches) in a ‘neighbour’ file. Tests using
immediately adjacent neighbours only effectively pro-
hibit stress transfer between faults but we find larger
distances do not have a significant impact on our re-
sults. The full specification of parameters used in our
model is available, with the results and fault network,
on Zenodo (see Data and Code Availability).

3.4 Defining multi-fault earthquakes

Observationally, identifying an earthquake as ‘multi-
fault’ is (relatively) simple; a multi-fault earthquake is
one involving either surface rupture on multiple sepa-
rate active faults, as in Kaikōura 2016 (e.g. Nicol et al.,
2023) or a resolvable need formultiple faults at depth to
reproduce seismological or geodetic observations, as in
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Figure 2 3D fault model of Central A-NZ coloured by slip rate. The study area is shown by the box in Figure 1.

Figure 3 Depth histograms for RSQsim catalogues (left - with the subduction interface, right - without the subduction inter-
face). Coloured lines show depths from 1000 80 year time windows in each catalogue, grey lines show the whole catalogue.
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the 2010 Darfield earthquake (e.g. Beavan et al., 2012).
However, the appropriate criteria to use for identify-
ingmulti-fault earthquakes from an earthquake simula-
tor to compare to these observations are less clear. For
simulated earthquakes, we have perfect knowledge of
which parts of a fault have moved, and by how much,
but these would not necessarily be detectable in obser-
vational datasets.
We therefore consider 4 possible definitions of a syn-

thetic multi-fault earthquake:

1. any slip on more than one fault,

2. More than one fault has an effective magnitude re-
lease equivalent to >Mw 6.

3. Surface rupture on more than one fault (minimum
slip of 0.1 m on at least one patch within 1 km of the
surface). This definition corresponds to the com-
mon observational criteria that multi-fault earth-
quakes have surface rupture on more than one
fault, although the specific definition of surface
slip used here (>0.1 m in the top 1 km) could well
be too small to be detectable paleoseismologically
(e.g. Nicol et al., 2016; Coffey et al., 2022). In this
definition there is no minimummagnitude release
per fault.

4. Surface rupture on more than one fault and more
than one fault has an effective magnitude release
equivalent to >Mw 6.

To investigate different definitions we use the effec-
tive moment release on the jth fault, M0,j ;

M0,j =
∑

i

µuiAi, (1)

where µ, the shear modulus, is 30 GPa, and ui and Ai

are the slip and area of the ith patch on the fault respec-
tively. The effective magnitude release on the jth fault,
Mw,j , is then given by:

Mw,j = 2
3 log10 M0,j − 6.03 (2)

after Hanks and Kanamori (1979) (converted to Nm).
To capture key features of the 2016 Kaikōura earth-

quake, without requiring the same faults to be involved,
we define complex multi-fault synthetic earthquakes as
events with Mw >7.5, involving ≥ 4 faults with effective
magnitude release within 1.5 magnitude units of the ef-
fective magnitude released by the principal fault (fault
with the highest effective magnitude release). Ham-
ling et al. (2017) used finite fault inversion to model slip
on 6 faults (though some of these are combinations of
mapped faults e.g. The Humps and Hunderlee and Kek-
erengu - Jorden - Upper Kowhai) and found the high-
est effective magnitude release of Mw 7.7 on the Kek-
erengu - Jorden - Upper Kowhai, with the smallest ef-
fectivemagnitude on the LondonHill fault (Mw 6.8) still
within one magnitude unit. Similarly, Xu et al. (2018)
used 6 faults in their finite fault model and found that
all released an equivalent magnitude ≥Mw 6.27, with
the highest equivalent magnitude release being Mw 7.77

on the Jordan-Kekerengu-Needles fault. We do not con-
strain these complex multi-fault synthetic earthquakes
to be surface rupturing because, whilst surface rupture
of multiple faults was clearly a defining feature of the
Kaikōura earthquake, surface slip is not necessarily re-
quired to generate a destructive, resolvably multi-fault
earthquake. The 2010 Darfield earthquake, which oc-
curred 6 years earlier about 150 km to the south-west
of the Kaikōura epicentre also involved multiple faults,
but in that case the faults predominantly had no surface
expression and weremostly inferred from geodetic and
seismological observations (Beavan et al., 2010, 2012).
Finally, we define ‘Kaikōura-like’ synthetic earth-

quakes as the subset of these complexmulti-fault earth-
quakes which have moment release equivalent to at
least Mw7 on the Jordan-Kekerengu-Needles fault, in
line with e.g. Hamling et al. (2017) and Xu et al. (2018).

4 Results
We briefly describe the overall properties and scaling
relationships of our synthetic earthquake catalogues
(section 4.1) before looking specifically at the occur-
rence of multi-fault and ‘Kaikōura-like’ synthetic earth-
quakes (section 4.2).

4.1 Synthetic earthquake catalogues
The ‘Interface’ catalogue contains 8,742,825 synthetic
earthquakes between Mw 2.8 and 8.7 and the ‘No Inter-
face’ catalogue contains 6,481,585 synthetic earthquakes
between Mw 2.8 and 8.1 (Figure 4). The subduction in-
terface contributes about half (58%) of themoment rate
in the ‘Interface’ catalogue, which is consistent with the
lower productivity of the ‘No Interface’ catalogue.
Figure 4 shows the magnitude-frequency (top pan-

els) and magnitude-area (bottom panels) distributions
for each of these catalogues. We extract the magni-
tude frequency distribution for the entire catalogue,
and for 1000 80-year time samples, for comparison
with the instrumental record (which spans ∼1940–
2020; Rollins et al., 2024). For both catalogues, the
magnitude-frequency distributions are consistent with
the instrumental catalogue (and Gutenberg-Richter re-
lationships) between ∼Mw 5.5 and 7.8 (the maximum
magnitude in the instrumental catalogue). The full (un-
sampled) synthetic catalogues suggest a slightly more
characteristic (lower gradient) region between ∼Mw 6
and 7, which has been observed in other RSQsim cat-
alogues (e.g. Shaw et al., 2022; Delogkos et al., 2023)
and may be related to the specific fault geometries in
the model (Delogkos et al., 2023) or to using a homo-
geneous initial stress state (Liao et al., 2024). The ma-
jor difference in magnitude-frequency distribution be-
tween the ‘Interface’ and ‘No Interface’ catalogues is the
maximummagnitude, which isMw 8.7 for the ‘Interface’
catalogue and Mw 8.1 in the ‘No Interface’ catalogue.
This difference is consistent with the subduction inter-
face being involved in the largest earthquakes (Stirling
et al., 2012; Gerstenberger et al., 2024a).
Both catalogues also show reasonable agreement

with the magnitude-area scaling relations for A-NZ for
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Figure 4 Scaling relationships for RSQsim catalogues (left - with the subduction interface, right - without the subduction
interface). Top panels show magnitude-frequency distributions for 80 year samples from these catalogues (bright colours)
and the whole catalogue (darker colours). The instrumental record, from Rollins et al. (2024), is plotted in black. Bottom
panels show the magnitude - area scaling for events in each catalogue. Dotted black line is the scaling relationship proposed
by Hanks (2002), and dashed black line is that proposed by Stirling et al. (2023), for Mw >8 and used in the New Zealand
National Seismic Hazard Model 2022 (Gerstenberger et al., 2024a).

earthquakes≥Mw7 (Stirling et al., 2023). Figures 4c and
d show this scaling relationship (dashed lines) and those
of Hanks (2002), which extends to smaller magnitudes.
Stirling et al. (2023)’s relationship is a better fit to the
simulator results, particularly at the high magnitudes
for which it was developed. Smaller areas at lowmagni-
tudes (<∼Mw4.5) are likely related to theminimumrup-
ture area of an earthquake in themodel being set by the
patch size. Smaller events can either occur on smaller
patches (we set the target patch dimensions, rather than
the specific patch dimensions; section 3.2) or with re-
duced slip. Synthetic earthquakes fromMw4 – 4.2 there-
fore have constant area but reduced slip.

Consistency of the synthetic catalogues with ob-
served scaling relations suggests that the synthetic cat-
alogues are a reasonable model of earthquakes in the
Central A-NZ region, thoughmore detailed and particu-
larly more quantitative testing is important before such
catalogues are used for hazard assessment.

4.2 Multi-fault synthetic earthquakes

4.2.1 Proportion of multi-fault synthetic earth-
quakes

The proportion of multi-fault synthetic earthquakes in-
creases with minimum magnitude for all definitions of
‘multi-fault’ (section 3.4, Figure 5a and b). Almost all
synthetic earthquakes > Mw ∼ 8 have slip on patches
on more than one fault (definition 1 in section 3.4, blue
in Figure 5) for both the ‘Interface’ and ‘No Interface’
catalogues (97 and 99% respectively, with only 1 earth-
quake >Mw 8 in the ‘No Interface’ catalogue which oc-
curs on a single fault). This result is consistent with a
decreasing proportion of faults being capable of host-
ing larger magnitude synthetic earthquakes individu-
ally (since RSQsim effectively reproduces magnitude-
area scaling relationships, section 4.1).
Definitions 2 and 3 (synthetic earthquakes with

greater than Mw 6 effective magnitude release on more
thanone fault, yellow inFigure 5; synthetic earthquakes
with surface slip on more than one fault, green in Fig-
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Figure 5 Effects of choosing different definitions of ‘multi-fault’ on the proportion of multi-fault earthquakes in catalogues
with (left panels) and without (right) the subduction interface. Top panels show the proportion of multi-fault earthquakes
with Mw > Mmin

w using different definitions. Bottom panels show histograms of the times between multi-fault events with
Mw>7 using these different definitions.

ure 5) are subsets of those with slip on patches onmore
than one fault (definition 1). As such the proportions
of earthquakesmeeting these definitions of ‘multi-fault’
are lower at all magnitudes than our first definition
(though for the ‘No Interface’ there is very little differ-
ence between definitions 1 and 3 i.e. most earthquakes
with slip on multiple faults also have surface slip on
multiple faults). The final potential definition of multi-
fault we use here – surface rupture on more than one
fault and more than one fault having an effective mag-
nitude release equivalent to >Mw 6 (definition 4 in sec-
tion 3.4, orange in Figure 5) – is a subset of all of the
other definitions, so has the lowest proportion of syn-
thetic earthquakes at all magnitudes. However, this def-
inition is most likely to be detectable observationally,
suggesting that theproportionof earthquakes rupturing
multiple faultsmaybe larger thanweare able to observe
geologically or geodetically.

The relatively small proportion of surface rupturing
multi-fault earthquakes in the ‘Interface’ catalogue re-
flects that larger magnitude events in this catalogue
mostly involve the Hikurangi subduction interface,
which is not considered to host surface ruptures in

our model because its trace is buried (Barnes and
DeLépinay, 1997). In contrast, in the ‘No Interface’ cata-
logue themajority of earthquakes rupturing patches on
more than one fault also have surface rupture at higher
magnitudes (slip across the full fault surface is required
to produce the maximum magnitudes in the catalogue,
e.g. 99%of earthquakes>Mw8 involvemore than 1 fault
and 98% of these earthquakes are surface rupturing).

4.2.2 Recurrence intervals of multi-fault syn-
thetic earthquakes

Figure 5c and d show the time between multi-fault syn-
thetic earthquakes with Mw >7 using each of the def-
initions in section 3.4. We focus on two key results
from Figure 5c and d: first, that how we define a multi-
fault earthquake affects the time between similar earth-
quakes and second, that a significant number of syn-
thetic multi-fault earthquakes occur less than one day
apart.
The time between similar synthetic earthquakes is

shortest for our least restrictive definition of a multi-
fault earthquake (definition 1 in section 3.4 – slip on
patches onmore than one fault). Requiring surface rup-

12

https://seismica.org/


This is a non-peer reviewed Research Article submitted to SEISMICA Controls on synthetic earthquakes in Central Aotearoa-New Zealand

Figure 6 Interevent times for a) complex multi-fault synthetic earthquakes(Mw >7.5, involving ≥ 4 faults within 1.5 mag-
nitude units of the highest moment release fault, section 3.4, defined to capture key features of the Kaikōura earthquake).
Counts are dominated by earthquakes which involve the subduction interface (n=357, orange histogram and kernel density
estimate plot) which have a mean interevent time of 1.2kyr and a coefficient of variation of 0.66. Complex multi-fault events
which involve only crustal faults are shown in green (‘Interface’ catalogue) and grey (‘No Interface’ catalogue). Inset panel
shows the time between events of each type for longer interevent times (up to 100 kyr), which are typically for events not in-
volving the subduction interface, whereas the maximum interevent time for a complex multi-fault earthquake involving the
subduction interface is ∼6 kyr. Note that because these plots are for a class of earthquakes, not events on a particular fault,
the interevent times are not directly comparable to paleoseismic interevent times on a single fault.b) shows the interevent
time distribution for the subset of complex multi-fault event which have moment release equivalent to at least Mw7 on the
Jordan-Kekerengu-Needles (JKN) fault, which we term ‘Kaikōura-like’. The inset shows the distribution of magnitudes for
such ‘Kaikōura-like’ earthquakes. Blue and red lines in a) and b) show the mean and median interevent times respectively.

ture on more than one fault (definition 2 in section 3.4)
increases the median time between multi-fault earth-
quakes by ∼50% from 21 (22) to 36 (37) years (values in
brackets refer to the ‘No Interface’ catalogue) and re-
duces the number of events (unsurprisingly, since this
criterion is a subset of definition 1). A more signifi-
cant effect is seen from introducing the requirement of
at least one fault having an effective magnitude release
greater thanMw 6 (orange and yellow lines in Figure 5).
The median time between multi-fault synthetic earth-
quakes then increases to 67 (76) and 81 (87) years for def-
initions 3 and 4 (section 3.4) respectively, a factor of 4
increase over definition 1, where the values in brackets
refer to the ‘No Interface’ catalogue. Introducing the ad-
ditional surface-rupturing criterion (definition 4 in sec-

tion 3.4) has a small effect for the ‘Interface catalogue’,
due to the Hikurangi subduction zone not generating
surface ruptures in the model (section 3.4), but negligi-
ble effect on the distribution of times between events
for the ‘No Interface’ catalogue. The small size of this
effect shows that the majority of synthetic earthquakes
with effective magnitude release >Mw6 on more than
one fault are surface rupturing.

The grey bars in Figure 5c and d show times be-
tween synthetic multi-fault earthquakes less than one
day. There are>1000 of these in the ‘Interface’ catalogue
and>500 in the ‘No Interface’ catalogue. Even allowing
for the larger number of synthetic earthquakes in the
‘Interface’ catalogue, these short times between events
are much more common when the subduction inter-
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face is included in the model. These short interevent
times are related to the definition of an earthquake in
RSQsim (section 5.1). We have therefore removed syn-
theticmulti-fault earthquakes less than one day apart in
calculating the median times between synthetic earth-
quakes quoted in the paragraph above (although we
note that they have little effect, e.g. the median recur-
rence intervals for syntheticmulti-fault earthquakes us-
ing definition 4 in the ‘Interface’ and ‘No Interface’ are
79 and 85 years including these closely-spaced synthetic
earthquakes, and 81 and 87 years respectively without).
Figure 6a) shows the time between complex multi-

fault earthquakes in the synthetic catalogues. Themean
interevent time for complexmulti-fault synthetic earth-
quakes involving the subduction interface is 1200 year,
with a coefficient of variation of 0.66. Note that these
interevent times are not the time between events on a
particular fault, so are not directly comparable to paleo-
seismic interevent times or recurrence intervals. There
are only 12 complexmulti-fault earthquakes in each cat-
alogue which do not involve the subduction interface.
The times between these events are shown in the inset
of Figure 6a) - there are not enough of these synthetic
earthquakes to assess the statistical properties of their
temporal distribution but the interevent times aremuch
longer (of order 10s kyr) than those involving the sub-
duction interface.
Both the fault which releases the majority of the seis-

mic moment and the fault on which the earthquake ini-
tiates are dominated by theHikurangi subduction inter-
face for these complexmulti-fault events. Themean in-
terevent times for complex multi-fault events with the
dominant moment release on the Hikurangi is 1250 yrs,
with a coefficient of variation of 0.65, similar to the
mean interevent times of all complex multi-fault earth-
quakes in the catalogue. Events with the dominant mo-
ment release on the Alpine or Wairarapa faults are less
frequent and have longer (≥10 kyr), less periodic inter-
event times. There are a few instances of the times be-
tween complexmulti-fault earthquakes initiating on the
Wairarapa fault being <5 kyr, but for most faults other
than the Hikurangi the times between complex multi-
fault earthquakes are> 10 kyr and there are too few such
events to identify statistical trends.

4.2.3 Fault co-ruptures and aspect ratios of syn-
thetic multi-fault earthquakes

Another way to think about multi-fault earthquakes is
in terms of which faults co-rupture. Figure 7 shows the
number of synthetic earthquakes with Mw >6.5 which
co-rupture high slip-rate faults in our model for the ‘In-
terface’ (a) and ‘No Interface’ (b) catalogues. The 12
fastest crustal faults are ordered on each axis by their
maximum slip rate (from Jordan-Kekerengu-Needles,
with the highest slip rate in themodel, to Clarence). On-
diagonal elements represent the number of single-fault
synthetic earthquakes on that fault, whilst off-diagonal
elements represent the number of times the two associ-
ated faults co-rupture. Figure 7c shows the difference in
the number of synthetic earthquakes in each category
between the two catalogues, with red squares showing

co-ruptures which occur more frequently in the ‘Inter-
face’ catalogue and blue squares showing co-ruptures
which occur more frequently in the ‘No Interface’ cat-
alogue.
For both catalogues, the two highest slip rate faults

(Jordan-Kekerengu-Needles and the Hope fault) have
the largest numbers of single-fault earthquakes. How-
ever, for lower slip-rate faults the picture becomesmore
complicated, with variable proportions of single- and
multi-fault synthetic earthquakes, suggesting that slip-
rate is not the key control on multi-fault rupture in
RSQsim. Some illustrative examples are: 1) the Hope-
Hanmer NW fault (Figure 8f), 2) the Wairarapa and
Wellington Hutt Valley faults (Figures 8j and k) and 3)
the Booboo and Jordan-Kekerengu-Needles faults (Fig-
ures 8c and g).
Hope-Hanmer NW is a short fault bounding the

northwestern edge of the Hanmer basin which con-
nects parts of the Hope fault (e.g. Wood et al., 1994).
The diagonal elements of Figure 7a and b show that
the Hope-Hanmer fault is not involved in any single-
fault synthetic earthquakes in either of our catalogues.
Instead, the fault co-ruptures primarily with the Hope
fault, and the Kākāpō fault, which branches off the
Hope fault slightly SW of the Hanmer basin. The preva-
lence of these co-ruptures is consistent with the A-NZ
National Seismic Hazard Model (Gerstenberger et al.,
2024a), where ruptures of the Hope-Hanmer NW with
a return period<1 Myr all involve adjacent segments of
the Hope fault. These co-ruptures are also consistent
with the geometry of the Hope-Hanmer NW, which is
very close to these adjacent faults (e.g. the Hope and
Kākāpō faults) , so likely to easily transfer stress from
and to these adjacent faults segments.
The Wairarapa and Wellington Hutt Valley (WHV)

faults both have over 500 single-fault synthetic earth-
quakes with Mw >6.5. Both, however, are also involved
in a significant number ofmulti-fault earthquakes, with
co-ruptures of the WHV and Wairarapa fault domi-
nating for the WHV in both catalogues, and for the
Wairarapa in the ‘Interface’ catalogue. The other faults
which co-rupture with these two faults are strongly af-
fected by the presence or absence of the subduction in-
terface, which we discuss further below. Interaction of
these two faults is very important for the seismic hazard
posed to Wellington (A-NZ’s capital city), and has been
discussed in the context of interpreting paleoseismic
records from the lower North Island (e.g. Humphrey
et al., 2025). The Wairarapa fault in particular has also
beendiscussed as havingpotential connectivity to faults
across the Cook Strait (Grapes andHoldgate, 2014), such
as the Awatere fault (the Awatere-Vernon fault in our
model), which we see in both the ‘Interface’ and ‘No In-
terface’ catalogues.
The Boo Boo fault (Figure 8c) is an offshore, steeply-

dipping right-lateral fault striking sub-parallel to the
platemotiondirection (Barnes andAudru, 1999a,b;Wal-
lace et al., 2012). Wallace et al. (2012) noted the ge-
ometrical connectivity of this fault and the adjacent
Kekerengu (to the SW) and Wairarapa (to the N) faults,
and suggested that this geometrical connectivity might
also lead to a kinematic connection. In our mod-
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Figure 7 Occurrences of co-ruptures on high slip rate faults. a) and b) show the number of co-ruptures of faults in the
‘Interface’ and ‘No Interface’ models, respectively. Diagonal squares show the number of single fault earthquakes on each
fault. Catalogues are filtered to synthetic earthquakes with Mw>6.5. Note that because some earthquakes involve more than
two faults, the sum of the numbers across the whole heat map is greater than the total number of synthetic earthquakes with
Mw >6.5 in each catalogue. c) shows the difference in the number of co-ruptures between these two models (‘Interface’-‘No
Interface’, i.e. a)-b)). The diagonal squares show the change in the number of single-fault earthquakes on that fault between
the two models.

els, the Boo Boo fault dominantly ruptures with the
Jordan-Kekerengu-Needles fault (we note that there is
some complexity in a direct comparison to the be-
haviour of the Jordan, Kekerengu and Needles faults
since the three forma continuous along-strike structure
in our model, section 3), which is consistent with the
idea of kinematic along-strike connectivity. However,
co-ruptures with the Wairarapa fault, which is across
strike, though in very close surface-proximity to the Boo
Boo fault at its SW end, occur much more frequently in
the ‘Interface’ catalogue.
Figure 7c shows that there are substantial differences

in which faults (co-)rupture between the ‘Interface’ and
‘No Interface’ catalogues. Figure 8 shows the same in-
formation in map-form for the nine highest slip-rate
crustal faults, here normalised by the maximum dif-

ference between the two catalogues for each primary
fault. This map view shows that themain difference be-
tween the two catalogues is the increased prevalence of
co-ruptures with faults located across-strike from the
primary fault in the ‘Interface’ catalogue, particularly
where these faults are above the shallowpart of the sub-
duction interface (the black dashed line in each panel
shows the 30 km depth contour for the subduction in-
terface from Williams et al., 2013). For example, the
Boo Boo and Wellington Hutt Valley faults co-rupture
765 times in the ‘Interface’ catalogue, and only 4 in the
‘No Interface’ catalogue. The Wairarapa fault is also an
illustrative example. This fault co-ruptures much more
frequently with both across- (e.g. Boo Boo, Palliser-
Kaiwhata) and along-strike (e.g. Awatere-Vernon) faults
in the ‘Interface’ than the ‘No Interface’ catalogue. The
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Figure 8 Relative occurrence of co-ruptures on high slip rate faults between our two simulations. This figure is a geograph-
ical representation of the information in figure 7. The rate is the normalised difference (‘Interface’-‘No Interface’ / maximum
difference for that primary fault) in the number of synthetic earthquakes involving both the primary fault (highlighted in
orange) and each other fault. Purple colours imply more events rupture both that fault and the primary fault in the ‘Inter-
face’ than the ‘No Interface’ model. The colour of the primary fault reflects the change in single fault ruptures on that fault.
Dashed line shows the 30km contour from the interface model of Williams et al. (2013) – we expect this contour to form an
approximate dividing line with crustal faults up-dip (South-East) of this line interacting with the interface, whilst those to
the North-West do not. Primary faults: a) Awatere South West, b) Awatere-Vernon, c) Boo Boo, d) Clarence, e) Hope, f) Hope
Hanmer North West, g) Jordan-Kekerengu-Needles, h) Kakapo, i) Palliser-Kaiwhata, j) Wairarapa, k) Wellington Hutt Valley, l)
Wellington Tararua.

suggestion that the Wairarapa fault might co-rupture
with across-strike faults is consistent with recent pale-
oseismological evidence (Humphrey et al., 2025). Simi-
larly, the Palliser-Kaiwhata fault, which is located in the
offshore Hikurangi accretionary prism, has only single-

fault ruptures in the ‘No Interface’ catalogue, but pre-
dominantly co-ruptures with across-strike faults in the
‘Interface’ catalogue.

Our findings from fault co-ruptures are supported by
the aspect ratios of synthetic earthquakes in the two cat-
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alogues. We define the aspect ratio of a synthetic earth-
quake as the ratio between its across-strike length (fur-
thest map distance between patches on crustal faults
which rupture taken perpendicular to the mean strike
of the earthquake) and its along-strike length (furthest
map distance between patches on crustal faults which
rupture, taken parallel to the mean strike of the earth-
quake). Aspect ratios less than 1 (Figure 9) therefore
represent ruptures which are longer than they arewide,
which we might expect for earthquakes on steeply dip-
ping faults or, in the case of multi-fault earthquakes, if
the faults which co-rupture are along strike from each
other. Higher aspect ratios would be expected either for
more shallow dipping faults, or if a multi-fault earth-
quake ruptures faults which are across strike from each
other – a scenario not normally permitted by plausibil-
ity filters for steeply-dipping faults (e.g. Milner et al.,
2013, 2022; Gerstenberger et al., 2024a). Note that we
exclude the subduction interface from the aspect ratios
to make an appropriate comparison between aspect ra-
tios of crustal faulting in our two synthetic earthquake
catalogues.
For all synthetic earthquakes with Mw>6.2 (equiv-

alent to the moment release from two magnitude 6
earthquakes to ensure the comparison to multi-fault
earthquakes is representative) we see similar trends in
both the ‘Interface’ and ‘No Interface’ catalogues (Fig-
ure 9), with a positive skew and dominantly low-aspect
ratio ruptures. However, for multi-fault earthquakes
(using the definition of multiple faults having Mw6 or
greater equivalentmoment release) we see the there is a
broader tail to the aspect ratios of synthetic earthquakes
from the ‘Interface’ catalogue, that is, there are more
events with higher aspect ratios in the ‘Interface’ cata-
logue. This broad tail is consistent with the increased
prevalence of co-ruptures between across strike faults
shown in figures 7 and 8, and suggests that the subduc-
tion interface may act as a linking structure facilitating
stress transfer at depth.

4.3 Kaikōura-like synthetic earthquakes

In section 3.4 we defined ‘Kaikōura-like’ earthquakes
complex multi-fault synthetic earthquakes which have
moment release equivalent to at least Mw7 on the
Jordan-Kekerengu-Needles fault. Figure 6b) shows the
distribution of interevent times and magnitudes (in-
set) for these events. The mean interevent time for
‘Kaikōura-like’ events is ∼3000 yrs, with a coefficient of
variationof 0.82. The interevent timedistribution is pos-
itively skewed, however, so the median value (2150 yrs)
provides a better measure of the distribution. A posi-
tive skew to the interevent times is consistent with Pois-
sonian event occurrence (most earthquakes have rela-
tively short times between them but there is sometimes
a break of over 10 kyr), although further work is re-
quired to understand how, or whether, this property of
the simulated earthquakes relates to actual Kaikōura-
like events.
Although we require these ‘Kaikōura-like’ events

to have an equivalent moment release of Mw 7
on the Jordan-Kekerengu-Needles fault, the Jordan-

Kekerengu-Needles fault is neither the initial fault nor
– in contrast to the 2016 Kaikōura earthquake – the
fault with the largest moment release for these events.
Rather, the Hikurangi subduction interface, whose role
in the 2016 earthquake remains debated (section 2),
dominates the moment release for all but 2 ‘Kaikōura-
like’ events in the ‘Interface’ catalogue (Figure 10a, b,
c). Similarly, there are only 2 such events in the ‘No In-
terface’ catalogue (Figure 10 d, e ), emphasising the role
of the subduction interface in ‘Kaikōura-like’multi-fault
events.

5 Discussion
We have presented the first use of the 3D fault mod-
elling techniques described by Howell et al. (in review)
in an earthquake simulator. These newmodelling tech-
niques allow us to generate a fault model for central A-
NZ which is more consistent with both mapped faults
in the region (Seebeck et al., 2023) and geological un-
derstanding of the interaction of faults at depth than
previous simulations. We now discuss our initial find-
ings from these simulations in the context of the three
key questions outlined in section 1, namely: 1) how
common are multi-fault ruptures? 2) Can RSQsim pro-
duce synthetic earthquakes with similar properties to
the 2016 Kaikōura earthquake (section 2)? and 3) what
is the role of the Hikurangi subduction interface in con-
trolling the proportion of earthquakes which are multi-
fault and the recurrence interval, magnitude and geom-
etry of such earthquakes? We also suggest potential av-
enues for future research.

5.1 How common are synthetic multi-fault
earthquakes?

Faults in our synthetic catalogues rupture in bothmulti-
fault and single fault synthetic earthquakes (compare
on and off diagonal elements in Figure 7). RSQsim does,
therefore, produce synthetic earthquakes involving slip
onmultiple, spatially-separated faults. Fault surfaces in
our models are no closer than 500 m (section 3.2). This
result is not trivial, since, as discussed in section 3.1,
RSQsim is a quasi-static simulator, whose treatment of
earthquake rupture behaviour is effectively designed to
emulate the propagation of slip in (single fault) earth-
quakes, rather thandetailed reproduction of the physics
of rupture dynamics. The occurrence of synthetic,
multi-fault earthquakes implies that the approach of
weakening patches within a small area around patches
which are slipping is a successfulmethodof rupture em-
ulation (Dieterich, 1995).

5.1.1 Proportion of synthetic earthquakes which
are multi-fault

The relative number of single- and multi-fault earth-
quakes varies widely between faults (and depends on
the synthetic catalogue, section 5.3). End-member ex-
amples are Hope Hanmer NW, which only ruptures
in multi-fault synthetic earthquakes, and the Palliser-
Kaiwhata fault in the ‘No Interface’ catalogue, which
only ruptures in single-fault events (although this is not
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Figure 9 Cumulative histograms of the aspect ratios (ratio of strike-parallel to strike-perpendicular rupture dimension) of
the upper crustal component of earthquakes in our RSQsim catalogues, i.e. neglecting the distribution of slip on the subduc-
tion interface. a) shows the aspect ratios of all earthquakes with Mw>6.2 in these catalogues (equivalent to 2 Mw 6 earth-
quakes), whereas b) shows the aspect ratios of multi-fault earthquakes, using the definition of at least 2 faults having a mo-
ment release equivalent to Mw 6. Orange lines show the ‘Interface’ catalogue, green lines show the ‘No Interface’ catalogue.

the case in the ‘Interface’ catalogue). Thediversity of be-
haviour and proportions of single-fault and multi-fault
ruptures suggests that RSQsim is able to capture some
of the complexities of how different faults interact and
contribute to each other’s stress state, consistent with
observations of e.g. the Papatea fault, which may ex-
perience its largest displacements in multi-fault earth-
quakes (e.g. Langridge et al., 2018; Diederichs et al.,
2019) but may also rupture in single fault earthquakes
(Langridge et al., 2023). We note, however, that we do
not expect the homogeneous elastic medium in which
faults are embedded in RSQsim to reproduce the de-
tailed behaviour of faults, such as the Papatea fault,
which are thought to show anelastic loading behaviour
(Diederichs et al., 2019).

The proportion of synthetic earthquakes which in-
volve multiple faults increases with earthquake mag-
nitude, for both of our catalogues and for all defini-
tions of ‘multi-fault’ (Figure 5). All but one of the syn-
thetic earthquakes aboveMW 8 in the ‘No Interface’ cat-
alogue, and 97% of those in the ‘Interface’ catalogue,
involve rupture on more than one fault. This increas-

ing proportion of multi-fault synthetic earthquakes at
high magnitude, is consistent with Nicol et al. (2016)’s
suggestion that the individual faults involved in multi-
fault ruptures in A-NZ still follow their ‘characteristic’
magnitude-area scaling. In this case, the area of each
individual fault would determine the maximummagni-
tude of earthquake which it is able to host (e.g. Wells
and Coppersmith, 1994; Stirling et al., 2023) such that
there are limited faultswith sufficient area tohost earth-
quakes with Mw > 8, requiring multiple faults to be in-
volved in the largest earthquakes (particularly in the ‘No
Interface’ catalogue, discussed further in section 5.3).
This result is also consistent with observation records
of global earthquakes compiled by Quigley et al. (2017),
who found that the proportion of earthquakes involving
multiple faults (and the number of faults involved) in-
creased with earthquake magnitude.

Our results also suggest, however, that it is likely
that the more detailed our observations of an earth-
quake, the more likely it is to appear complex or multi-
fault. Even the most restrictive definition of a multi-
fault earthquake which we use here may not be suffi-
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Figure 10 Examples of ‘Kaikōura-like’ earthquakes from the ‘Interface’ (a, b, c) and ‘No Interface’ catalogues (d, e). c) shows
a rare (n=2) Kaikōura-like event in the ‘Interface’ catalogue which does not involve the subduction interface.

cient for an earthquake to be observable paleoseismo-
logically, yet there is already a significant increase in
the times between syntheticmulti-fault earthquakes us-
ing our least andmost restrictive definitions (any slip on
more than one fault vs surface slip and more than one
fault with an effective magnitude release >Mw6, Fig-
ure 5).

The definitions of “multi-fault” whichwe use here are
appropriate – and tractable – conditions for our syn-
thetic earthquake catalogues, where the specific faults
which rupture are well defined, but are somewhat dif-
ferent from those used in the literature. Quigley et al.
(2017), for example, require multi-fault earthquakes to
rupture faults separated by less than 10 kmwith a pause
between these ruptures of nomore than 20 s. We return
to the temporal gap used in section 5.1.2 below. Those

authors also define fault segments as part of the same
fault kinematically if the angular change in strike be-
tween contiguous segments is <30◦. These criteria are
less relevant for the simulator context where the syn-
thetic slip on each fault is known and faults are pre-
specified, which raises important questions about the
detectability of multi-fault involvement in earthquakes,
and how to compare synthetic catalogues to observed
catalogues. Importantly, although we see complex
multi-fault synthetic earthquakes in our catalogues,
these are still bounded i.e. we do not see any events
with full rupture of all faults. These bounded multi-
fault earthquakes suggest that the stress-propagation in
RSQsimdoes limit the lateral extent of rupture, andhow
these limits compare to those from e.g. the plausibil-
ity filter approach used by UCERF3 (Milner et al., 2021)
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and the A-NZ National Seismic Hazard Model (Gersten-
berger et al., 2024b), is an important area for future re-
search.

5.1.2 Recurrence intervals of synthetic multi-
fault earthquakes

Of the definitions we use for a ‘multi-fault’ earthquake,
the one which is most similar to expected observational
bounds is surface rupture on more than one fault and
more than one fault has an effective magnitude release
equivalent to >Mw 6 (definition 4; cf. Nicol et al., 2016;
Coffey et al., 2022, although we note that ‘surface rup-
ture’ in our case means at least 0.1 m of slip on a patch
within 1 km of the surface, whichmay be an overly gen-
erous estimate for observability.) These synthetic earth-
quakes have a median recurrence interval of 81 and 87
years for our ‘Interface’ and ‘No Interface’ catalogues re-
spectively (Figure 5, section 4.2.2). Nicol et al. (2022) es-
timated that of the eight surface-rupturing earthquakes
which have been documented in A-NZ since 1840 (the
initiation of written historical records), seven involved
multiple faults. Their dataset gives a median interevent
time of 33 years – with significant clustering – for the
whole country. This median value is somewhat lower
than that from the synthetic catalogue, but the discrep-
ancy is not surprising given the small size of the obser-
vational dataset, and the larger geographic area which
it spans (Nicol et al., 2022, include 3 multi-fault earth-
quakes outside our study area).
A key question is what causes the short times be-

tween synthetic multi-fault earthquakes in our cata-
logues (grey bars in figure 5). These events are closely
spaced and frequently either directly along strike or
involve faults closely connected in three dimensional
space by the subduction interface (which may be the
reason these short times between similar synthetic
earthquakes are more common in the ‘Interface’ cata-
logue). These relationships suggest that these short in-
terevent times are related to the definition of a single
earthquake in RSQsim. This definition is based on shear
stress, with a synthetic earthquake ending when the
shear stress on all patches drops below the ‘steady-state’
shear stress. We specify a stress overshoot factor, such
that the shear stress must drop below the steady-state
shear stress minus the overshoot factor (here 0.1) mul-
tiplied by the difference between the peak shear stress
in the event and the steady-state shear stress. This over-
shoot factor, the region over which a is reduced during
the ‘rupture’ phase, and the amount by which a is re-
duced (see section 3.3), combine to control how far a
synthetic earthquake propagates and when the patches
move back to the ‘healing’ phase. As such, it is possi-
ble to have a synthetic earthquake which ruptures mul-
tiple faults, falls below the steady-state stress thresh-
old everywhere and then exceeds that threshold again
in a very short time. This situation essentially corre-
sponds to the static stress change associated with the
initial earthquake having brought the fault sufficiently
close to failure that reloading is almost instantaneous.
Such sequences of synthetic earthquakes are similar to
earthquake doublets (e.g. Nissen et al., 2016), although

we note that since RSQsim is only quasi-dynamic, such
earthquakes might be more likely to be observed or
considered as single events if they occurred in the real
world (cf. the Kaikōura earthquake ‘jumping’ the Hope
fault with an associated pause in moment release; Du-
putel and Rivera, 2017; Ulrich et al., 2019). Quigley
et al. (2017), for example, use a pause in moment re-
lease of 20 s as their defining criterion for a single earth-
quake. The idea that some of these synthetic earth-
quakes would be considered as single, rather than sep-
arate, earthquakes if they were observed is consistent
with the slip distributions of synthetic earthquakeswith
short interevent times, which tend to ‘fill in’ gaps in
slip leftby thepreviousmulti-fault synthetic earthquake
(which is often also the previous synthetic earthquake),
or to continue the propagation of slip along strike.

5.1.3 Implications for comparisons between syn-
thetic and observational earthquake cata-
logues

Our results demonstrate the need to be very clear both
about which earthquakes our observational, histori-
cal and paleoseismic records are likely to capture (cf.
Nicol et al., 2016; Coffey et al., 2022), and the modelling
choices which underpin the synthetic earthquake cata-
logues before we can make appropriate, detailed com-
parisons between synthetic and observed catalogues.
To ensure that tests of earthquake simulators are robust
we must ensure our definitions are consistent, paying
careful attention to the probability of detection using
different methods, and appropriately reducing the in-
formation content of synthetic catalogues. This caveat
also applies to earthquakes on single faults.

A key example of the challenge in comparing ob-
served and synthetic earthquake records is in the def-
inition of multi-fault earthquakes. As discussed in sec-
tion 5.1.1, our results suggest a scale- and resolution-
dependence to the proportion of multi-fault earth-
quakes. The scarcity of multi-fault earthquakes in pa-
leoseismological records has already been suggested to
be, at least in part, an issue of low resolution in earth-
quake timing preventing precise correlation between
earthquakes rupturingdifferent faults (Clark et al., 2015;
Humphrey et al., 2025). The 2010 Darfield earthquake,
which would not have been resolvably multi-fault prior
to the advent of InSAR and GNSS (Beavan et al., 2012)
clearly demonstrates that the complexity of an earth-
quake is likely a function of the scale of our observa-
tions. How to compare between inherently uncertain
observations and inherently simplifiedmodels is, there-
fore a key challenge.

Overall, our results suggest that both seismic hazard
analysis and paleoseismological interpretations need to
account for the possibility of multi-fault earthquakes
(e.g. Valentini, 2021;Humphrey et al., 2025) and their ef-
fects on earthquake slip budgets (e.g. Howell and Clark,
2022).
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5.2 Can RSQsim produce synthetic earth-
quakes with similar properties to the
2016 Kaikōura earthquake?

As for ‘multi-fault’ earthquakes, the use of earthquake
simulators renders the definition of what constitutes a
‘Kaikōura-like’ earthquake challenging. Here we have
called synthetic earthquakes ‘Kaikōura-like’ if they have
Mw >7.5, involve≥ 4 faults with effective magnitude re-
lease within 1.5 magnitude units of the effective magni-
tude released by the principal fault andhave an effective
magnitude of at least Mw7 on the Jordan-Kekerengu-
Needles fault. Using this operational definition, theme-
dian time between Kaikōura-like synthetic earthquakes
in our ‘Interface’ catalogue is 2150 years, consistentwith
the recurrence interval proposed by Brough et al. (2023)
for The Humps fault and Kaikōura-like earthquakes.
These synthetic earthquakes reproduce some of the

complexity of the 2016 Kaikōura earthquake, suggesting
that RSQsim may be a useful tool to generate example
earthquakes beyond those which have been observed
but which are consistent with physical stress transfer.
Applications to potential future earthquakes are not
currently a common use of dynamic earthquake sim-
ulators, which have largely focussed on investigating
the conditions required to reproduced observed earth-
quakes (e.g. Ando and Kaneko, 2018; Ulrich et al., 2019).
Such scenario earthquakes could be useful for seismic
hazard and risk analysis, particularly generating realis-
tic slip and shaking scenarios (e.g. Howell et al., 2023b).
However, the synthetic earthquakes in our catalogues

also have some features which are not consistent with
observations from 2016. Specifically: 1) the subduction
interface (almost) always releases most of the seismic
moment for our synthetic earthquakes (discussed fur-
ther in section 5.3), 2) we do not see any instances of
earthquakes initiating south of theHope fault and prop-
agating on to faults to its north and 3) the ‘Kaikōura-like’
events not involving the subduction interface (in both
the ‘Interface’ and ‘No Interface’ catalogues, figures 10)
all involve theHope fault, which did not rupture in 2016.
These inconsistencies with specific features of the

2016 earthquake suggests a number of possibilities.
First, the quasi-static rupture approximation of RSQsim
may not adequately capture the dynamic stress trans-
fer involved in the Kaikōura earthquake (e.g. Ando and
Kaneko, 2018; Ulrich et al., 2019). Alternatively, simul-
taneous rupture of the specific combination of faults in-
volved in the Kaikōura earthquake may simply be ex-
tremely rare (consistent with the findings of e.g. Walsh
et al., 2023). The 2 kyr return times discussed by Brough
et al. (2023) are specifically based on evidence for the
rupture of The Humps fault, so do not have to involve
the same combination of faults involved in the 2016
earthquake.

5.3 What is the role of the Hikurangi sub-
duction interface in controlling synthetic
multi-fault earthquakes?

The similarities and differences between our ‘Interface’
and ‘No Interface’ catalogues offer insights into the role
of theHikurangi subduction interface in controlling the

proportion of earthquakeswhich aremulti-fault and the
recurrence interval, magnitude and geometry of such
earthquakes. The first published RSQsim catalogue for
A-NZ (Shaw et al., 2022) used a planar geometry for the
subduction interface. The Williams et al. (2013) model
we use here allows us to investigate how a more real-
istic subduction interface might interact with faults in
the overriding Australian plate. We note, however, that,
although the geometry of the interface is more realistic
in ourmodel than in previous iterations, the limitations
of RSQsim and our fault modelling techniques, particu-
larly not having listric faults and using a homogeneous
elasticmedium,mean that these comparisons aremore
indicative of the effects of having a connecting struc-
ture underlying a subset of the crustal faults than of the
full complexity of a subduction interface (e.g. effects of
fluids Bassett et al., 2014, and frictional heterogeneity,
Boulton et al. (2019)).
The most straightforward effect of including the sub-

duction interface in our models is increased productiv-
ity and a higher maximum magnitude (Mw8.7 as com-
pared to Mw8.1 with no interface). Similarly, a lower
proportion of large synthetic earthquakes involve mul-
tiple faults in our ‘Interface’, compared to our ‘No In-
terface’ catalogue because individual faults in the ‘No
Interface’ catalogue have insufficient area to host syn-
thetic earthquakes >∼Mw8. These findings are a first-
order check on our results – the large area of the sub-
duction interface means that we would expect it to
produce large earthquakes (as observed in subduction
zones globally) and having an additional large fault with
a non-zero slip rate would be expected to significantly
increase productivity.
Both of our catalogues contain multi-fault synthetic

earthquakes (section 5.1), with similar inter-event times
(Figure 5). For the ‘No Interface’ catalogue, these multi-
fault synthetic earthquakes primarily involve along-
strike, adjacent faults (Figure 7), suggesting that the
proximity of upper-crustal faults plays an important
role in allowing multi-fault earthquakes, such that fault
network geometry is likely to be a key control on
earthquake magnitude and timing (cf. Robinson, 2004;
Howarth et al., 2021).
There are, however, almost no ‘complex’ multi-fault

synthetic earthquakes in the ‘No Interface’ catalogue
(Figure 6, where ‘complex’ multi-fault is defined as Mw

>7.5, involving ≥4 faults with effective magnitude re-
lease within 1.5 magnitude units of the highest effective
magnitude released by the principal fault, section 3.4).
Those which do occur are similar to the (also limited)
crustal-only complex multi-fault synthetic earthquakes
in the ‘Interface’ catalogue (compare figures 10c and e).
This lack of ‘complex’ synthetic earthquakes may be

related to our specific definition, i.e. there are few such
synthetic earthquakes because there are relatively few
faults in the ‘No Interface’ model capable of generat-
ing large synthetic earthquakes, unlike the ‘Interface’
catalogue where the subduction interface can easily in-
crease themoment sufficiently tomeet at least themag-
nitude criterion. The ‘No Interface’ catalogue also con-
tains fewer faults which are within the stress influence
of another such fault such that they can co-rupture. The
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latter point highlights the key insight from our different
catalogues: the subduction interface facilitates stress
transfer between crustal faults.
We see this facilitation of stress transfer both in the

greater complexity of multi-fault synthetic earthquakes
in the ‘Interface’ earthquake and in the faults involved
in multi-fault synthetic earthquakes in our two cata-
logues. Our results in section 4.2.3 show that synthetic
earthquakes in the ‘Interface’ catalogue tend to have
higher aspect ratios (bemore ‘square’ inmap view) than
those in the ‘No Interface’ catalogue. That is, the along-
and across-strike widths of synthetic earthquakes are
more similar in the ‘Interface’ catalogue. Such ruptures
would potentially be excluded by the plausibility filters
used in seismic hazard analyses such as UCERF3 (Mil-
ner et al., 2022) and the New Zealand National Seismic
Hazard model (Gerstenberger et al., 2022, 2024a). In
contrast, synthetic earthquakes in the ‘No Interface’ cat-
alogue tend to be long and narrow, likely more con-
sistent with plausibility filters. These aspect ratios are
consistent with the observation that, at least for the
fastest slip rate faults, co-ruptures in the ‘Interface’ cat-
alogue frequently involve faults which are sub-parallel
and across strike from each other, whereas those in the
‘No Interface’ catalogue are typically adjacent to, and
along-strike from, each other.
As discussed in sections 3.3 and 5.1.2, stress transfer

during a synthetic earthquake in RSQsim depends on
the proximity of fault patches (and additionally which
ones are weakened during the ‘rupture’ phase). As a
result, the proximity of the subduction interface to the
base of multiple crustal faults means that it is likely to
drive rupture on these faults (seen from the dominance
of the Hikurangi subduction interface as the hypocen-
tral fault of complexmulti-fault synthetic earthquakes).
Crucially, the proximity of faults needs to be considered
in three dimensions, particularly in areas such as the
Marlborough fault system with a large number of dip-
ping faults. The proximity of fault traces is frequently
not the closest distance between such faults, and prox-
imity at depth can also facilitate stress transfer.
Lamb et al. (2018) argued that the subduction inter-

face is the only structure required to drive stress trans-
fer on the crustal faults of the Marlborough Fault Sys-
tem, whilst other authors have suggested that the de-
formation in this region is purely crustal (e.g. Reyn-
ers, 1998). We suggest an intermediate position where
the interface provides a key linking structure driving
stress transfer between crustal faults, but the geometry
of the crustal faults drives details of their strain accu-
mulation and rupture, particularly formulti-fault earth-
quakes and faults which are proximal at depth. Such
an interpretation is consistent with Nicol et al. (2022)’s
suggestion that the faultswhichhave co-ruptured in his-
torical multi-fault earthquakes in A-NZ are ‘hard-linked’
at depth, and with Page (2021)’s proposal that greater
fault connectivity is needed in seismic hazard models
in order to capture potential fault linkages. There is in-
creasing evidence for such combined subduction- up-
per plate earthquakes, both in Aotearoa-New Zealand
(Darby andBeanland, 1992; Pizer et al., 2023;Humphrey
et al., 2025) and globally (Gomberg and Sherrod, 2014),

and earthquake simulators may provide a viable start-
ing point to understand their potential consequences in
the absence of contemporary observations (cf. Robin-
son and Benites, 1996).
The discussion above focuses specifically on the

Hikurangi subduction interface, but the same role could
be performed by a different low-angle thrust fault un-
derlying multiple crustal faults at relatively shallow
depths. It is also worth noting that it is the large spa-
tial extent of the subduction interface, rather than a
particularly high slip rate, which facilitates this stress
transfer (the slip rate is 5-10 mm yr−1 under much of
the Kaikōura region and<5mm yr−1 further south, Fig-
ure 2). Our results therefore have little to say about
precisely which low-angle thrust was involved in the
2016 Kaikōura earthquake, but suggest that any such
structure is likely to have had an important influence
on the complexity of that earthquake. We also suggest
that the role of the subduction interface as a connect-
ing structure makes it particularly important to under-
stand the interface’s shape and location. If there is a
seismogenic subduction interface beneath theMarlbor-
ough and North Canterbury region, even with a low slip
rate, our results suggest that itmay facilitate large earth-
quakes, and earthquakes, such as the 2016 Kaikōura
event (e.g. Herman et al., 2023), where crustal faults
rupture with slip higher that expected frommagnitude-
scaling relations.

5.4 Limitations and future work

Our models represent an improvement to previous
physics-based synthetic catalogues for A-NZ, and the
first investigation of the potential utility of such simula-
tions in understandingmulti-fault ruptures, specifically
those similar to the 2016 Kaikōura earthquake. How-
ever, these simulations have a number of limitations
which would benefit from further exploration.
Two key areas for further exploration which are

within the current capabilities of RSQsim are the role of
fault network geometry and frictional parameters. Del-
ogkos et al. (2023) demonstrated the importance of geo-
metric complexity in controlling the outputs of RSQsim.
There are significant debates about the geometry of the
fault network in theNorthCanterbury andMarlborough
region (e.g. see comments in theNZCFM; Seebeck et al.,
2022, 2023), which suggest that it would be illuminat-
ing to run further simulations with a range of plausible
geometries in order to investigate their impacts on syn-
thetic earthquakes. Liao et al. (2024) have demonstrated
the importance of frictional parameters, and particu-
larly frictional heterogeneity inRSQsimcatalogues. The
frictional properties of faults in theMarlborough region
are generally poorly constrained, which motivated our
use of uniform frictional properties in this model. The
frictional properties of these faults are likely to be het-
erogeneous (e.g. Boulton et al., 2018; Eberhart-Phillips
et al., 2021; Brideau et al., 2022), so future work should
explore the effects of heterogeneity aswell as the appro-
priate conversions between conventional rate and state
friction parameters and the simplified parameters used
in RSQsim.
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WehaveusedRSQsim to explore the effects of the sub-
duction interface (or a similar, low-angle structure, sec-
tion 5.3) on synthetic earthquakes in central Aotearoa-
New Zealand. As discussed in section 2, there is still
debate as to whether the subduction interface – in the
sense of an active megathrust accommodating at least
some of the plate convergence rate – extends as far
south as in our model (Upton et al., 2025). Understand-
ing the location of active deformation in North Canter-
bury and how strain is transferred to the Alpine Fault, is
crucial for a more complete understanding of seismic
hazard across the northern South Island. The choice
to include a laterally-extensive subduction interface is
one of many made in conducting this modelling, which
express our assumptions and current understanding. It
is important to remember, and continue to distinguish
synthetic earthquakes from those which have actually
been observed, particularly where our results (e.g. sec-
tion 5.1.3) suggest that direct comparisons are not trivial
and require significant further work.
There is a more general challenge that using physics-

based simulators to extend the range of potential future
earthquakes beyond the constraints of the historical
record comeswith a loss of observational constraints on
the plausibility of earthquakes. How to ensure that syn-
thetic catalogues are consistent with observational ev-
idence whilst remaining unconstrained by the limited
imaginations of scientists, is perhaps the greatest chal-
lenge to the future use of such simulators and requires
critical reflection in addition to the development and
application of rigorous statistical methodologies, which
account for the limitations of both observational data
and synthetic catalogues.

6 Conclusions
We have made two 450 kyr synthetic earthquake cat-
alogues for central A-NZ using a physics-based earth-
quake simulator. These catalogues are both a tool for
investigating earthquakes in this region, and a demon-
stration of a new methodology for constructing mod-
els of 3D fault networks (Howell et al., in review). We
are able to reproduce the scaling relations observed
in the study area. Our catalogues contain numerous
multi-fault earthquakes, allowing us to investigate the
properties and temporal relationships of such events.
The Hikurangi subduction interface appears to play a
key role in allowing stress transfer between faults in
our models, particularly for complex multi-fault earth-
quakes, or those similar to the 2016 Kaikōura earth-
quake. We find that the times between ‘Kaikōura -like’
events in ourmodel are consistentwith proposed return
times from paleoseismology, but that we are unable to
reproduce the specific features of the 2016 earthquake.
These findings suggest that:

1. There is significant potential for multi-fault, multi-
cycle earthquake simulators to extend the range of
earthquakes considered in seismic hazard analyses
beyond those observed in the historical record.

2. Such simulations can produce complex multi-fault
earthquakes.

3. The Kaikōura earthquake in 2016 was likely dom-
inated by dynamic stress transfer, by interactions
between faults with geometries different from
those used in this study or represented an ex-
tremely rare event.
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