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Abstract
The Hikurangi subduction zone, located off the east coast of the North Island of New Zealand, has not seen a large (MW ≥8.0)
megathrust earthquake in recent history. This does not mean that great earthquakes are not possible on the subduction thrust.
The seismic hazard of the Hikurangi margin can be assessed by determining where on the plate contact slip deficit is accumulating
during the interseismic period. This can be done by comparing surface velocities produced by a 3D mechanical model to actual
GPS data, changing locking configurations to determine the best fit. This study is the first part of a multi-step project on
interseismic coupling at the Hikurangi Subduction Zone. This first part focuses on building a 3D model geometry that represents
the Hikurangi margin. This geometry was constructed using Gmsh (Geuzaine and Remacle, 2009). The subducting slab is based
on Slab2 (Hayes et al., 2018) and varies along both strike and dip. The overriding plate is simplified, with constant thickness
and no topography. The geometry also includes a cold nose, mantle wedge and sub slab mantle. To test the geometry, two
models are compared to each other, one where the subducting slab is stably sliding without resistance and another where a
circular feature on the megathrust with a diameter of 50 km is coupled to the overriding plate or ’locked’. Displacement and
slip on the megathrust are considered as well as the accumulation of shear traction on the slab’s surface. Finally horizontal
surface velocities produced by locking are compared to GPS velocities. The results show that the locking is functional and that
locking has a far-reaching, mechanically continuous influence on displacement in the model. Overall it can be said that the
model geometry is ready for the next step of this project.

1 Introduction
Subduction zones are capable of producing great earthquakes that cause significant damage. These earthquakes originate due
to stick-slip behaviour on the plate contact between the downgoing and overriding plates, also called the megathrust. During
the period between two earthquakes, the interseismic period, stress builds up on the megathrust, to be released during the
next earthquake. The interseismic period can have a duration of anywhere between several days to several hundreds of years.
Megathrust earthquakes can have very large magnitudes, like the 2011 MW 9.0 Japan earthquake (Wallace et al., 2014).
Along the Hikurangi margin, located off the east coast of the North Island of New Zealand, there is no historical record of
large (MW ≥8.0) megathrust earthquakes. The length of the interseismic period (the recurrence interval) of such megathrust
earthquakes is estimated to be between 300 (Wallace et al., 2009) and 875 years (Reyners, 1998). The historical record goes
back only 180 years (Wallace et al., 2014). Because of this relatively short historical record, the lack of records on large
megathrust earthquakes does not necessarily mean that there will not be any in the future. The seismic hazard of the Hikurangi
margin therefore needs to be estimated with different methods, such as determining slip deficit accumulation. This is calculated
by subtracting the slip on the plate interface from the relative motion of the plate (Herman et al., 2018). To determine where
the potential for hazardous earthquakes is the largest, it is important to know where on the subduction thrust a slip deficit is
accumulated.

1.1 Tectonic Setting
New Zealand is located in the plate boundary zone of the Pacific and Australian plates (figure 1). Processes related to this
zone dominate its active tectonics. Below the North Island of New Zealand, the oceanic Pacific Plate is subducting westward
beneath the continental Australian Plate at the Hikurangi margin (Wallace et al., 2009). At the trough, off the east coast of
the North Island, the subducting lithosphere has an age of 120 Myr and a thickness of 118-132 km (Hayes et al., 2018). Its
crustal component is an oceanic plateau, the Hikurangi Plateau, which has a thickness of 10-15 km (Davy and Wood, 1994).
The velocity of the Pacific plate relative to the Australian plate ranges from 47 mm/y in the north, at an angle of ∼70◦ to
the trough (DeMets et al., 2010; Reyners et al., 2011), to 37 mm/y nearly trench parallel around 42◦S (DeMets et al., 1994;
Reyners, 1998).
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Figure 1: Topographic map of the North Island of New Zealand and part of the South Island with contours of the top of the
subducting plate in black. The grey line marks the trench (Bird, 2003) on the main map, the blue line in the inset is a simplified
version that is used in the model geometry. The boundaries of the model are in purple both on the main map and the inset.
The direction of Pacific Plate motion is shown by the arrows. Red stars mark epicenters of significant earthquakes. Their
size indicates their relevance: earthquakes that are directly mentioned in the text have larger stars than those mentioned only
indirectly. Earthquake epicenters are from Doser and Webb (2003), Furlong and Herman (2017), Wallace et al. (2014), and
Webb and Anderson (1998).
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Subduction ceases around 42.5◦S where there is continental crust on both sides of the margin: the Chatham Rise and the
Challenger Plateau (Beavan et al., 2002; Wallace et al., 2009). There, the Marlborough Fault Zone connects the Hikurangi
margin to the Alpine fault, an oblique transform plate boundary running through the South Island (Zachariasen et al., 2006).
Northwards, the Hikurangi trough connects to the Kermadec and Tonga trenches. Together, they form a subduction system
that is 3000 km long (Wallace et al., 2009). Volcanism related to back-arc spreading is concentrated in the Taupo Volcanic
Zone (TVZ), located north of 39◦S on the central North Island (Wallace et al., 2009). The extension rates of the TVZ increase
northward from <5 mm/y around 39◦S to 15.6 mm/y around 38◦S (Wallace et al., 2004). Evidence of compressive tectonics has
been found south of 39◦S (Stern et al., 2006). Shortening has been estimated at ∼4 mm/y (Wallace et al., 2004). According
to Wallace et al. (2004) the contrast between back-arc extension and compression is caused by variations in thickness of the
Hikurangi Plateau. The thicker (15 km thick) crust in the south leads to collision, while thinner (10 km thick) crust allows for slab
rollback to happen, which can cause extension. The geodetic signature of the subducting slab in combination with extension in
the north and compression in the south leads to a GPS velocity field that resembles a clockwise rotation relative to the Australian
plate (figure 2). Clockwise rotation of the North Island has been studied with geodetic (Wallace et al., 2004) and paleomagnetic
(Mumme et al., 1989) data as well as by tracking volcanic arc migration (Calhaem, 1973). Rotation rates between 0.44◦/Myr
and 7◦/Myr relative to the Australian plate, depending on the used method, have been reported, with rotation poles clustering
around 173◦E, 39.5◦S. The rotation is believed to accommodate part of the margin-parallel component of the oblique subduction
at the Hikurangi margin. The remaining motion is accommodated on strike-slip faults on the overriding plate (Wallace et al.,
2004). A combination of slip on the plate interface and upper plate shortening accommodates the margin-normal component
of the oblique subduction. On geologic timescales, the margin-normal component of subduction is mostly accommodated by
slip on the subduction thrust (≥80%), with a small part being partitioned into shortening of the overriding plate. On shorter
timescales, however, GPS data show that there is less slip on the subduction thrust (20%) and more shortening. This difference
suggests that motion on the plate contact between the Pacific and Australian plates is characterized by stick-slip behaviour
(Nicol and Beavan, 2003).

1.2 Seismicity
New Zealand’s earthquake history goes back approximately 180 years. Since then, most earthquakes around the Hikurangi
margin have been on upper plate faults (Clark et al., 2015). Earthquakes from before the 1840s are only documented in Māori
oral history, which makes it difficult to associate these earthquakes with a precise source (Wallace et al., 2014). Because of
the large number of upper plate faults near the Hikurangi Margin, it is still complicated to determine the source fault of each
earthquake, even with modern seismic networks. The effects of earthquakes on the nearby faults being similar to those of an
interface rupture, like coastal deformation or tsunamis, adds complexity as well (Clark et al., 2019). Earthquakes can also
involve rupture on both the subduction interface and upper plate faults. An example of this is the 2016 MW 7.8 Kaikōura
earthquake (Furlong and Herman, 2017), which generated a tsunami with waves up to 4 meters high (Clark et al., 2019). The
earthquake originated on an upper plate fault but the tsunami was caused by oblique low-angle thrusting, which is associated
with the megathrust. The event triggered afterslip and slow slip events on the interface as well (Wallace et al., 2018). Since the
installation of the seismic network in 1917, there have been several earthquakes (partly) caused by rupture on the subduction
interface (figure 1). Two significant earthquakes during this period are the March 1947 Poverty Bay earthquake, measuring
MW 7.0-7.1, and the May 1947 Tolaga Bay earthquake, measuring MW 6.9-7.1. The March and May 1947 earthquakes both
caused tsunamis that were large relative to the magnitude of the earthquakes and are associated with the locations of subducting
seamounts. Other significant earthquakes that are with certainty attributed to the interface have magnitudes 5.5-6.5 (Wallace
et al., 2014). The 1855 Wairarapa earthquake, which happened before the possibility of instrumental measurements but has
estimated MW 8.1-8.4, could have involved slip on the subduction interface as well as on the Wairarapa fault. This is based
on evidence of vertical motion near Wellington related to the earthquake. However, this vertical motion was not extensive
enough to confirm the involvement of the subduction thrust in this earthquake (Beavan and Darby, 2005). For earthquakes
that happened before historic records were established, geological data can be used to determine involvement of the subduction
thrust. Evidence of uplift, subsidence and tsunamis shows 10 possible subduction earthquakes in the last 7000 years. The most
recent rupture is estimated to have been 470-520 years ago on the southern part of the margin (Clark et al., 2019).

1.3 Previous work
Several methods have been used to estimate the slip deficit/ degree of interseismic coupling of the Hikurangi subduction zone.
The first method compares GPS surface velocities with the plate velocities of the Australian or Pacific plates, assuming that
this is a measure of the build-up of elastic strain on the plate interface (Wallace et al., 2009). When the subducting plate slides
stably without resisting forces, the GPS velocities on the overriding plate are not impacted by the subduction. When part of
the interface is locked, however, the overriding plate will be dragged along with the subducting slab until the interface ruptures
and an earthquake occurs.
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Figure 2: Map of the North Island of New Zealand with horizontal GPS velocities (Blewitt et al., 2016, 2018). The purple line
shows the southernmost model edge and the black line the model trench (based on Bird, 2003).
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This dragging of the overriding plate affects surface velocities on the overriding plate, directing them landward, which is why
GPS can be used to estimate the degree of interseismic coupling. Another method uses the hypocenters and arrival times of
past earthquakes (Reyners, 1998) to approximate the slip deficit. A record of large earthquakes implies that there will be more.
This approach is based on the assumption that larger earthquakes equal more coupling (Ruff and Kanamori, 1980). In the
case of the Hikurangi margin this method is not very reliable as the historical record of earthquakes is relatively short (∼180
years) while the return period of great megathrust earthquakes in the region is estimated to be at least 300 years (Reyners,
1998; Wallace et al., 2009), but could be up to 625 (Wallace et al., 2009) or even 875 years (Reyners, 1998) for a MW 8.0
earthquake on the southern North Island. In other words, that there is no record of an interface rupture with MW ≥ 8.0 does
not mean that these great ruptures are not possible along the Hikurangi margin. Smaller earthquakes and microseismicity may
indicate regions with lower coupling, as the buildup of energy is released more often or even continuously (Wallace et al., 2009).
Using slow slip events (SSEs) is another way to further constrain the edges of the regions with strong interseismic coupling.
Slow slip events are a type of plate movement somewhere between an earthquake and a stably sliding fault: episodic like an
earthquake but not fast enough to produce seismic waves (Dragert et al., 2001; Wallace, 2020). SSEs have been observed at
several subduction zones around the Pacific Plate where other methods (geodetic and seismological) have determined to be
the transition zone between strongly coupled and weakly coupled regions (Dragert et al., 2001; Hirose et al., 1999; Schwartz
and Rokosky, 2007). Therefore, they are believed to be able to help constrain the location, geometry and extent of the locked
regions on the Hikurangi subduction interface (Wallace et al., 2009). Along the Hikurangi margin specifically, the nature of
SSEs varies with location. The locations of SSEs compared to the pattern of interseismic locking based on GPS velocities, are
used as confirmation of the validity of this pattern. Slow slip events in New Zealand generally occur on what are believed to be
the edges of strongly coupled regions.
Reyners (1998) proposed a crude locking pattern based on arrival time inversions of (micro)earthquakes and focal mechanisms
together with geologic and geodetic data. The northern South Island was suggested to be permanently locked, which means
that the Pacific plate would not be actively subducting there. Towards the north, the pattern shows a transition from strong
locking on the southern North Island, via moderate/ weak coupling around Hawke’s Bay (central North Island), to weak coupling
beneath the northern North Island. According to Reyners (1998) this transition is caused by thickness variation in both the
downgoing (thick in the south, thin in the central and northern regions) and overriding (thick in the south and central regions,
thin in the north) plates. Darby and Beavan (2001) proposed that the southern North Island is almost fully locked (coupling
coefficient close to 1.0). In Wallace et al. (2004) a more detailed locking pattern was suggested based on geodesy and tectonic
block rotations. In this model, the transition from a coupling coefficient close to 1 (stronger locking, in the south and of the
east coast of New Zealand in the north) to a coupling coefficient close to 0 (weaker locking, in the north) is very sharp. Contrary
to Reyners (1998), the interface beneath northern South Island has a low coupling coefficient and thus is not locked. Wallace
et al. (2012) refined the locking pattern from 2004, resulting in a similar pattern but with a more continuous strip of strong
locking off the east coast of the North Island and a slightly lower slip deficit beneath the southern North Island. The transition
from high to low coupling is still abrupt though. This locking pattern suggests that the southern North Island of New Zealand
is at risk for large megathrust earthquakes and tsunamis, perhaps even similar to the 2011 MW 9.0 Japan earthquake, while the
risk is lower on the northern North Island (Wallace et al., 2014).

1.4 Aim
According to previous workers (Wallace et al., 2004, 2012) only the southern portion of the Hikurangi subduction interface is
fully coupled to the overriding plate (and thus accumulates slip deficit), posing significant earthquake risks. The northern portion
of the interface is believed to be almost fully uncoupled, with a sharp transition between the coupled and the uncoupled zones.
A sharp transition between areas with contrasting slip rate deficits is not in agreement with continuum mechanics, as a patch
that is locked will slow down its surroundings (Herman et al., 2018). As a result, earthquake potential may be underestimated
for the northern North Island. Past research on the Hikurangi margin has not yet included a 3D mechanical model that focuses
on interface locking. Considering that GPS velocities are 3D it is most accurately compared with a model that produces 3D
velocities as well. Therefore, a 3D model with a detailed and accurate model geometry, especially regarding the subducting slab,
is best suited to determine whether the conclusion that the interface beneath the northern North Island is not (fully) coupled is
correct, and if not, if this locking poses earthquake risks. A comparison between surface velocities resulting from locking part
of the interface and GPS data from New Zealand’s continuously operating GPS network (Beavan et al., 2016, see figure 2) can
aid in determining which locking configurations are likely in light of existing observations. GPS data are obtained from Blewitt
et al. (2018) and Blewitt et al. (2016). Creating this model is a multi-step project, and the aim of this first sub-project is to
construct a 3D model geometry based on the Hikurangi subduction zone with the option to lock part of the megathrust. The
model with locking will have to show significant surface velocities on the overriding plate, as interface locking is believed to (at
least partly) be the cause of the GPS velocity field (Wallace et al., 2012).
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Figure 3: Two maps of New Zealand with Slab2 data (Hayes et al., 2018) imposed on top, a) shows the slab depth (contour
lines) and dip (colors) and b) slab depth (contour lines) and thickness (colors). The thick black lines in a) and b) show the
model’s edges.

2 Model set-up
The process involves the construction of a 3D geometry based on the Hikurangi margin, which is used in a finite element
model. The subducting slab in this geometry is based on actual data (Slab2, Hayes et al., 2018), making it variable both
along dip and along strike (figure 3). Slab2 is a model of the geometry of all seismically active subduction zones, including
the Hikurangi subduction zone. It uses active source seismic data, receiver functions, seismic tomography and both local and
regional seismicity (Hayes et al., 2018). It specifically includes studies that were executed along the Hikurangi margin (Barker et
al., 2009; Sutherland et al., 2009; Williams et al., 2013). Other model parameters are based on previous mechanical subduction
zone models (Govers et al., 2018; Herman and Govers, 2020b; Herman et al., 2018) and studies on the Hikurangi subduction
zone (Beavan et al., 2016; Bird, 2003; Tesauro et al., 2012) and subduction zones in general (Abers et al., 2020; Luo and
Wang, 2021). The model geometry is constructed using Gmsh (version 4.10.5 (Geuzaine and Remacle, 2009)), making use of
the OpenCASCADE kernel. Gmsh is chosen because of its ability to generate detailed 3D finite element meshes. The finite
element code used is GTECTON (version 2023.dev, Govers and Wortel, 2005). The resulting model has an option to lock part
of the slab to simulate the accumulation of slip deficit which could potentially result in a megathrust earthquake. The results
of this work will show a comparison between two models, a reference model which is fully unlocked (i.e. stably sliding) and
a model where a circle-shaped part with a diameter of 50 km (called an asperity) is coupled to the overriding plate, with its
surroundings still stably sliding.

2.1 Domain boundaries
The area of interest, the North Island of New Zealand and the Hikurangi margin, is located between 34.5 and 42◦ S and 170 and
180◦ E. Within this area, all GPS stations on the North Island are included (figure 2). Where possible, the domain boundaries
are chosen widely around this area of interest to avoid domain boundary artefacts. The easternmost boundary of the model
geometry is at least 300 km from the trench, which is far enough based on studies with similar purposes (Herman and Govers,
2020b; Herman et al., 2018), where distances of at least 100 km between the trench and the edge of the model are used. To
the west, the model domain extends 300 km from the westernmost point of New Zealand’s coastline, and around 750 km from
the TVZ, from where GPS velocities approximate zero westward (figure 2).

6



Figure 4: a) Map view of the locations of the cross-sections through the Slab2 data (Hayes et al., 2018) used to approximate
the slab geometry. The contour lines show the depth of the slab and the thick black line is the model trench (based on Bird,
2003). The colors of the cross-sections correspond to b), where their shape is shown including error bars. The purple line is the
southernmost edge of the model and the red line the northernmost edge.

Northwards, the model extends 700 km beyond the edge of the research area. The Hikurangi margin terminates at 42.5◦S and
transitions into the Alpine Fault (Beavan et al., 2002; Wallace et al., 2009). Extending the subduction zone further southwards
than 42.5◦S would not be accurate and including the South Island in a realistic manner would complicate the model, which was
not preferred. Figure 3a shows that the shape of the slab changes significantly south of 42◦S. The slab dip increases rapidly
and the slab seems to be pinched off. To avoid warping the slab geometry unnecessarily the southern boundary of the domain
was chosen to be adjacent to the area of interest. As a consequence domain boundary artefacts may not be prevented. The
northern and southern model boundaries are parallel to cross-sections which were chosen to be approximately perpendicular to
the overall strike of the slab at depths greater than 100 km. Close to the surface the strike varies, as does the shape of the
trench, but at greater depths the strike is fairly uniform (contour lines in figure 4a, Hayes et al., 2018). The overall model is
1350 by 1400 by 298 km. The model origin (x,y,z) = (0,0,0) is located at 39◦ S, 176◦ E and the free surface. The positive
x-axis points to the southeast, the positive y-axis points northeast and the positive z-axis points upwards.

2.2 Geometry
2.2.1 Pacific plate

To approximate the shape of the downgoing slab at the Hikurangi margin, thirteen cross-sections were made through the Slab2
data (Hayes et al., 2018), which are shown in figure 4a. Eleven of these cross-sections are equally spaced within the model
domain. Of the remaining two, one defines the slab along the northernmost edge of the model, the other controls the shape
of the slab between its adjacent cross-sections (the two red lines in figure 4a). The data points of these cross-sections are
used to construct the slab’s top surface. The shapes of the cross-sections are plotted in figure 4b, together with their vertical
uncertainties. Horizontal uncertainties are not included in Slab2 (Hayes et al., 2018). The figure shows that the slab is curved.
Its northern and southern ends are the steepest. Using only the two cross-sections at the edges therefore does not approximate
the shape of the slab well enough, as the center cross-sections have gentler slopes. Figure 4b shows that most neighbouring
cross-sections are similar enough that they fall within each other’s vertical uncertainties. In the south where the trench curves
and approaches the transition into the Alpine Fault, the error bars overlap less. Since the shape becomes gradually steeper in
the south (i.e. apart from this steepening the actual shape of the slab does not change significantly), interpolation between the
cross-sections approximates the slab surface. For most of the cross-sections, the Slab2 (Hayes et al., 2018) depth data start at
5-8 km depth and do not intersect with the trench (figure 4b). The slab’s surface east of the trench was chosen to be constant
at 3.2 km depth, based on the ocean depth of the coast of Hawke’s Bay (Google Earth).
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Figure 5: Process of constructing the subducting slab and sub slab mantle in Gmsh.
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Points with an assigned depth of 3.2 km (representing the Pacific Plate east of the trench) were added to each cross-section to
smoothen the transition between the Slab2 (Hayes et al., 2018) depth data and the edge of the model.
The thickness of the Pacific plate varies between 118 and 132 km along the Hikurangi margin and averages about 125 km
(figure 3b, Hayes et al., 2018). Since the model slab is elastic, its thickness should not necessarily correspond to the lithosphere
thickness of the Pacific plate but rather to its effective elastic thickness, which is around 60 km (Tesauro et al., 2012). Based on
the effective elastic thickness, the slab was chosen to have a constant thickness of 60 km. To achieve this the base of the slab
was created by copying each Slab2 data point and moving it 60 km downward perpendicular to the slab dip in that point (figure
3a, Hayes et al., 2018). The data points were converted to Cartesian coordinates. Then, the points were used to construct the
slab volume in Gmsh (version 4.10.5, Geuzaine and Remacle, 2009) making use of the OpenCASCADE kernel. To do this, all
points were put in a Gmsh file ordered by cross-section (figure 5a). Splines were drawn through the outer cross-sections on the
top and bottom and through the first and last points of each cross-section on the top and bottom (figure 5b). These splines
are the bounds of the top and bottom slab surfaces. The other cross-sections were included with the ’Using Point’ option that
comes with the OpenCASCADE kernel. The top and bottom surfaces were then connected with four side surfaces to create a
volume (figure 5c). As the edge of the slab was too close to the trench this way, the edge was extruded 250 km in the positive x
direction (figure 5d). To create the sub slab mantle, the bottom surface of the slab was extruded 300 km in negative z direction
and then truncated at z=-298 km to ensure a straight bottom edge of the geometry (figures 5e and f). All unnecessary points
were deleted, leaving the slab geometry shown in figure 5g. The asperity was added by including a cylinder in the geometry and
using the BooleanIntersection function to leave only the circular surface within that cylinder that intersects with the top surface
of the slab (figure 5h).

2.2.2 Australian plate

Moho depth varies between 20 and 35 km on the North Island and northern South Island of New Zealand (figure 6, data
from Salmon et al., 2013 and Afonso et al., 2019). The modelled overriding plate represents both the crust and part of the
lithospheric mantle and therefore has a thickness of 40 km. Additionally, the model geometry is set up so that the bottom of the
overriding plate defines the end of the megathrust on the interface. Previous workers have defined ∼40 km depth as the deepest
part where the downgoing and overriding plates are interseismically coupled at the Hikurangi margin (Wallace et al., 2004). A
thickness of 40 km for the elastic overriding plate is also consistent with other 3D subduction zone models (D’Acquisto et al.,
2023; Govers et al., 2018; Herman and Govers, 2020b; Herman et al., 2018) and lies within the range of a typical brittle-ductile
transition (Abers et al., 2020). It is not likely that the process of subduction will significantly influence the topography (or vice
versa) on a 40 year timescale so topography is not included to simplify the model.
The modelled overriding plate is based on two flat, rectangular surfaces at z=0 and z=-40 km, connected by side surfaces to
form a volume (figure 7a). The surface at z=-40 km was extruded twice. First to the bottom of the geometry (z=-298 km) to
form the mantle wedge and then to z=-80 km. Above depths of ∼80 km the subducting slab is not yet coupled to the mantle,
which results in relatively cold, stationary material. This corner of the mantle wedge between the overriding plate and the slab
is commonly referred to as the cold nose (Abers et al., 2020; Luo and Wang, 2021). At this point (figure 7b), the ’Australian’
part of the model consisted of two volumes (overriding plate and mantle wedge) and the surface at 80 km depth (which will be
used to construct the cold nose later). It was cut into shape using the bounds of the domain (based on the outer cross-sections
used to define the slab) and the model trench (figures 7c and d). The trench consists of two line segments (thick black line in
figure 4a) based on the Hikurangi trench as defined by Bird (2003) (grey line in figure 1). The trench is defined as a vertical
boundary of the overriding plate to avoid an infinitesimally small taper, which may cause problems with meshing.

2.2.3 Combining the Pacific and Australian plates

The result of adding the slab and overriding plate geometries together is shown in figure 8a. The overriding plate, mantle wedge
and cold nose surface intersect the slab and sub-slab, instead of terminating against the slab. With the BooleanFragments
option, the overriding plate and mantle wedge were cut into shape while at the same time defining the top (at z=0 km) and
bottom (at z=-40 km) of the megathrust on the slab (figure 8b). Figure 8b shows that where the overriding plate meets
the slab, its thickness decreases gradually until it terminates at the trench. The minimum thickness of the overriding plate is
3.2 km at the easternmost part of the trench. The cold nose surface, which still intersected the slab at this point, was cut
using the BooleanIntersection option so only the part inside of the slab remained. This smaller surface was extruded to z=-39
km, resulting in a volume diagonally cut in half by the slab with the top 1 km intersecting the overriding plate. Lastly, the
BooleanDifference option was used to delete the parts of the volume overlapping with the slab and overriding plate. The cold
nose is the remaining volume (figure 8c). An illustration of the resulting geometry is shown in figure 9.
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Figure 6: Interpolated crustal thickness of the North Island of New Zealand and its surroundings based on data from Salmon
et al. (2013) for the continental portion and Afonso et al. (2019) to supplement data for the oceanic surroundings
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Figure 7: Process of constructing the overriding plate, cold nose and mantle wedge in Gmsh.

Figure 8: Process of combining the subducting slab and sub slab mantle with the overriding plate, cold nose and mantle wedge
in Gmsh.
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Figure 9: Illustration of the model geometry with the five different volumes: the slab in red, the sub-slab mantle in orange, the
cold nose in yellow, the overriding plate in dark green and the mantle wedge in bright green. The coastline of New Zealand and
the trench are projected on top of the model for clarity.

2.3 Mechanical properties
To simplify the model, it is divided into an elastic and a viscoelastic part. The top 40 km of the overriding plate, the subducting
slab and the cold nose are chosen to be elastic, with a viscosity of 1030 Pa s. The mantle wedge beneath the elastic overriding
plate and the sub-slab mantle are viscoelastic and have a viscosity of 1019 Pa s. Young’s modulus is chosen to be 100 GPa
and Poisson’s ratio is 0.25. Both are uniform throughout the model. This corresponds to a Shear modulus of 40 GPa. The
viscoelastic part of the model is chosen to have a Maxwell rheology, which means that the relaxation time of the model is about
8 years. These properties are based on other 3D subduction zone models with similar purposes and are consistent with PREM
for the top 40 km (Dziewonski and Anderson, 1981; Govers et al., 2018; Herman and Govers, 2020b; Herman et al., 2018).

2.4 Boundary conditions
The boundary conditions are illustrated in figure 10. On the oceanic side of the slab, a horizontal velocity boundary condition of
43 mm/y was imposed at an angle of 41 degrees to the eastern edge of the slab. This was based on the direction and magnitude
of the velocity of the Pacific Plate near Hawke’s Bay (figure 1, DeMets et al., 1994; Nicol and Beavan, 2003). Hawke’s Bay
is located approximately at the center of the margin with plate velocity increasing northwards and decreasing southwards along
the margin. Therefore, the plate velocity at Hawke’s Bay was chosen as an average for the entire margin. The slab moves in the
negative x and y directions. The easternmost bottom edge of the sub-slab mantle is not allowed to move at all. Where the slab
leaves the bottom of the model at 298 km depth, the same velocity boundary condition as on the oceanic side was imposed,
but the x-component was rotated to be parallel to the dip of the slab there. The rotation adds a vertical component to the
applied velocity, making sure the slab moves downward instead of just horizontally through the domain. The western side of the
domain is not allowed to move in any direction. Therefore, displacement will approach zero towards this ’backstop’. Backstop
location can have a significant influence on horizontal surface displacement in the model. When the backstop is too close to
the region of interest, horizontal surface displacements decrease inaccurately away from the trench. In this specific model, the
backstop will not influence model results significantly, as horizontal surface displacements are already close to 0 west of the
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Taupo Volcanic Zone (figure 2; Beavan et al., 2016). The sides of the model are left open to avoid edge effects, especially
since the southern edge of the model is close to the research area. The bottom interface between the slab and sub-slab mantle
consists of slippery nodes (Melosh and Williams Jr, 1989). This allows the slab to slide freely along this interface. The top
interface can be entirely slippery, but it is also possible to partly lock the megathrust. This is done by imposing large (1020 Pa)
differential Winkler forces on part of the fault, an asperity. The asperity has a diameter of 50 km and can be placed anywhere
on the megathrust. When the asperity is locked, there can be no slip on that surface. Everything outside the asperity is allowed
to slip without resistance, but the asperity will limit motion around it. Therefore, the area surrounding the asperity will not
slip at the convergence rate imposed on the sides of the model (Herman and Govers, 2020a; Herman et al., 2018). For the
purpose of testing the model geometry and boundary conditions, the asperity is placed in the southern part of the domain, with
its center at y=-310 km.

Figure 10: The model’s boundary conditions, a) shows the whole model with the coastline of New Zealand and the trench
projected on top. The arrows show the direction and magnitude of the imposed velocity on the green colored edges of the
model.The surfaces with slippery nodes are orange. The red circle has the possibility to be locked but is slippery too if not.
The blue surfaces and line show where a displacement boundary condition is imposed on the model’s edges. In b) the boundary
conditions are shown again but now as a cross-section through the model. Green parts are elastic while blue parts are viscoelastic.
The orange lines show surfaces where slippery nodes were added. The red line is the megathrust, with slippery nodes as well
but also the possibility to lock part of this surface. The green arrows show the direction of the velocities imposed and the blue
triangles show the displacement boundary condition.
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2.5 Numerical model
Displacement along the Hikurangi margin is modelled using the 3D finite element code GTECTON (version 2023.dev, Govers and
Wortel, 2005). GTECTON uses PETSc (version 3.17.2, Balay et al., 1997, 2022a, 2022b) and OpenMPI (version 4.1.5UCX,
Gabriel et al., 2004) to solve the mechanical equilibrium equations. The used mesh (generated using Gmsh version 4.10.5,
Geuzaine and Remacle, 2009) has the highest resolution close to the asperity. The remaining interface from the trench down
to the coupling of the downgoing plate and mantle wedge (at 80 km) also has a relatively fine mesh. The remaining mesh has
a lower resolution to save on computation time. Based on the prescribed Young’s modulus of 100 GPa and viscosity of 1019 Pa
s, the Maxwell relaxation time of the mantle wedge and sub-slab mantle is ∼8 years. The model runs for 40 years (5 relaxation
times, to make sure that full viscous relaxation is reached) with a time step of 0.5 years.

3 Test results
The model design is validated using two tests. One is a model where the subducting slab is stably sliding without resistance.
In the other model, a circular patch on the megathrust, with a diameter of 50 km, is locked. This means that that patch is
fully coupled to the overriding plate above, simulating the accumulation of slip deficit that may cause an earthquake. Away
from this so-called asperity, the slab is expected to move with the imposed velocity. In this section, both models are shown and
compared after 40 years of displacement at 43 mm/y.

Figure 11: a) Cross-section through the model without locking, showing displacement in meters after 40 years and b) top view
of slip on the megathrust in meters after 40 years of displacement at 43 mm/y without locking. The yellow lines in a) and b)
are at the same location in both figures.

3.1 Displacement and slip
After 40 years, 1.72 m of slab-parallel displacement is expected in the straight segments of the free-slipping model. Where the
slab bends, displacement is expected to deviate from the 1.72 m, with more displacement above and less displacement below
the mid-plane due to deformation related to the bending of the slab. The slab’s top and bottom surfaces consist entirely of
slippery nodes (i.e. the slab is able to slide independently of its surroundings). Consequently, there should be no displacement
outside the slab.
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Figure 12: Cross-section through the model without locking, showing displacement in meters after 40 years with a different
color scale highlighting the differences in displacement within the slab.

Figure 11a shows the displacement magnitude in a cross-section at y=-310 km through the free-slipping model. Figure 11b
shows the location of the cross-section on the megathrust. Displacement is concentrated in the slab, but not zero outside it.
Displacement outside the slab is mainly vertical. Figure 11a shows that displacement is not parallel to the slab. The vertical
component of the displacement increases too fast, causing the slab to sink. The overriding plate sinks with it. The sinking
leads to vertical displacement in the sub-slab mantle, which is relatively weak due to its lower viscosity and a lack of buoyancy
forces resisting the sinking.The displacement not being slab-parallel is a consequence of a lack of control on the drive of the
slab, as it is driven only by the velocity boundary conditions where the slab enters at the oceanic side and leaves at the bottom
of the domain. Slip on the megathrust is impacted as well, which is to be expected as it only involves slab parallel motion.
Figure 11b shows that slip is not spatially constant. More slip indicates a smaller slab-perpendicular component of displacement.
This shows that along dip, displacement is more slab-parallel closer to the trench, which is valid as the trench is closest to the
horizontal drive of the slab. Slip also varies along strike and is smallest around y=700-950 km. This is possibly related to the
shape of the megathrust. The highest slip is achieved where the megathrust is the most flat. In the north, the megathrust is
relatively steep and thus there is less slip. The southernmost part of the slab is also steep, but the megathrust is less steep
than in the northern part of the domain. From the contrast in displacement magnitude between the slab and its surroundings
it can be concluded that the slippery nodes are mostly functional, but not perfect. Because the model geometry is still in a
testing stage, a relatively coarse mesh was used. Representing the irregular slab surfaces with a coarse mesh causes the mesh
to be ’bumpy’ instead of smooth, hindering the slippery nodes. This causes part of the slab displacement to be transferred to
the mantle and overriding plate.
Figure 12 highlights displacement within the slab and shows that the expected pattern of displacement that was described before
is not achieved. In the horizontal part of the slab, there is less than 1.72 m of displacement. There is 1.87 m of displacement
above the mid-plane where the slab bends. Below the mid-plane, there is approximately 1.75 m of displacement. This may also
be caused by the displacement not being parallel to the slab dip. The displacement vectors in the slab start bending before the
slab geometry starts bending, which results in the mid-plane (of the bend described by the displacement vectors) being mostly
outside the slab. At the bottom of the model there is around 1.72 m of displacement, with exception of a corner where there
is less displacement. This is caused by GTECTON not allowing a velocity boundary condition on an edge with slippery nodes.
Therefore, the nodes of that edge have no boundary condition applied to it and thus have lower velocity than the other nodes
on the bottom surface.
Figure 13 is a cross-section at the same location as the one in figure 11a, but through the model with locking. Similar to
the free-slipping model, displacement is concentrated in the slab and decreases away from it. At the location of the asperity,
displacement is increased in the overriding plate and decreased in the slab. Their similar amounts of displacement indicate that
they are coupled. One of the objectives of this project is mechanically continuous locking on the megathrust. Figures 14a and
14b show a comparison between slip on the megathrust without locking and with locking. In the locking model, there is zero
slip inside the asperity and slip is reduced around it. This is similar to the results of Herman et al. (2018), from which it can be
assumed that locking the asperity with high differential Winkler forces works. Away from the asperity, slip gradually increases
but it never reaches the level of slip of the free-slipping model.
To isolate the effect of locking part of the megathrust, the difference between the two models is shown in figure 15. As expected
from Govers et al. (2018), locking results in shortening of the overriding plate and shear deformation of the slab near the
asperity. The extra displacement in the cold nose and mantle wedge was not expected, but can again be explained by the lack
of buoyancy forces in the model. The vertical component of the overriding plate’s displacement pushes down on the cold nose
and mantle wedge without resistance.

15



These results show that displacement is not slab-parallel, which causes deformation in other parts of the model. This needs to
be corrected in future model iterations. The results from locking the asperity are as expected, especially on the megathrust.

Figure 13: Cross-section through the model with locking, showing displacement in meters after 40 years.

Figure 14: a) Top view of slip on the megathrust in meters after 40 years of displacement at 43 mm/y with a) a free-slipping
interface and b) a locked asperity on the megathrust. Figure 14a is the same as figure 11b, with an adjusted scale for clear
comparison.
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Figure 15: Difference in displacement in meters after 40 years between the model with and the model without locking.

3.2 Shear traction
In the previous section, it was already stated that while the slippery nodes are functional, they are not perfect. To further
confirm this statement, shear traction on the slab’s top surface was evaluated. There should be zero resolved traction on the
free-slipping surface if the slippery nodes work perfectly (Melosh and Williams Jr, 1989). Inside the asperity a pattern of shear
traction that is high along the edge and decreases towards the middle is expected. Directly outside the asperity, everything slides
stably and shear traction should be zero again (Herman et al., 2018). Shear tractions on the interface are calculated using the
components σij from the Cauchy stress tensor and normals n̂ on the surface of the subducting slab. Figure 16 indeed suggests
that the model should be improved: the accumulated shear tractions are relatively small (compared to shear traction inside the
asperity in figure 17) but not zero. The same relatively small shear tractions are present in the model with the locked asperity,
shown in figure 17. Presumably these non-zero shear tractions are again caused by the model’s mesh being too coarse. The
interface of the asperity model accumulates the most shear stress inside the asperity (up to 430 MPa). The expected pattern
is not visible however, and, more importantly, there is not zero shear traction directly outside the asperity, which is unexpected.
This inconsistency can be explained by the way the shear tractions were calculated, as the components of the stress tensor are
calculated per element (so concentrated in its center), while normal vectors are calculated on the nodes (at the corners of the
element). Combining element en node data to calculate shear stress on the plane might skew the location of the shear stress
accumulation and assign it to an element outside the asperity because it shares a node with an element inside the asperity.
These shear stress calculations show that the basic features of the model are present. However, due to a relatively low mesh
resolution some stresses build up outside of the asperity.

17



Figure 16: Top view of shear stress on the slab’s top surfaces of the stably sliding model. The lines show the different surfaces
that were defined. Scale is the same as figure 17.

Figure 17: Top view of shear stress on the slab’s top surfaces of the model with a locked asperity. The lines show the different
surfaces that were defined, the asperity is the circular feature around x = 90 km and y = -310 km. Scale is the same as figure
16.

3.3 Horizontal surface velocities
To test the functionality of the locking the horizontal surface velocities produced by the model are compared to GPS velocities
within the domain. Since the asperity is relatively small and the model is very simplified at this stage a great fit is not expected.
Additionally, the model only accounts for horizontal surface velocities due to locking while, as elaborated upon in the introduction
of this work, surface velocities in New Zealand (specifically the northern North Island) are influenced by back arc extension in
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the TVZ as well. The horizontal surface velocities on the overriding plate (figure 18) again show how the overriding plate moves
along with the subducting slab when they are partly mechanically coupled. It also shows that this coupling influences not just
the part of the overriding plate directly overlying the locked portion of the slab. Significant velocities of 10 mm/y (whereas the
slab has a velocity of 43 mm/y) are seen 500 km away from the center of the asperity (at y = -310 km), meaning that locking
a patch, with a diameter of 50 km, beneath the northern South Island, influences horizontal surface velocities on the northern
North Island. Comparing figure 18 to figure 2 shows that the single locked asperity in the model already produces horizontal
surface velocities similar to GPS velocities on the southern North Island and northern South Island. As expected, the northern
North Island is not approximated at all. From figure 18 it is evident that the overriding plate is coupled to the slab and that
this coupling is mechanically continuous, as was intended.

Figure 18: Top view of horizontal surface velocity in the model. Coloring shows magnitude of the velocity and arrows show
direction on the overriding plate only.

4 Discussion
4.1 Room for future model improvement
The two main flaws of the model are the slippery nodes not working perfectly and slab displacement not being slab-parallel. It
is expected that the problem with the slippery nodes can be solved by making the model’s mesh finer. The direction in which
each slippery node can slip is determined by Euler angle rotations that rotate a local coordinate system (x-axis parallel to the
slab surface at a specific node) into the global coordinate system (x-axis parallel to the top of the overriding plate). In the
coarse mesh used in this model iteration the nodes on the slab surfaces are too far apart. On a highly variable slab surface this
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causes Euler angle calculations to be inaccurate in between nodes. The local coordinate system then is not slab-parallel and
the slip direction is off. A finer mesh and thus more nodes on the surfaces will represent the highly variable surfaces better. As
a result, the slab will be able to slide without resistance (and thus without shear traction accumulation), as was intended. The
slab displacement can be made parallel to the slab by controlling the slab’s driving velocity further than just at the edges of the
model domain. This can be done by using faulted nodes to impose the slab velocity of 43 mm/y on the slab’s top and bottom
surfaces (apart from the megathrust) (D’Acquisto et al., 2023; Melosh and Raefsky, 1981).

4.2 Simplification of model geometry
While constructing the model geometry some simplifications had to be made. The subducting slab itself is relatively complex due
to its along strike and along dip variation, but more cross-sections than the thirteen that were used could be added (figure 4b).
Especially in the south the shape of the slab varies significantly between cross-sections and their error margins do not overlap.
Less space between cross-sections may be useful to rely less on interpolation. The southern boundary was put at 42 ◦S because
the shape of the slab changes significantly from there as it transitions into the Alpine fault (figure 4a and b). The downside of
this approach is that the edge of the model is close to the research area, which introduces edge effects. To counteract those,
no boundary conditions were imposed on the edges so material is free to flow in and out of the model. Figures 11b and 13b
show that the edge effects indeed seem minimal as slip is continuous on the edges of the megathrust. Nonetheless, the southern
boundary might need a boundary condition that simulates the reality better. The two continental plateaus (Chatham Rise and
Challenger Plateau) that cause subduction to cease (Beavan et al., 2002; Wallace et al., 2009) introduce a resisting force to
the model that should be implemented in future iterations. The overriding plate was given a constant thickness of 40 km, while
the crustal thickness varies between 20 and 40 km within the domain. This does not mean that in future model iterations the
overriding plate should be made thinner, as was explained in section 2.2.2. Figure 6 shows that New Zealand is essentially a
thin strip with thicker (continental) crust surrounded by thinner (oceanic) crust. The crustal lithosphere of New Zealand itself
is weaker than its surroundings (Tesauro et al., 2012). Changing the material strength of the overriding plate so that the part
of the west coast of New Zealand is stronger than the part beneath New Zealand would therefore be a relevant addition to the
model.

4.3 Surface velocities
Future research should include confirming whether it is possible to account for surface velocities on the northern North Island
using locking or they are caused by a different mechanism. A proposed mechanism capable of causing these differently oriented
GPS velocities is the back-arc extension in the TVZ, as its direction is opposite to the convergence along the Hikurangi margin
(Wallace et al., 2009). The TVZ is not included in this model, because this study focuses on the influence of interseismic
locking only. Including an extensional fault in the model could lead to new insights, if it is indeed not possible to approximate
the velocity field with locking only. It is important to note that reproducing the locking pattern with a sharp transition proposed
by Wallace et al. (2004) and Wallace et al. (2012) is not possible when the binary locking method is used. Binary locking
produces asperities that are mechanically continuous with their surroundings. Figure 18 shows that surface velocities on the
overriding plate are affected several hundreds of kilometers away from an asperity. The locking pattern of Wallace et al. (2012)
is, therefore, not likely to be reproduced regardless of its validity. Furthermore, it is possible that the same surface velocity
pattern can be produced using several smaller asperities instead of one large asperity, because the area surrounding an asperity
accumulates a slip deficit even though it is not coupled to the overriding plate. A more systematic approach may be needed to
determine possible locking patterns.

4.4 Masking of slip rate deficit
According to Wallace et al. (2010), the sharp transition in the locking pattern from Wallace et al. (2004) can be explained by the
contrasting characteristics between the northern and southern sections of the Hikurangi margin. Rather than using some of these
characteristics, like the extension in the TVZ as well as shallow slow slip events in the northern part of the margin, as a reason
why the transition is there, they could be seen as factors that mask the accumulation of slip deficit. The opposing directions
of motion at the Hikurangi margin and TVZ (Wallace et al., 2009) could produce a combined motion in a different direction
on the surface, without that meaning that there is no locking at greater depths. This locking at large depths can then cause
the updip part of the megathrust to accumulate slip deficit as well, due to the so-called stress shadow (Almeida et al., 2018).
This would imply that the earthquake risk on the northern North Island is larger than expected. Meade (2022) showed that
interseismic surface velocities near faults may not approximate the long-term slip on these faults, and that tectonic processes at
these fault could be masked by processes related to the earthquake cycle. Slow slip events are one of these processes, whether
they happen right before an earthquake (preslip), right after (afterslip), or somewhere in between (interseismic slip) (Schwartz
and Rokosky, 2007).
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5 Conclusion
The aim of this project was to construct a 3D model geometry based on the Hikurangi subduction zone. The geometry was
tested by comparing two models: one where the subducting slab is freely slipping and one where a circular feature on the
megathrust is coupled to the overriding plate. These tests showed that locking results in shortening of the overriding plate
and mechanically continuous slip on the megathrust. Locking of the asperity influences horizontal surface velocities 500 km
away from its center, dragging the overriding plate along with the subducting slab. Displacement and shear traction in the
free-slipping model showed that a finer mesh and more control on the drive of the slab is needed to produce more realistic
results. However, even with the limited features of the model during this testing stage it can be concluded from the locking
results that the model geometry is promising and ready to be used in the next phase of this project.
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