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Abstract

Fault geometry and the connectivity between faults at depth are both important
controls on the nucleation, propagation and arrest of earthquake rupture, so modelling
these parameters accurately is essential to models of the earthquake cycle. However,
simulations involving complex three-dimensional (3D) fault systems rarely explore the
sensitivity of results to uncertainties in geometry and connectivity — either in terms
of modelled earthquake characteristics or impacts such as ground shaking and surface
deformation. In many cases, geometry-related sensitivity testing is limited because it is
challenging to construct a suite of alternative fault models that span the range of plau-
sible fault geometries, intersections and connections; such alternative models are espe-
cially difficult to construct for systems where faults truncate or cross-cut each other at
depth. We present a new, semi-automated method that simplifies creation of 3D mod-
els of networks of tens or hundreds of faults, combining open-source python tools with
the meshing capabilities of Leapfrog™ software. The new workflow reduces the time
to create a fault model of 113 faults in central Aotearoa New Zealand by ~80%, from
25 hours to 5 hours of human input. This improvement significantly decreases the ef-
fort required to create multiple alternative fault geometries, making detailed sensitivity
analyses more feasible. The applicability of the workflow is demonstrated for the cre-
ation of three alternative models of fault geometries for central Aotearoa New Zealand.

1 Introduction

Three-dimensional (3D) models of fault networks have many important applications in the earth sciences.
For example, in earthquake science, 3D representations of active faults underpin seismic hazard models
(e.g., Field et al., 2014; Pagani et al., 2020; Gerstenberger et al., 2020); next-generation tsunami hazard
models (Hughes et al., 2023); earthquake slip inversions (e.g., Hamling et al., 2017; Elliott et al., 2012; Liu
etal., 2019); and dynamic and kinematic models of earthquake rupture processes (e.g., Lozos, 2016; Ando
and Kaneko, 2018; Ulrich et al., 2019a; Shaw et al., 2022). These applications generally include pre-defined
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fault surface geometries, which may influence model outputs, including ground shaking and tsunami haz-
ard (Satake et al., 2022). The structural complexity of fault systems is well established, and has become
even better defined as more subsurface data have been made available. Meanwhile, high-resolution ob-
servations of earthquake deformation and more complex physics-based models of earthquake behaviour
have demonstrated that fault geometry is a key control on earthquake behaviour across multiple tempo-
ral and spatial scales (Howarth et al., 2021; Mildon et al., 2019; Delogkos et al., 2023; Oglesby and Mai,
2012). It is therefore essential to incorporate realistic fault geometries in both numerical models of the
earthquake cycle and also seismic and tsunami hazard models (e.g., Faure Walker et al., 2018; Satake
et al., 2022). Despite its importance, there are often significant uncertainties in subsurface geometry —
especially surrounding the dip angle of faults at depth and the ways that some faults terminate against
or intersect other faults (Seebeck et al., 2023). It is sometimes possible to assess the sensitivity of model
results to uncertainties in these parameters through the creation of multiple alternative fault geometries
(Ando and Kaneko, 2018; Hamling et al., 2017; Delogkos et al., 2023; Mildon et al., 2019). However, in
practice the large amount of time and effort required to model alternative fault geometries often limits
the scope of sensitivity analyses (Delogkos et al., 2023).

In this study, we present a workflow for the rapid creation of triangular mesh surfaces representing
complex fault systems, demonstrating the workflow's utility by creating several alternative models of a
complex system of faults in the north-eastern South Island of Aotearoa New Zealand. This workflow uses a
combination of new, open-source python tools together with the meshing and mesh-cutting capabilities
of proprietary Leapfrog Geo software. The python tools and documentation are available from https:
//github.com/uc-eqgeo/cfm_leapfrog.

2 Previous approaches to fault model construction

Many 3D models of complex fault systems have been created globally. Notable examples of 3D mod-
els covering regions that are hundreds or thousands of kilometres wide include the Southern California
Earthquake Centre (SCEC) Community Fault Model (Plesch et al., 2007, 2020) and fault models from Japan
(Fujiwara et al., 2009), Taiwan (Chan et al., 2020), Greece (Caputo et al., 2012), Malawi (Williams et al., 2022),
Aotearoa New Zealand (Seebeck et al., 2022, 2023) amongst other areas. In general, these large-scale fault
models were created using one of two approaches (summarised by Seebeck et al., 2023):

1. Generation of 3D fault polygons through projection of fault surface traces to depth using a constant
average dip and specified dip azimuth. Major advantages of this approach are that it is easy to im-
plement automatically and sufficiently accurate for most Probabilistic Seismic Hazard Assessment
(PSHA) applications. The main disadvantage of the approach is that changes in strike between adja-
cent segments of the same fault can lead to the creation of either gaps where a fault surface should
be present or regions where two parts of a fault intersect and even pass through each other. These
gaps and intersections can impact model outputs, especially for physics-based models that rely on
modelling stress interactions between fault sections or elements to simulate earthquake rupture.

2. Generation of complex fault meshes using dedicated geological modelling software packages like
SKUA-GOCAD™ or MOVE™. This approach allows the creation of detailed fault surfaces with smooth
transitions between segments of different strike, as well as trimming of fault surfaces so that some
faults terminate against others without passing through them. Approach 2 is preferable to the sim-
pler method above for applications that require more detailed representations of fault surfaces, but
requires significantly manual effort — often weeks or months for a complex network of hundreds
of faults. Furthermore, following this approach it is laborious to create alternative models of fault
geometry for a complex fault network, (e.g. to test sensitivity of simulation results to fault geome-
try). Despite its time consuming nature, this type of approach remains the preferred approach to
create an accurate geometric representation of a large fault network; example of its use include the
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California Community Fault Model (Plesch et al., 2007) and the Aotearoa New Zealand Community
Fault Model (NZ CFM hereafter; Seebeck et al., 2023).

In addition to these two broad categories of methods for fault model construction, there are several
software workflows available for the automatic or semi-automatic construction of 3D models of fault net-
works. Examples include: the meshing workflow for SeisSol (https://github.com/SeisSol/Meshing), which
has been used to create models of complex fault networks for use simulations of dynamic rupture in re-
cent earthquakes (e.g. Ulrich et al., 2019a,b); and the 3D-Faults code of Mildon et al. (2016), available at
https://github.com/ZoeMildon/3D-faults. Other codes exist that are not yet publicly available; one such
code was used to create a fault model of New Zealand by Shaw et al. (2022), but produces less realistic
fault surfaces than the manual approach used for the NZ CFM by Seebeck et al. (2022, 2023). However,
we are unaware of any automated or semi-automated workflow that has been used to create detailed
representations of fault surfaces in a network of hundreds of faults. The semi-automated method we
present here is intended to allow the creation of a 3D model of hundreds of faults with the minimum of
manual effort, and to support time-efficient generation of alternative models for sensitivity analyses.

2.1 The Aotearoa New Zealand Community Fault Model

The NZ CFM (v1.0) comprises simplified representations of 880 faults or fault segments across the New
Zealand plate boundary zone ( 684,000 km?) for which late Quaternary slip has been established or was
deemed possible (Seebeck et al., 2022, 2023). The NZ CFM provides the basis for applications such as
the New Zealand National Seismic Hazard Model's (NZ NSHM 2022) geologic and geodetic deformation
models (Gerstenberger et al., 2024a,b; Johnson et al., 2024; Van Dissen et al., 2024) through the geomet-
ric and kinematic description of faults with the potential to generate damaging earthquakes generally
greater than M,y 6. This simplified model of upper crustal faulting encompasses a wide spectrum of fault
types, dominated by gently to steeply dipping upper-crustal faults that intersect the ground surface, and
large variably-dipping subduction interfaces. The NZ CFM provides a more comprehensive fault charac-
terisation for the New Zealand plate boundary than previous regional fault models (Stirling et al., 2012;
Litchfield et al., 2014).

Each fault in the NZ CFM is represented as a GIS line approximating surface or seafloor traces (or the
surface projection of the fault in the case of blind faults), with an attached structured table of fault pa-
rameter attributes. These fault parameters define the geometry of each fault or fault segment along with
kinematic parameters quantifying sense of movement and slip rate, the details of which are provided in
Seebeck et al. (2022, 2023). The use of the term “segment” is consistent with previous New Zealand fault
models (e.g., Litchfield et al., 2014) and defines dip, rake and/or slip rate changes along-strike between
segments. Fault segmentation in the NZ CFM is solely a geometric and kinematic description and is not
intended to convey information about the location of earthquake rupture segments (e.g., Wesnousky,
2008). The initial 3D fault geometries were built with MOVE™ geological modelling software using the
GlIS-referenced fault traces as initial constraints with all crustal faults projected down-dip from mean sea-
level (0 m elevation) perpendicular to their average strike using the ‘preferred’ dip estimate (e.g., Plesch
et al., 2007) to a maximum depth of fault rupture. Projection of faults from mean sea-level is a require-
ment of downstream applications such as the NZ NSHM 2022 (Gerstenberger et al., 2024a,b) and physics-
based earthquake simulators like RSQSim (Richards-Dinger and Dieterich, 2012). Two down-dip depths
are provided in the NZ CFM: a seismically determined limit of faulting (D90); and a maximum fault rup-
ture depth derived from a combination of D90 and thermal-fault friction models that includes an extra
factor representing rupture propagation into the conditional stability zone (Ellis et al., 2024). The initial
3D fault geometries developed for the NZ CFM predominantly use the maximum depth of fault rupture or
intersection with major structures, such as subduction thrusts, to constrain the down-dip fault dimension.
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Figure 1: The Aotearoa New Zealand Community Fault Model (NZ CFM). (a) Tectonic setting of Aotearoa New Zealand,
showing the Hikurangi and Puysegur subduction zones, schematic representations of major crustal fault systems and
indicative rates and directions of Australia-Pacific Plate motions (Beavan et al., 2002). Boxes show regions of interest
for the Greendale Fault (Figure 3a) and Hope Fault (Figure 4a) and the coastal Wellington Region (Figure 6a-c). (b)
Traces of crustal faults in the NZ Community Fault Model (Seebeck et al., 2023), coloured by preferred slip rate. Faults
with no assigned slip rate in the model are shown in black. (c) 3D perspective representation of the NZ CFM, created
using MOVE™ software. P, H and K are the Puysegur, Hikurangi and Kermadec subduction zones. AF is the Alpine
Fault and MFS is the Marlborough Fault System.

3 Fault Construction Workflow

There are several steps to our workflow for fault surface creation, which can be summarized as follows
(and also in Figure 2):

1. Generate depth contours for creation of fault surfaces using surface traces and average dip infor-
mation.

2. Modify depth contours for connected (multi-segment) faults.
3. Build triangular meshes representing each fault geometry using the fault traces and depth contours.

4. Trim the fault meshes, either to the area where contours have been generated, or against other
faults.
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To simplify the explanation of our workflow, we describe it by focussing on two example faults from the
South Island of Aotearoa New Zealand. The first example is the Greendale Fault (Figure 3), the only fault
that ruptured the ground surface in the My, 7.1 Darfield earthquake in 2010. This fault is isolated from
other nearby major faults, which makes it a good example to demonstrate our treatment of a “simple”
(single-segment) fault — although we note that the NZ CFM representation is a significant simplification
of several smaller faults that ruptured together in 2010 (Villamor et al., 2012; Elliott et al., 2012; Beavan
et al.,, 2012). Our second example is the Hope Fault (Figure 4), which is more complicated to model: it
is formed of seven different segments, with subtly different strikes and dips, the western-most of which
terminates against the Alpine Fault.

The primary input for our workflow is a GIS representation of fault traces, with dip and dip direction
attached as metadata (Step 1 in Figure 2). For the our Aotearoa New Zealand example, these data were
compiled in a series of community workshops and form a major part of the NZ CFM (Seebeck et al., 2022,
2023). We also use slip-rate metadata (another product of the NZ CFM community workshops) to inform
which faults terminate against other faults, although these terminations can also be specified without
providing slip-rate data.

3.1 Defining multi-segment faults

Many faults in the New Zealand network can be thought of as isolated single-segment faults (our Green-
dale example), but often it is necessary to join fault segments together into a larger “connected”, multi-
segment fault (such as our Hope Fault example). In the python pre-processing part of our workflow, we
identify fault segments that may be connected to each other on the basis of horizontal distance between
fault traces. If the minimum distance between the end points of two traces is less than a threshold (200 m
for our central Aotearoa New Zealand model), we assign the two fault segments as possible neighbour-
ing segments in a connected multi-segment fault. We use the networkx library (Hagberg et al., 2008) in
python to create a network of fault segments that connect with each other (Step 2 in Figure 2) and write
the names of the segment in each connected set of segments to a text file, which we edit manually (Step
3in Figure 2).

Manual editing is necessary because the traces of many of the fastest-slipping faults — for example,
the Alpine, Hope, Wairau, Awatere and Jordan-Kekerengu-Needles faults — form one large connected
network (shown without fault names in Figure 4a), which needs to be separated into its constituent faults
before they can be modelled. It might be possible to perform this separation automatically based on pat-
terns in the names of fault segments, but we prefer to define the segments that make up multi-segment
faults manually for two reasons. First, the manual editing step means that we do not rely on a naming
convention specific to this data set. Second, fault segments have often been named based on surface
geological mapping, but in some cases it makes more geometric sense to connect faults in a way that is
inconsistent with naming conventions. For example, for our Hope Fault example (Figure 4b), we chose
to include the Kelly Fault as a segment of the (multi-segment) Hope Fault due to its high slip rate and
along-strike continuity with the other segments. This somewhat subjective choice means that the "Hope:
Taramakau” is modelled as a separate fault that terminates against the multi-segment fault; this specifica-
tion of possible subsurface geometry would not be possible if our method relied on naming conventions.

3.2 Cutting hierarchy of faults

Before the fault system is meshed in Leapfrog, it is necessary to prescribe which faults (or fault systems)
will cut other faults, and which faults will terminate against others. We specify a cutting hierarchy, which
is simply an ordered list of fault names. If two fault surfaces intersect, the fault that is lower in the cutting
hierarchy (appears later in the list) is cut by the fault that is higher in the hierarchy (appears earlier in the
list).

In general in Aotearoa New Zealand, we assume that slower-slipping faults terminate against faster-
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Figure 2: Workflow for the creation of meshed fault surfaces using our methodology. Numbers represent major

steps in the workflow that are referenced in the text.

slipping faults (after Robinson, 2004; Robinson et al., 2011), so that we can generate a reasonable first-
pass hierarchy by sorting faults or fault systems in descending order of slip rate. For connected fault
systems where different segments have different slip rates, we use the maximum slip rate to determine
the position of the fault system in the cutting hierarchy. We write this hierarchy to a text file and edit
manually to account for a few exceptions to this rule. The Jordan-Kekerengu-Needles Faultis an example
of such an exception; it has a maximum preferred NZ CFM slip rate of 23 mm/yr (Seebeck et al., 2023), yet
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is thought to terminate against the Hope Fault (maximum preferred slip rate 17.3 mm/yr). Consequently,
the Jordan-Kekerengu-Needles Fault is moved below the Hope fault system in the the cutting hierarchy.
The cutting hierarchy for our example fault network can be found in the supplementary data (Howell et al.,
2025).
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Figure 3: Illustration of our workflow applied to the Greendale Fault in central Aotearoa New Zealand. (a) Location
of the Greendale Fault relative to nearby Christchurch. (b) Mapped surface ruptures from the 2020 Darfield earth-
quake (red; Villamor et al., 2012) and the NZ CFM approximation of the surface trace. (c) Depth contours created by
extrapolating from the surface trace and a constant dip, and fault footprint (Step 5 in Figure 2). (d) 3D triangular mesh
generated from contours and surface trace using Leapfrog's radial basis function (RBF) meshing algorithm. (e) Final
mesh, after trimming using the fault footprint and the smoothed maximum depth surface (Steps 6 and 9 in Figure 2).

3.3 Creation and clipping of depth contours

Our workflow uses python pre-processing to create depth contours for faults by projecting surface traces
down dip (Figures 3 and 4. The contours — created at 2 km depth intervals in this study — are then read
into Leapfrog and meshed into surfaces. For single-segment faults like the Greendale Fault, the creation
of contours is simple; contours are created by translating the surface trace to depth assuming a constant
dip and dip direction (dip direction is perpendicular to average strike; Figure 3). For the more complex
multi-segment faults like the Hope Fault, we shorten contours at depth where there are changes in strike
or dip between adjacent segments of the fault (Figure 4). Shortening these contours serves two impor-
tant purposes. First, the shortening prevents contours from neighbouring segments from intersecting or
crossing each other, which could cause meshed fault surfaces to have unrealistic geometries. Second, the
shortening of contours allows the user to constrain the smoothness of transitions between neighbouring
segments of a fault in a consistent way.

The amount by which contours are shortened at depth is subjective and depends on user preference;
it is governed by the equation:
Otrim * Z tan(echange)

AL =
sin((Sd,-p)

(M
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Figure 4: lllustration of our workflow applied to the Hope Fault in central Aotearoa New Zealand. (a) Hope Fault trace
(black) and other fault segments assigned to the same fault network by our networkx filter (pink). Other (unconnected)
fault segment traces are coloured grey. (b) Segment traces and names for our multi-segment Hope Fault model. H:T
is Hope: Taramakau; H:Hu is Hope: Hurunui; H:HR is Hope: Hope River; H:K2H is Hope: Kakapo to Hanmer; H:HSW
is Hope: Hanmer SW; H:HSE is Hope: Hanmer SE; H:S is Hope: Seaward. Note that the Kelly Fault is included as part
of our multi-segment Hope Fault model, but Hope: Taramakau is not. (c) Depth contours generated by projected
segment surface traces down dip and trimming them near segment boundaries. The multi-segment fault footprint
is marked by a blue dashed line. (d) Mesh created by interpolation between contours in Leapfrog. (e) Mesh trimmed
using fault footprint. (f) Final mesh, trimmed using the maximum depth surface (Ellis et al., 2024) as well as the Alpine
Fault at the western end.
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In Equation 1, AL is the length that is trimmed from one end of a depth contour. ay,, is a constant,
dimensionless “trimming factor” that can be adjusted for linear scaling of AL; for our central Aotearoa
New Zealand example, we set ay., to 1. Z is the depth of the contour in the same units as AL, and ¢4,
is the average dip of the segment of the fault system. ©sange iS an angle that we use to represent the
difference in either average strike or dip between the fault segment and its immediate neighbour. The
choice of ©.nge IS subjective, but based on trial and error, we set it to either the difference in segment
dip, or half the difference in strike, whichever is greater. We only trim contours at the junctions between
adjacent segments of a fault system; contours of the two end segments of a connected fault system —
which each have only one neighbour — are only cut at one end (Figure 4).

3.4 Fault footprints

When a mesh is created from contours or other data using Leapfrog software, the edges of the mesh
are defined by a 3D bounding box. By default, the edges of a bounding box are parallel to the axes of a
standard Cartesian coordinate system: the east, north and up directions. However, for the purposes of
our fault model, the edges of most of our meshed fault surfaces should run perpendicular to the strike of
the surface trace. We therefore create fault “footprints” to replace the standard Leapfrog bounding boxes
and control the edges of our fault surfaces (Step 5 in Figure 2). These footprints are created by calculating
a horizontal buffer (10 km for all the faults discussed here) around the the fault trace and depth contours
together, and modifying this buffer depending on characteristics of the fault of interest. Examples of
footprints are shown for the Greendale (Figure 3) and Hope faults (Figure 4). For a single-segment fault
that does not connect with any other faults in the network, the footprint is cut so that it forms an edge
running perpendicular to the overall strike of the fault segment (Figure 3). For any end of a connected
fault system that does not terminate against another fault, the edge of the footprint runs perpendicular
to the average strike of the end-most segment of the fault system (for example, the eastern end of the
Hope Fault; Figure 4).

For faults that terminate against other faults, it is necessary to allow for the faults to dip in opposite
directions without leaving a gap at depth where the meshed surfaces should intersect. Therefore, where
a fault is expected to be cut by another fault, we add a buffer to the edge footprint to allow the meshed
surface to extend beyond the fault trace and contours. An example of such a treatment is the western
end of the Hope Fault (Figure 4). At this western end, the Hope Fault will be cut by the Alpine Fault, so
that the footprint edge does not need to constrain the edge of the meshed fault surface.

3.5 Seismogenic depths

Like many tectonically-active regions worldwide, Aotearoa New Zealand has significant spatial variations
in seismogenic depth, from ~8km in the Taupd Volcanic Zone to > 25 km in the southern South Island
(Ellis et al., 2021, 2024). For a model of active crustal faults, it is important to incorporate these variations
in seismogenic depth as well as the fact that many faults are truncated at depth by either the Hikurangi
(Williams et al., 2013) or Puysegur subduction zones (Seebeck et al., 2022, 2023). We incorporate these
changes in seismogenic depth by using or creating surfaces to represent maximum seismogenic depths
throughout Aotearoa New Zealand. We calculate depth contours to 32 km depth and then use these
seismogenic depth surfaces to truncate the base of the meshed fault surfaces. To avoid sudden along-
strike steps in the base of fault surfaces, we smooth the depth surface of Ellis et al. (2024) using a 50
km-wide moving mean before trimming fault surfaces.

3.6 Meshing and trimming fault surfaces using Leapfrog software

The Leapfrog component of our workflow takes five inputs, the creation of which we have described in
Sections 3.1 to 3.5: fault surface traces, depth contours and footprints, as well as a text file defining the
cutting hierarchy and 2D grid of elevations representing seismogenic depths. After reading in these input
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data, the depth contours are used to create fault mesh surfaces formed of triangular elements, with any
gaps between contours filled by radial basis function (RBF) interpolation (Step 6 in Figure 2). The lateral
extent of these meshed fault surfaces is then trimmed using the footprints and the base seismogenic
depth surface (Steps 6 and 9; Figure 2) described in Section 3.4.

For faults that intersect other faults, we use Leapfrog to identify intersections between meshed fault
surfaces automatically (Step 7 in Figure 2). We create buffer surfaces around these intersections: each
intersection is a 3D line and the buffer is a 3D isosurface at a constant distance from the intersection
line (Step 8; Figure 2). The purpose of the buffers is to eliminate intersections between different faults,
since these intersections can cause stress singularities when fault models are used for some specific
downstream applications, such as physics-based earthquake simulators (e.g. Shaw et al., 2022). For the
example in this paper, we use a buffer size of 1 km, although this value should be changed based on
the intended application of the fault meshes; it should be sufficiently large that intersections are not
re-introduced if fault surfaces are later re-meshed. If the intersection is only partial, the buffer region
is simply removed from the fault surface, leaving a slot along the intersection line. If the intersection
extends across the whole fault surface, i.e. bisects the surface, our workflow determines which section of
the fault to keep based on proximity to the fault surface trace (step 10 in Figure 2).

4 Application

The focus of this study is primarily methodological, being the creation of a new, time-efficient workflow
for fault model creation. However, to demonstrate the utility of the workflow, we present: (1) a 3D fault
model for central Aotearoa New Zealand developed using the workflow; and (2) three alternative possible
geometric models for major faults that cross the coast in the Greater Wellington Region.

4.1 Fault model for central Aotearoa New Zealand

An oblique view of a model of 113 faults in central Aotearoa New Zealand is shown in Figure 5; it took
5 hours to create and is included here to demonstrate a successful application of our workflow. This
model is based on the same inputs as the NZ CFM, but its creation using our workflow allowed us to
adjust two aspects of the model to improve its suitability for one intended use case, generation of a
synthetic earthquake catalogue using the RSQSim earthquake simulator (Richards-Dinger and Dieterich,
2012). First, our workflow adds small gaps (buffers) at locations where two fault surfaces would otherwise
intersect, which avoids stress singularities in RSQSim. Second, our fault model uses a smoothed version
of the maximum rupture depth surface of Ellis et al. (2021, 2024), which allows us to improve the way slip
rate tapers towards the base of fault surfaces in RSQSim. In contrast, crustal faults in the NZ CFM that are
not located near a subduction interface terminate at a constant depth. Our approach allows a long fault
to have significant variations in seismogenic depth along its length.

4.2 Alternative models of fault geometry for coastal areas of the Greater Wellington Region

A second example of an application of our workflow is the creation of alternative (plausible) fault models
for the modelling of coseismic coastal deformation hazard, using the case study of the Greater Welling-
ton Region in central Aotearoa New Zealand. Over the course of Aotearoa New Zealand's short (~180
year) historical record, several earthquakes have caused significant uplift and subsidence of its coastline
with significant impacts on coastal communities; examples include the AD 1855 Wairarapa, 1931 Napier,
1987 Edgecumbe, 2011 Christchurch and 2016 Kaikdura earthquakes (Darby and Beanland, 1992; Hull,
1990; Hughes et al., 2015; Clark et al., 2017; Delano et al., 2022). From a coastal hazards perspective, it
is therefore important to understand possible deformation in future coastal earthquakes (Naish et al.,
2024). However, although the sensitivity of coseismic vertical coastal motions to fault geometry is well
understood (Okada, 1985; Delano et al., 2023), the dips of many coastal faults remain poorly constrained.
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Figure 5: A3D representation of a fault network model for central Aotearoa New Zealand created using our workflow.
Slip rates are based on those of Van Dissen et al. (2024), but crustal fault slip rates taper to zero close to fault edges
and the base of faults. The Hikurangi subduction interface surface shown here (truncated at 40 km depth) not created
as part of our workflow; it is from (Williams et al., 2013) and is used to truncate the base of some crustal fault meshes.

To gauge uncertainties in coseismic vertical displacement hazard (Delano et al., 2024), it is necessary to
model several alternative — but plausible — fault geometries.

Cross sections through three different model geometries of coastal faults in the Greater Wellington Re-
gion are shown in Figure 6. The two alternative models (Figures 6¢-d) to the NZ CFM geometry (Figure 6b)
were developed with input from local experts and both represent plausible (simplified) configurations of
faults in the area of interest. Without a workflow like the one proposed here, it would be labour intensive
to create a suite of 3D models of the fault networks, mainly because changing the dips of multiple faults
simultaneously alters the depths at which some faults terminate against each other or the Hikurangi sub-
duction interface. However, using our workflow it was possible to create the three alternative 3D fault
models in ~4 hours. The differences between modelled coseismic coastal vertical displacement hazard
between the three models presented here demonstrate the importance of considering sensitivity to fault
geometry — changing the probability of exceeding 0.2 m coseismic subsidence in the next 100 years by
a factor of 3 (5% to 15%) at some sites. For more details, refer to Delano et al. (2024).

5 Limitations and possible future work

The workflow presented above represents a relatively efficient way to generate a 3D model of a network
of hundreds of faults, compared with the more manual workflow employed to build v1.0 of the NZ CFM.
However, the workflow remains a work in progress, and we now list several ways that future work could
improve it.

Complex fault intersections at depth. In most regional- or national-scale fault networks likely to be
modelled using our workflow, there will be intersections in the subsurface between modelled fault
surfaces. Our workflow features many areas where two fault surfaces project past each other at
depth, resulting in a conjugate cross-cutting geometry. Such cross-cutting fault structures may be
realistic in some locations, but for some faults (e.g., antithetic faults) it may be more realistic to avoid
this by ensuring that faults terminate at shallower depths, or specifying a “master” fault. Future im-
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Figure 6: Alternative models of fault geometry for the Greater Wellington Region, after Delano et al. (2024). (a) Map
of the coastal part of the Greater Wellington Region. Selected "major” faults are in red, other faults are grey. WHV
is the Hutt Valley section of the Wellington Fault (formed of three segments). W is the Wairarapa Fault and PK is the
Palliser-Kaiwhata Fault. (b) Map view of fault meshes using the original NZ CFM fault dips and dip directions. (c) Map
view of "Alternative Faults 2" meshes, which has fault geometries to represent a plausible suite of fault geometries
with generally shallower dips. (d) Cross section through the CFM fault meshes along the line X-X" in (a). (e) Cross
section through "Alternative Faults 1" meshes, a suite of geometries that is similar to the NZ CFM, but accounts for a
component of normal-sense slip on the predominantly strike-slip Wellington Fault. (f) Cross section through "Alter-
native Faults 2" meshes.

provements to the workflow could include a wider variety of options to handle fault intersections
that involve cross-cutting surfaces at depth.

Listric faults. Our present workflow generates contours by assuming a constant dip for each fault seg-
ment, when realistically many (or even most) faults have dips that vary with depth. A possible fu-
ture expansion of our methodology would be to allow fault dips to vary with depth, as some other
workflows allow. Dip-dependent fault geometries could be incorporated by incorporating depth-dip
profiles (or similar) for faults of interest at the contour-generation stage. Alternatively, for fault net-
works like that of Aotearoa New Zealand — for which down-dip variations in fault geometry are only
available for a few faults — it may be practical to build meshes for faults with complex geometry
manually using Leapfrog or other geological modelling software, and integrate them with the rest
of the fault network model as a post-processing stage.

Meshing for other applications. For applications that involve stress transfer between fault elements —
examples include boundary-element dynamic earthquake rupture simulations or multi-cycle earth-
quake simulators like RSQSim — it is often important to align triangle vertices to achieve realistic
transfer of stress and to avoid stress singularities. Such alignment of triangle vertices is difficult
without meshing multiple fault surfaces simultaneously in dedicated meshing software (for exam-
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ple, Coreform Cubit, Simmetrix SimModeler or Autodesk Fusion360), and to our knowledge has not
been achieved for a large fault network (50 or more faults). Our present workflow overcomes this
issue for at least one use case (RSQSim) by enforcing a gap (100 m to 2 km) around branch lines
where fault meshes would otherwise intersect (see above) to avoid stress singularities. However,
for many other use cases this workaround is unlikely to be effective, especially if stress interactions
between neighbouring triangles are more sensitive than RSQSim to vertex alignment.

Open-source meshing tools. While the first part of our workflow comprises open-source python tools,
the later stages rely on proprietary Leapfrog geological modelling software, including a dedicated
bespoke build of Leapfrog to streamline some mesh-cutting operations. Ideally, the whole workflow
would use open-source tools. Such an open-source workflow could be practical in future, given the
availability of open source tools for mesh generation and cutting like GMsh and mcut. However, we
found it easier to use Leapfrog to develop the workflow, and adaptation to rely entirely on open-
source software would require significant additional effort.

6 Conclusions

We present a new workflow for the creation of 3D models of complex fault networks, using a mixture of
python tools and proprietary geological modelling software. For the case of the Aotearoa New Zealand
Community Fault Model (NZ CFM), our workflow reduces the manual labour required to create a model of
~500-800 faults from weeks to days or even hours. The new methodology has already proved useful for
local applications in Aotearoa New Zealand earthquake science; our model of faults in central Aotearoa
New Zealand has been used to generate synthetic earthquake catalogues using RSQSim, and the alter-
native models of fault geometry presented in Section 4.2 underpin ongoing efforts to model coseismic
coastal deformation hazard in the Greater Wellington Region. Some aspects of our present workflow are
limited and there is scope for further development, notably in dealing with fault intersections at depth,
depth-dependence of fault dip, and the adoption of more open-source tools in place of proprietary soft-
ware. Nevertheless, we hope that our new workflow represents a valuable first step towards the efficient
creation of 3D models of networks of hundreds of faults.
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Data availability

Python pre-processing tools are available from https://github.com/uc-eqgeo/cfm_leapfrog, with docu-
mentation for their use at https://uc-eqgeo.github.io/cfm_leapfrog/. The GitHub repository and a PDF
copy of the documentation are also archived on Zenodo: Howell et al. (2025). For information on Leapfrog
software, visit https://www.seequent.com/. The meshing steps described here can be accomplished man-
ually in the commercially-available versions of Leapfrog™, but anyone wishing to model more than 100
faults may prefer to contact the authors to discuss use of a beta build that automates several meshing
steps.
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