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ABSTRACT

We develop large scenario earthquakes on active faults in the vicinity of Dunedin and use them to develop
ground motion simulations for a site in Dunedin (St Kilda — St Clair area, referred to as “St Beach”) and
Mosgiel (centre of Mosgiel, referred to as “Taieri Basin”). The scenarios are developed to represent large
Akatore Fault (within 15 km of Dunedin and Mosgiel) and Hyde Fault (within 40-50 km) earthquakes. The
simulations utilise the Southern California Earthquake Centre Broadband Simulation Platform and the
Graves—Pitarka simulation method. Site response analysis is conducted with two-dimensional basin models,
and the nonlinear finite element software OpenSees. The dynamic response characteristics of the soft
sedimentary layers are modelled with a pressure-independent multi-yield plasticity model. Some confidence
in the simulation method is gained by undertaking historical validations, using the only instrumentally
recorded earthquake of significance in the region (the Mw 4.7 2015 Lees Valley earthquake). The simulations
provide close matches to the amplitudes and durations of the recorded time histories. The Akatore and Hyde
fault earthquake simulations show peak ground accelerations of up to 0.8 g and 0.3g respectively, with
durations of strong shaking of around 10 to 20 seconds. Uncertainty in the simulated ground motions due to
source is quantified by comparing the spectra for repeated simulations, in which the range of source
parameters are sampled. The resulting range of simulations shows a spread of as much as 0.5g. The Akatore
— St Beach spectra are also compared to NZS1170.5 and New Zealand national seismic hazard model 2022
(NZ NSHM 2022) spectra, for site classes relevant to those of the St Beach site. In general, the simulated
spectra exceed the NZS1170.5 spectra at the 0.1-0.3 second periods, but are similar to the mean NZ NSHM
2022 spectra at these periods. Future updates to NZS1170.5 based on NZ NSHM 2022 will therefore be
expected to produce design spectra that are more consistent with the results of our study. The study represents
the first ground motion simulations developed for southern New Zealand, and the simulation methods could
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be used to further advance understanding of seismic hazard in the region.
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INTRODUCTION

Earthquake hazards present a significant risk to life and
property in New Zealand. Many active faults are located near
densely populated areas, and industrial/infrastructural
developments. A simplistic way of communicating hazard
information is through earthquake scenarios. Scenarios provide
key information on potential future earthquakes, such as
magnitude, distance, and potential ground motions. A limitation
of scenarios is that they do not provide a probabilistic context
unless explicitly defined from disaggregation of probabilistic
seismic hazard models [1]. Despite this limitation, earthquake
scenarios developed for Christchurch [2] showed significant
similarities to the mainshock and damaging aftershocks that
occurred during the 2010—11 Canterbury earthquake sequence.

Scenario earthquake effects can be produced in a number of
ways. Earthquake scenarios can be in the form of written
descriptions, often relying on the Modified Mercalli Intensity
scale. Another method is to use ground motion models to
provide scenario response spectral accelerations, velocities and
displacements based on the magnitude, distance, slip type, and
ground conditions of the site. Finally, with the advent of
significant computing power, physics-based ground motion
simulations can be developed that compute synthetic time
histories and response spectra as a function of the earthquake
source [3], the path from the source to the site of interest [4],
and the geological and geophysical conditions of the site [5]

(see Figure 1). These can be simple 1D simulations, through to
3D simulations that include information on basin geometry.
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Figure 1: The three critical factors that are considered in
ground motion simulations: the source, the path, and the site
characteristics.

Physics-based simulations have been developed for many
earthquake scenarios around New Zealand. Notable examples
are Alpine Fault [6] and Hikurangi subduction zone scenario
earthquakes (e.g. [7]). Simulations have been carried out for
notable recent earthquakes, such as the Mw 7.1 2010 Darfield,
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and Mw 7.8 2016 Kaikoura earthquakes (e.g. [8]). The
advantage of developing simulations for well-recorded
earthquakes is that the strong motion records can be used to test
the performance of the simulation methods.

The centres of Dunedin and Mosgiel have not experienced any
large earthquakes since first settled in approximately 1840. The
most significant event in the area’s history was a My 4.7 event
that occurred offshore to the south of the city in 1974. This
magnitude is considerably smaller than the maximum-sized
events (Mw > 7) that could occur on local active faults (e.g. [9]).
The absence of experience in the Dunedin—Mosgiel area
therefore makes the development of realistic earthquake
scenarios important for engineering, public awareness,
planning and preparedness.

Ground-motion simulation modelling has not been attempted in
Dunedin and Mosgiel prior to this study [10], with seismic
hazard studies limited to regional- and national-scale seismic
hazard assessments [11-17].

In this study, we develop large scenario earthquakes for two
local sources (Akatore and Hyde faults) as shown in Figure 2,
and then use these scenarios and open-source software (the
Southern California Broadband Simulation Platform, or SCEC
BBP; [18]) to model ground motion simulations for two sites
(south Dunedin and Mosgiel). Two-dimensional basin models
and site response modelling methods are also applied, including
use of the nonlinear finite element software OpenSees
(opensees.berkeley.edu).
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Figure 2: The Akatore and Hyde fault sources, in relation to
Dunedin and Mosgiel. The locations of the two sites are
shown as stars, as well as the epicentre of the My, 4.7 2025
Lees Valley earthquake (black dot). The Titri Fault is also
shown.

Our ground-motion simulations are developed for earthquakes
that have never been experienced before in Dunedin and
Mosgiel. Therefore, it is important to use whatever methods are
available to gain confidence in the simulations. This is achieved
by using the same simulation methods to simulate well-
recorded earthquakes, and then compare the simulations to the
records. This is referred to as the historical validation approach
[19].

Validations are performed using the only accelerogram-
recorded local event of significance in the Dunedin—Mosgiel
area. This was the Mw 4.7, 1 June 2015 Lees Valley earthquake
(geonet.org.nz; event ID 2015p4093980), which occurred
approximately 30 km northwest of Dunedin (see Figure 2). This
validation requires generating simulations at accelerograph
sites for earthquakes of the same magnitude and source-to-site
distance as the Lees Valley earthquake, and then comparing the
results to the instrumental records.

STUDY AREAS
Sources

Dunedin and Mosgiel are located near the eastern edge of the
transpressional boundary of the Pacific and Australian plates
and are at the eastern edge of the Otago Range and Basin
province (e.g. [9]). A series of northeast-striking reverse faults
cross the region, and at least some of these faults are reactivated
Cretaceous normal faults [20]. The two closest active faults to
Dunedin and Mosgiel are the Akatore and Titri faults (see
Figure 2). The Akatore Fault exhibits the most recent activity
of the two, producing no less than three ground-rupturing
earthquakes in the last 15,000 years, with two of them occurring
in the last 1,000 years [9]. The Akatore Fault is also the only
fault in the region that shows microseismicity at present [21],
so may still be in a heightened state of activity following the
carlier, major earthquakes. It is located about 15 km from
Dunedin and Mosgiel. The Titri Fault is also located close to
Dunedin and Mosgiel, but has exhibited much less frequent
earthquake activity in the late Quaternary, with approximately
20,000 years having elapsed since the last event [22]. The third-
closest known active fault to Dunedin and Mosgiel is the Hyde
Fault. It is approximately 50 km from Dunedin and 40 km from
Mosgiel (Figure 2), and it has also been a focus of recent
paleoseismic investigations [23].

The Akatore and Hyde faults are selected for this study (Figure
2). The Titri Fault is not selected because the simulations for
the Akatore and Titri faults would be similar for South Dunedin
and Mosgiel due to their close source-to-site distances.
Furthermore, the greater activity of the Akatore Fault makes it
the more logical focus for the simulations. The Hyde Fault
provides a scenario for an earthquake about 50 km from South
Dunedin and 40 km from Mosgiel, so is representative of the
many faults located to the west within central Otago (e.g. [23]).

Site Selection

The two sites chosen for ground motion simulations are centred
on South Dunedin and Mosgiel. As shown in Figures 2 and 3,
the sites are chosen in the area of St Clair and St Kilda suburbs
(hereafter referred to as “St Beach profile””) and within Mosgiel
(hereafter referred to as “Taieri Basin profile”). The sites are
chosen on the basis of there being an availability of subsurface
geological information, as well as being focused on two
populated areas for maximum relevance.

The St Beach site is located within a tombolo that connects the
Otago Peninsula to the mainland (Figure 3). The near-surface
geology is dominated by dune-sand and swamp sediments, with
well-sorted gravels containing sandy and silty pockets at greater
depths [22,24-27]. These soft near-surface sediments form an
approximately 25 m thick package which rests on the more
competent rocks of the Dunedin Volcanic sequence and
Cretaceous—Early-Mid Cenozoic sedimentary sequence.

The Taieri Basin site is located within a tectonic depression
situated 6 km southwest of Dunedin city (Figure 3). The basin
area is approximately 25 km long and 8 km wide, and the
ground surface is very close to sea level [22]. The basement
rock type is Otago Schist, and the basin is filled by a sequence
of Cretaceous to late Quaternary sediments[28-30].
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Figure 3: Geological map of the study area, showing sites

(inverted triangles) and associated profile lines (thin lines

intersecting the inverted triangles) addressed in the study.

The St Beach site/line is to the east, and the Taieri Basin

site/line is to the west. Local geology is sourced from [30],
[31] and [32].

St Beach Profile Model

A profile line is defined at the St Beach site for development of
a 2D basin model, and is shown in Figure 3. The St Beach
profile is modelled as layers of sediments (soils), soft rock, and
rock, and uses a plane strain formulation for the quadratic
elements (see Figures 4 and 5). Specifically, analyses using a
2D cross section model will typically assume the plane strain
condition, meaning the assumption of zero strain in the
perpendicular direction. The column is defined down to 200 m
depth based on site investigations, and general geological and
geophysical knowledge of the area [33] The soil column shows
25 m of soft soil sandy sediments underlain by soft rock layers
and hard Caversham sandstone (Figure 5). The shear wave
velocity Vs and mass density p values are also shown in Figure
5, and the model parameters are shown in Table 1.

WEST EAST
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Figure 4: The St Beach profile model. The “Soft soil” layers
represent layers 4 to 6 from Table 1, “Soft rock” layer
represents layers 2 and 3, and “Rock” is layer 1. The faint
vertical line immediately right of the “soft soil” label shows
the location of the site chosen for 1D ground motion
simulations, and the position of the profile is shown in

Figure 3.
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Figure 5: The St Beach profile soil column developed for
OpenSees site effects analysis. The shear wave velocity and
mass density of each layer is specified on the right of the
main column and inset.
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Table 1: OpenSees St Beach profile soil column parameters
for the six layers in the column. Layer 1 is the deepest layer
(rock), as shown in Figure 4, and layer 6 is the shallowest
(soft soils). See the explanations of column abbreviations at
the base of the table.

Vi p Th Coh G E K

135 1.6 5 30 29160 72900 48600

180 2.0 10 80 64800 162000 108000

280 22 10 160 172480 431200 287467

900 2.3 25 wn/a 2106000 5265000 3510000

| NSIN I USI  N BO e N I

2300 2.58 50 n/a 13621750 34054375 22702916

1 2800 2.6 100 n/a 20384000 50960000 33973333

L = Layer ID; Vyin m/s; pin Mg/m’; Th = Max thickness in m;
Coh = Cohesion in kPa; G, E and K all in kPa

Taieri Basin Profile Model

A profile line is also defined at the Taieri Basin site for
development of a 2D basin model (Figure 3). Development of
the Taieri Basin profile follows the same overall approach to
that of the St Beach profile, but with significant differences in
terms of data availability, geology, and basin geometry.
Development of the profile is based on [30], and gravity studies
[20,22]. Specifically, gravity studies and limited drill-hole data
show the Taieri Basin to be deepest on the southeast side
because of cumulative displacement on the Titri Fault (Figure
6). Three layers, namely Quaternary, Cretaceous-Tertiary, and
schist basement are distinguished in the profile model (Figure
7), and the parameters assumed for the profile layers are listed
in Table 2.
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Figure 6: 2D gravity-based model of the Taieri Basin,
showing schist basement in dark grey, Cretaceous-Tertiary
sediments in light grey, and Quaternary sediments in white.

The Titri and North Taieri faults are also shown [20,22].

Table 2: Model parameters that vary between layers in the
Taieri Basin profile OpenSees 2D analysis.Layer 1 is the
deepest layer (schist basement), as shown in Figure 7, and
layer 3 is the shallowest (Quaternary gravels). See the
explanations of column abbreviations at the base of the
table.

L Vi p Th Coh G E K

3 200 2.07 125 250 82800 207000 1656000

2 500 237 100 n/a 1752852 4382130 3505704

1 1000 2.67 250 n/a 2670000 6675000 5340000

L = Layer ID; Vsin m/s; pin Mg/m3 ; Th = Max thickness in m;
Coh = Cohesion in kPa; G, E and K all in kPa
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Figure 7: Taieri basin profile model. The faint vertical line
at the position of maximum basin depth marks the location
of the site chosen for 1D ground motion simulations, and the
position of the profile is shown in Figure 3.

SIMULATION METHOD

The overall method of our analysis is portrayed in Figure 8. The
process involves: defining sources and sites; ground motion
simulations using the SCEC BBP, deconvolution of the time
histories to the equivalent bedrock motions; and then 1D and
2D non-linear site response analysis using OpenSees. We
describe these steps in more detail in the following sections.
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Figure 8: Schematic of our simulation workflow. Blue
rectangles represent applied processes and analyses, yellow
represents crucial user-defined input and peach represents

test products.

Source Parameters

Table 3 summarises the source parameters developed for the
Akatore and Hyde faults, including geometrical parameters, and
the estimated earthquake magnitude for each source. The
geometrical and magnitude parameters for the two faults are
taken from [9], [23] and [34]. The hypocentres on the two faults
are simply chosen to represent a unilateral rupture originating
at the south end of each fault, and near the base of the
seismogenic thickness. A unilateral rupture from south to north
on the Akatore Fault would produce strong shaking for Dunedin
due to directivity effects (e.g. [35]). These effects would not be
present for the Hyde Fault, as the northwards propagating
rupture scenario would rupture away from Dunedin and
Mosgiel.

Simulation Platform

The physics-based ground motion simulations performed in this
study for developing time histories at the ground surface at each
site use the SCEC BBP. The SCEC BBP synthesises rupture-
generated low-frequency deterministic and high-frequency
stochastic seismograms. These are produced by wave
propagation through shallow 1D velocity layered structures and
nonlinear site effect modules, and integrated into a system that
readily supports the on-demand computation of broadband
seismograms. The regional 1D shear wave velocity profiles
available in the SCEC BBP library were limited to North
America and Japan, so the profile judged to be most similar to

the conditions of eastern Otago was the Mojave profile (soils
less than 100 m thick overlying rock).

Table 3: Source parameters for the Akatore and Hyde fault
sources in SCEC BBP input format. Parameter descriptions
are given at the base of the table.

Akatore Hyde
Index Parameter Fault Fault
Source Source

I VaGNITUDE T

2 FAULT LENGTH [km] 60 60

3 FAULT WIDTH [km] 183 17

4 DEPTH_TO TOP [km] 0 0

5 STRIKE [degree] 45 30

6 RAKE [degree] 270 270

7 DIP [degree] 45 60

8 LAT TOP CENTER ~46.148  —45.457
9 LON_TOP_CENTER 170.119  170.107
10 HYPO_ALONG_STK 00.00 00.00
11 HYPO DOWN_DIP 10.00 10.00
12 DWID 0.5 0.5

13 DLEN 0.5 0.5

14 CORNER_FREQ 0.15 0.15

1=Magnitude of full length rupture of fault; 2=Length of full fault
rupture; 3=Downdip width of full fault rupture; 4=Depth below
ground surface to top of fault; 5=Fault strike; 6=Slip direction of the
hanging wall block; 7=angle of the fault plane from the horizontal;
8=Latitude of the midpoint of the top of the fault in decimal degrees;
9=Longitude of the midpoint of the top of the fault in decimal degrees;
10=Distance of hypocentre along strike from southernmost point of
the fault; 11=Downdip distance to hypocentre from top of fault;
12=Downdip discretisation distance for fault model; 13=Along-strike
discretisation distance for fault model; 14=Corner frequency assumed
for fault model.

The simulation method used in this study is the Graves—Pitarka
method [36,37], which is the method of choice for other ground-
motion simulation studies in New Zealand [5,38]. The method
is hybrid, as it computes the low frequency and high frequency
ranges separately prior to being combined into a single time
history. The overall computations are deterministic at
frequencies below 1 Hz, and stochastic at frequencies above 1
Hz. The use of these different simulation approaches is a
consequence of seismological observations, in that source
radiation and wave propagation effects tend to become
stochastic at frequencies above about 1 Hz. This is a reflection
of our relative lack of knowledge at these higher frequencies
[36,37]. The Akatore and Hyde fault models are parameterised
according to Table 3 for use in the SCEC-BBP and Graves-
Pitarka method.

Deconvolution

In this study 1D and 2D site response analyses are undertaken
to better represent the influence of soil and basin characteristics
on site amplification. In order to make use of the outputs of the
physics-based ground motion simulation, the outputs of this
analysis need to be deconvolved from the ground surface to
bedrock. Because all of the possible site profiles in the SCEC
BBP have some soil above rock, the effects of the soil must be



removed (deconvolved) from the simulations before
progressing to nonlinear site response modelling. The process
involves inverting the 1D simulations to obtain the equivalent
bedrock simulations at depth. The deconvolved bedrock
motions are then run through the 2D profiles using OpenSees to
produce the final simulations. A deterministic (in contrast to
statistical) deconvolution approach has been implemented, and
we refer to this as model base wavelet processing.

The velocity series was deconvolved from ground-motion
simulations in the frequency domain using a transfer function
for damped soil over an elastic half-space. Ground motions are
deconvolved to a depth at which the behaviour of nonlinear
sediments is practically negligible [5]. For this operation, it is
recommended that input ground motions do not include
nonlinear site responses because the deconvolution operation is
linear (either linear elastic or an equivalent linear scheme). In
our study this recommendation is addressed by deactivating the
site response module in the SCEC BBP. The Thomson—Haskell
transfer matrix method is then used to derive the rock motions.
The Thomson Haskell method is a frequency-domain layer-by-
layer method used for body wave propagation and surface wave
dispersion problems in a multilayered half-space [10,39]. This
method uses the frequency-domain transfer function to
deconvolve the input simulation velocities for the shallow
layers in the SCEC BBP. Fourier and inverse Fourier
transforms convert data to the frequency domain and back to
the time domain.

OpenSees Analyses

Introduction

Site response analyses were performed using the OpenSees
object-oriented software framework for simulation applications
in earthquake engineering using finite element methods [40].
OpenSees has been developed as the computation platform
for research in performance-based earthquake engineering
at the Pacific Earthquake Engineering Research Centre. Site
response analysis is performed using total stress analysis of a
layered soil column workflow [41]. A single soil column is
modelled in two dimensions and is subjected to ground motions
in a way which accounts for the finite rigidity of the elastic half-
space bedrock base. Groundwater is not considered, and the soil
is modelled in two-dimensions with two degrees-of-freedom,
using the plane strain formulation of the quad element. The
force history is obtained as a product of the designated velocity
time history, and a constant factor. This factor is defined by
multiplying the area of the soil column base, the mass density,
and the shear wave velocity of the bedrock [42,43].

Analysis Parameters

The analysis is run as a transient object (with a constant time
step) using the Krylov—Newton algorithm [44]. The Newton
method is the most widely used method for solving nonlinear
algebraic equations. Classical Rayleigh damping is assigned to
all the elements and nodes for analysis stability, and the
damping coefficients and ratio are set according to the
OpenSees manual [40]. The former is specified based on lower
and higher frequencies, (2*IT*1 and 2*I1*15, respectively, with
[1=3.141592654), and the latter is set as 0.1. The analysis also
requires a series of material properties to define the constitutive
behaviour of the soil and the underlying half-space. Soil
properties include mass density, shear wave velocity, Poisson’s
ratio, and the elastic modulus [45].

For multilayer models, each layer generally has material
parameters separately assigned. The soil profiles (layers with
properties assigned to them) for the two profiles are developed
based on previous studies (Figures 4-7), and for computational
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simplicity we assume the material types behave according to
Pressure Independent Multi Yield (PIMY).

Profile Meshes

The density of the profile meshes are defined to ensure that a
sufficient number of mesh elements fit within the wavelength
of the shear waves. This ensures that the mesh will capture the
main aspects of the propagating waves in the analysis. To
ensure this condition is met, we need to define the maximum
frequency needing to be resolved, and the number of elements
needed to fit within one wavelength of a shear wave at that
particular frequency. The horizontal dimension of the elements
is set to the minimum vertical soil element size, and the
numbers of nodes and elements are computed automatically.
The mesh is fixed at the base of the model according to the
assumption that the soil is underlain by rock. The finite rigidity
of the underlying half-space is addressed using a Lysmer—
Kuhlemeyer dashpot [43,46,47].

For the development of the 2D profile meshes, all profile layers
(Figures 4-7; Tables 1 and 2) are treated as separate physical
groups. The meshes are developed by first defining points along
the ground surface every 250 m, and the same was done for the
base of the section and boundaries of each layer. The two
meshes are shown in Figures 9 and 10.

= st
2 0 ‘—J 1030002 40 41004

Figure 9: Mesh for the St Beach profile.
Vertical scale = horizontal scale, in metres.

Figure 10: Mesh for the Taieri Basin profile.
Vertical scale = horizontal scale, in metres.

2D Analysis

A 2D site response analysis captures the effect of the
sedimentary basins at the two sites, and uses the mesh
geometries defined for the associated profiles. Mesh generation
is performed with the Gmsh software, using geometry and mesh
modules. The geometry module specifies mesh dimensions,
layer definitions and mesh resolutions (denser for the shallow
layers). The mesh module then applies a 2D Blossom Full-Quad
recombination algorithm to generate quadratic elements.
Elementary geometrical entities corresponding to each layer are
combined into physical groups and exported in formats required
by OpenSees.
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RESULTS
Akatore Fault Earthquake Simulations

St Beach Site

Accelerograms are simulated for the horizontal component
oriented subparallel to the profile line (E-W for St Beach). The
simulations for the Akatore Fault (Figure 11) show a peak
ground acceleration (PGA) of 182.7 cm/s? (0.19 g) at a time of
15.6 s (0.06 Hz). Figures 11b and ¢ show the results for the
Akatore Fault scenario, E-W component. The results
collectively show significant amplification relative to rock
motions.
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Figure 11: Fault slip model (top), accelerogram (middle),
and pseudo-acceleration response spectra (bottom) for the
Akatore Fault—St Beach site earthquake scenario, E-W
component (Mw 7.4, distance 15 km).Ground-motion
simulations deconvolved to the rock base are in blue, and
simulations with 2D site effects analysis included are in red.
The shaded area in the bottom plot highlights the period
range of most interest to engineering seismic design.

Taieri Basin Site

The simulated seismograms for an Akatore Fault earthquake at
the Taieri Basin profile site are shown in Figure 12. The
simulations are for the horizontal component oriented
subparallel to the profile line (N-S for Taieri profile). The PGA
is 283 cm/s? (0.3 g) for the N-S component, The total duration
of shaking for both horizontal components is approximately 45
s. Three-fold amplification can be observed in the seismograms
(Figure 12). The amplification appears to be much greater than
for the St Beach profile.
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Figure 12: Accelerogram (top), and pseudo-acceleration
response spectra (bottom) for the Akatore Fault—Taieri
Basin site earthquake scenario, N—S component (Mw 7.4,
distance 15 km). Ground-motion simulations deconvolved to
the rock base (in blue), and the 2D site effects analysis (in
red). The shaded area is the period range of most relevance
to engineering applications.

Hyde Fault Earthquake Simulations

St Beach Site

The simulation results for the Hyde Fault at the St Beach profile
are shown in Figure 13. The simulations are for the horizontal
component oriented subparallel to the profile line (N-S). The
amplitudes are notably smaller than those of the Akatore Fault
simulations due to the longer source-to-site distance (50 km vs
15 km). Significant amplification is observed, with a PGA of
0.05—0.1 g at the rock base versus 0.2—0.3 g at the surface
(Figures 13 middle and bottom plots).
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Figure 13: Fault slip model (top), accelerogram (middle),
and pseudo-acceleration response spectra (bottom) for the
Hyde Fault—St Beach site earthquake scenario, N—S
component (Mw 7.4, distance 50 km).Ground-motion
simulations deconvolved to the rock base (in blue), and the
2D site effects analysis (in red). The shaded area in the
bottom plot highlights the period range of most interest to
engineering seismic design.

Taieri Basin Site

The simulations and rupture model-slip distribution for the
Hyde Fault source and Taieri Basin profile are presented in
Figure 14. The simulations are for the horizontal component
oriented subparallel to the profile line (N-S for Taieri profile).
The PGA is 120 cm/s? (0.1 g), and the total duration of shaking
is approximately 55 seconds (longer than for the Akatore Fault).
Amplification of greater than a factor of three is apparent at 0.5
Hz, and the resulting amplitudes exceed 0.3 g.
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Figure 14: Accelerogram (top), and pseudo-acceleration
response spectra (bottom) for the Hyde Fault—Taieri Basin
profile, N—S component (Mw 7.4, distance 40 km). Ground-

motion simulations deconvolved to the rock base (in blue),
and the 2D site effects analysis (in red). The shaded area in
the bottom plot shows the frequency range of most relevance
to engineering applications.

Ground Motion Simulation Validation

In order to gain some confidence in our simulations, we perform
historical validations on the simulation method by using the one
recorded event of significance in Dunedin; the Mw 4.7, 1 June
2015 Lees Valley earthquake. The historical validation method
involves comparing simulated spectra for a Mw 4.7 earthquake
to recorded spectra for the actual Lees Valley earthquake. The
accelerograph stations used in the validation are shown in
Figure 15. The validations are limited to the St Beach profile,

247

and to the component orientated subparallel to the profiles (E-
W). There are a limited number of stations in Dunedin, and
unfortunately none in the Mosgiel area. We select the DKHS
and SKFS stations for validation, as they are located
approximately 1 km from the St Beach profile and are assumed
to have similar soft soil site conditions to those of the site
(inferred soil profiles). Table 4 presents the source parameters
for the Lees Valley earthquake.
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Figure 15: Location of strong-motion sensors closest to St
Beach and Taieri Basin sites/profiles (profiles are shown as
black lines, and sites as black triangles).

Records from stations DKHS and SKFS are used for
validation as they are situated on soft soils and are about
1km from the St Beach site.

Table 4: SCEC BBP SRC parameters for the Lees Valley
earthquake source.

Parameter Lees Valley Source
MAGNITUDE 4.7
FAULT_LENGTH [km] 10
FAULT WIDTH [km] 10
DEPTH _TO_TOP [km] 0
STRIKE [deg] 30
RAKE [deg] 270

DIP [deg] 45

LAT TOP_CENTER —45.791
LON TOP CENTER 170.135
HYPO ALONG STK 00.00
HYPO_DOWN_DIP 5.00
DWID 0.5
DLEN 0.5
CORNER_FREQ 0.15
SEED 3092096

Validation using DKHS and SKFS stations

The figures below (Figures 16 and 17) compare the simulated
and recorded accelerograms and acceleration response spectra
for the horizontal component aligned subparallel to the St
Beach profile, for the DKHS and SKFS stations. The simulated
and recorded data for the two stations appear to show similar
overall characteristics in the time histories, but especially so in
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the response spectra. The only major departure between
observations and simulations are at about 0.1 second period,
where the simulations show higher accelerations than the
observations for the DKHS and SKFS stations.
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Figure 16: Recorded (blue) versus simulated (red)
horizontal E-W component for the DKHS station, for the
2015 Lees Valley earthquake (Mw 4.7, distance 30 km): (top)
seismograms; and (bottom) pseudo-acceleration response
spectra. The shaded area indicates the period range of most
relevance to engineering applications.
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Figure 17: Recorded (blue) versus simulated (red) horizontal
E-W component for the SKFS station, for the 2015 Lees
Valley earthquake (Mw 4.7, distance 30 km): (top)
seismograms; and (bottom) pseudo-acceleration response
spectra. The shaded area indicates the period range of most
relevance to engineering applications.

It is worth noting that the validations have considerable
limitations in terms of being focused on small magnitude
earthquakes, in contrast to the large magnitude earthquakes
represented by the Akatore and Hyde fault simulations. These
limitations are unavoidable given the total absence of large-

magnitude earthquakes recorded at local distances in the Otago
region. Another method of validation would be to compare the
spectra for the simulated earthquakes to the outputs of empirical
ground motion models. This was outside of the scope of the
thesis on which this paper is based, but could form the basis for
follow-up work.
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102 101 100 10!
Period T (s)

Figure 18: Akatore and Hyde fault simulations, showing 10
realisations of acceleration response spectra for: (a) Akatore
Fault-St Beach, E-W component (Mw 7.4, distance 15 km);
(b) Akatore Fault—Taieri Basin site, N-S component (Mw
7.4, distance 15 km); (¢c) Hyde Fault-St Beach, N-S
component (Mw 7.4, distance 50 km),; and (d) Hyde Fault—
Taieri Basin, N-S component (Mw 7.4, distance 40 km).

SIMULATION UNCERTAINTIES

The development of multiple simulations at a site from a
scenario earthquake source is a prudent way to quantify
uncertainty and assess methodological stability [48]. To
quantify uncertainty in the simulated motions at each source—
site combination resulting from fault slip variability, we run 10
different realisations of fault plane slip for each of our
earthquake sources. Our treatment of uncertainty is limited to
the source and does not include site or basin response
uncertainty as part of this study. The resulting acceleration
response spectra are shown in Figure 18. The ranges of spectral
amplitudes across the 10 simulations are as much as 0.5 g at the
0.1-0.3 second period, and less than half that value elsewhere
for the Akatore-St Beach simulations (Figure 18a). Ranges of
as much as 0.5g are observed across the 0.07-2 second period
for the Akatore-Taieri Basin simulations (Figure 18b). In



contrast, ranges are about 0.1g across the 0.1-2 second period
for the Hyde-St Beach simulations (with largest discrepancies
at about 0.2-0.3 and 1-2 second periods; Figure 18c¢). Lastly, the
ranges are about 0.1-0.2g at about 0.1-1 second period for the
Hyde-Taieri Basin simulations (Figure 18d). Note that we have
not formally calculated standard deviations for the differences
in the spectra, as these would typically be reported in natural
log units of ground motion. The differences above instead serve
as an indication of the visual spread of spectra in the graphs.

COMPARISON TO UNIFORM HAZARD SPECTRA

The development of ground motion simulations in this study
represents a “first” for Dunedin and Mosgiel. The simulations
provide insight into major earthquakes that have not been
observed in the city’s 180-year history, and it is informative to
compare them to existing hazard estimates. Specifically, we
compare the Akatore Fault — St Beach spectra from our
simulations (mean, minimum and maximum spectra from
Figure 18) to the New Zealand Loadings Standard (i.e.
NZS1170.5) 475-year spectra for Class C (Shallow or stiff soil)
and D (Deep or flexible soil) sites [49] (see Figure 19). We see
that the mean spectrum from the simulations exceeds the
NZS1170.5 spectra at the 0.1-0.3 second periods, and also at
periods greater than 1 second. Not surprisingly, the maximum-
bound simulated spectrum exceeds the NZS1170.5 spectra at all
periods. Practically this means that Akatore Fault earthquakes
have the potential to produce accelerations in excess of those
defined in NZS1170.5 for the range of soils present at the St
Beach site. In contrast, our mean simulated spectra are similar
to the mean spectra from the 2022 national seismic hazard
model (NZ NSHM 2022) [17] for periods less than about 0.2
seconds, but exceed the NZ NSHM 2022 mean spectra at longer
periods (Figure 19). We acknowledge the limitations in these
comparisons, given that we are comparing deterministic spectra
to probabilistic spectra. The comparisons are made in order to
show where the simulations stand relative to present loadings
standards and latest NSHM spectra.

Figure 19: Smoothed mean, minimum and maximum-bound
spectra from our Akatore Fault — St Beach simulations
compared to Dunedin NZS1170.5 spectra (Class C and D),
and NZ NSHM 2022 spectra (Vs30 400 and 600 m/s), for the
475-year return period. The Vs30 and Class C and D
equivalences are based on [50].

CONCLUSIONS

Ground motion simulations for large local scenario earthquakes
on the Akatore and Hyde faults have been developed for South
Dunedin and Mosgiel using 2D basin and site response
modelling. The faults are within 15 and 50 km of the two
centres, respectively, and have records of late Quaternary
activity (late Holocene in the case of the Akatore). They have
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however remained quiescent throughout the 180-year history of
Dunedin. The simulations have utilised numerical methods and
models that explicitly incorporate the physics of the earthquake
source and propagation of seismic waves in the areas of interest.
A major part of the study has been dedicated to modelling site
effects.

The ground-motion simulations have been conducted for two
profile lines: the St Beach profile, which runs east-west across
South Dunedin, and the Taieri Basin profile, which runs
northwest—southeast through Mosgiel township. Some
confidence in the simulation results has been gained from the
results of a historical validation exercise. The validation has
compared simulations of the only instrumentally recorded
earthquake of significance in the region (the Mw 4.7 2015 Lees
Valley earthquake) to the recorded motions from that event. The
simulations and recordings show general compatibility in
amplitude and duration.

The uncertainty in the simulated ground motions due to source
have also been quantified, and the spectra have also been
compared to pre-existing spectra for Dunedin. The range of
simulated spectral amplitudes computed for each source-site
scenario (10 simulations per scenario) is approximately 0.5 g.
The Akatore — St Beach spectra have also been compared to
NZS1170.5 and NZ NSHM 2022 spectra, for site classes
relevant to those of the St Beach site. In general we see that the
simulated spectra exceed the NZS1170.5 spectra at the 0.1-0.3
second periods, but are similar to the mean NZ NSHM 2022
spectra at these periods. Future updates to NZS1170.5 based on
NZ NSHM 2022 may therefore be expected to produce design
spectra that are more consistent with the results of our study.

Our simulated seismograms are the first ever produced for
Dunedin and Mosgiel. As such they constitute a useful source
of information for developing realistic earthquake scenarios for
the two centres. The simulations demonstrate that strong ground
motions will accompany large earthquakes on local sources.
This is due to the proximity of the sources, and the presence of
soft sediments and basins in the area.

Limitations of the study include: (1) the simulation model being
restricted to a 2D analysis rather than full 3D analysis; (2) the
validation being restricted to a comparison of spectra from
actual versus simulated small-magnitude earthquakes; and (3)
the technical incorrectness of comparing scenario
(deterministic)  spectra to uniform hazard spectra
(probabilistic).
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