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Abstract
Southern California Earthquake Center (SCEC) have developed the Broadband Platform (BBP)
that computes 0-100 Hz seismograms for historical and scenario earthquakes using several
ground motion simulation methods. Simulating an earthquake involves the development of a
source, whereby values are assigned to a model and simulations are run utilising physics-based
ground motion simulation methods.
Ground motion simulations on the SCEC BBP are developed for a major reverse fault in central
Otago, New Zealand, using ancient precariously-balanced rocks (PBRs; unstably balanced
rocks on top of pedestals) to validate the simulations, rather than the standard approach of using
instrumental strong motion records for validation. The Dunstan Fault, a 60 km long reverse
fault, is responsible for the uplift of the Dunstan Mountains (1500-1600 m). PBRs are abundant
within a few km of the southwestern end of the fault, and are therefore conveniently located for
validating simulated peak ground acceleration (PGA) from M >7 near-field Dunstan Fault
earthquakes. The fragility age (age since the PBR reached the present unstable morphology),
and fragility (the PGA required to topple the PBR, based on field-based estimates), are
compared to the recurrence interval and simulated ground motions of Dunstan Fault
earthquakes. Earlier studies show cosmogenic Beryllium 10 (Be10) exposure dates for two
PBRs are in the range of 40,400 to 55,300 years B.P., and the Dunstan Fault to show a
recurrence interval of about 8000 years. Therefore, the PBRs have likely experienced repeated
large earthquakes where ground-motions did not exceed their fragilities (i.e. PGAs no greater
than c. 700 cm/s/s). The PBR fragilities fall within the range of PGAs produced by the
simulations (160-1330 cm/s/s), with about 16% of them exceeding the highest fragility.
Decreasing kappa from the default value of 0.04 to a value more representative of Otago (0.016)
results in an overall increase of simulated PGAs by about 30%, resulting in 66% of the
simulations plotting above the highest PBR fragility (700 cm/s/s). This suggests there are
parameters that lead to predicted PGAs that exceed the PBR fragilities. A combination of effects
can explain the over-prediction. Factors such as hanging wall effects, fault dip, directivity,
kappa and site amplification are concluded to have large influences on ground motions. The
over-prediction in rock PGA is concluded to be due to one or more of these factors that are
simulating unrealistic conditions for a real Dunstan Fault earthquake. This research represents
the first effort at using PBRs to validate ground-motion simulations in New Zealand, and has
been jointly supported by University of Otago, QuakeCoRE, and GNS Science.
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Chapter 1 – Thesis Introduction

1.1 Introduction
Ground motion simulations are an active area of research attracting substantial interest from
both geological and engineering perspectives. The ever-increasing construction of large-scale
structures such as high-rise buildings, suspension bridges, seawalls and dams require improved
ground motion estimates in order to better assess seismic hazard (Graves and Pitarka, 2010;
Viens et al. 2015). Strong ground motion estimates are a required input to engineering
applications throughout much of the world (Kieling et al. 2014). Traditionally, seismic hazard
assessment has been by way of probabilistic seismic hazard assessment (PSHA; e.g. Cornell,
1969; Mieler et al. 2014). However, the increased understanding of earthquake rupture
dynamics, coupled with the increase in computing power, is causing a shift in the way seismic
hazard assessment is conducted. Increasingly, so called physics-based ground motion
simulations are being applied to specific projects, in which simulations of fault rupture and the
resulting earthquake are used to directly obtain ground motion estimates for engineering input
(Graves and Pitarka, 2010).

The purpose of this research is to undertake ground motion simulations for large, near-field
Dunstan Fault earthquakes. The Dunstan Fault is located in the lower South Island of New
Zealand (Figure 1.1 and 1.2), capable of producing large (magnitude >7) reverse slip
earthquakes (Stirling and Anooshehpoor, 2006). The fault displays surface exposure (Figure
1.6) within 2 km of the Clyde Dam (Figure 1.2), the country’s largest concrete gravity dam
(Burke, 1994). The location of this dam, with respect to the Dunstan Fault, is the motive for
this study. The research will address strong ground shaking within the near-field (0-2 km) zone
using physics-based ground motion simulations. This chapter will first discuss probabilistic
seismic hazard assessment (PSHA; section 1.2), to highlight how seismic hazard is traditionally
reviewed. Section 1.3 will outline the basic theories of ground motion. Precariously balanced
rocks (PBRs) are features used within the study, and are discussed in section 1.4. Section 1.5
provides a brief history of the Clyde Dam. The area of Clyde and the surrounding geology is
discussed in section 1.6. The Dunstan Fault is reviewed in detail in section 1.7. The software
1
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ground motion simulations are run on is described in section 1.8. Section 1.9 will outline the
research objectives.

Figure 1.1: Field area is Central Otago, lower South Island. Overlain is a map presented in Litchfield et al. (2014)
displaying the southern South Island active faults. The Dunstan Fault is highlighted in red and the field area is
within the yellow box. The Township of Clyde is in the lower left of the field area. Field area ranges from -45.25
to -44.8 latitude and 169.15 to 170.00 longitude. More detail is displayed in Figure 1.2.
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Figure 1.2: Location map. Upper right inset displays the regional location. Active faults are shown in red solid
lines and inactive faults are red dashed lines (Cairnmuir Fault). Surrounding active faults are also labelled. CF =
Cairnmuir Flats (location of the PBR site) and SF = Shepards Flats.

3

E Bowie 2017

1.2 Probabilistic seismic hazard assessment (PSHA)
PSHA is a stochastic procedure that is based on the estimated location, rate and size of
earthquakes surrounding a site of interest. PSHA was first formalised by Cornell (1968), who
stated that the procedure quantifies the rate of exceeding various ground motion levels at a site,
given all possible earthquakes. PSHA involves four steps: 1) identification of earthquake
source(s); 2) estimation of seismicity (recurrence) parameters for each source; 3) selection of
ground motion attenuation models; 4) quantification of seismic hazard. Traditional PSHA uses
largely empirical ground motion prediction equations (GMPEs) to predict the attenuation of
ground motions (step 3) as a function of earthquake magnitude, slip type, site conditions and
more. GMPEs predict the intensity of ground shaking at a given site, based on source-to-site
propagation attenuation, characterised by multiple equations (Abrahamson and Silva, 2008;
Douglas, 2011). Many decades have now passed since the first GMPE was developed in 1964
(Douglas, 2011). It has only been since the 1990s that GMPEs have rapidly advanced and are
now widely used to estimate ground motions for probabilistic and deterministic seismic hazard
analyses. These empirical GMPEs use generalised representations of earthquake source, site
effects and wave propagation. While GMPEs are still widely used for PSHA, physics based
ground motion simulation methods are now being investigated to directly obtain ground motion
estimates for engineering input (Graves and Pitarka, 2010). This involves characterising 3D
shear wave velocity models from geological, geophysical and geotechnical data to model wave
propagation effects from source to site.

1.3 Ground motion overview
Earthquake rupture occurs when accumulated elastic strain energy surpasses the lithostatic
stress of the rock, thereby generating a fracture along a fault plane (Mussett and Khan, 2000).
Following the release of the accumulated elastic strain, the fault will lock, until this threshold
is once again reached in the future. Continued relative tectonic motion governs the rate of
accumulated elastic strain energy. When earthquakes occur, seismic waves are generated that
propagate through the Earth as high and low frequency acoustic energy (Mussett and Khan,
2000; Figure 1.3). These waves propagate at a velocity dependent on the density and elasticity
of the medium. Typical deep (>1 km) crustal seismic shear wave velocities range from 2 to 8
4
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km/s (increasing velocity with depth; Shearer, 2009). When considering shallower depths (<1
km), shear wave velocities vary significantly. Soft rock sites (subsurface consisting of
sedimentary rocks) exhibit low seismic velocities of 0.1 to 1 km/s, while hard-rock sites
(subsurface consisting of igneous and metamorphic rocks) have larger velocities of 1 to 4 km/s.

The seismic response of a site is largely influenced by a hard or soft rock subsurface (Figure
1.3). There are many examples where empirical seismic data display this. Yeats (2004)
described the 17 October, 1989 Loma Prieta earthquake. Sites of interest were Fort Mason
(bedrock subsurface) and the Marina District (soft sediment subsurface), situated only a few
minutes walk from one another. Ground motion measures are described in terms of the Mercalli
Intensity Scale, ranging from intensity I (not felt) to intensity XII (extreme). The Marina
District experienced ground motions as large as intensity IX, while Fort Mason experienced an
intensity of VII. The variation in ground motion intensity is primarily due to the subsurface
geology. Seismogram comparisons highlight the variations in ground shaking between hard and
soft rock sites. There are three key findings for soft-rock seismic response relative to hard-rock;
(1) Amplitude is larger. As seismic waves pass from hard-rock to soft-rock, the velocity
decreases and the amplitude increases, resulting in a greater acceleration of the ground and
more intense shaking. (2) Frequency is lower, resulting in a slow, rocking motion of the ground,
as opposed to fast and violent (Yeats, 2004). (3) The time period over which shaking occurs is
longer. As seismic waves propagate, the behaviour will vary, dependent on the medium through
which the wave is travelling in. As the seismic energy dissipates, seismometers placed on, or
just below the Earth’s surface record the motion (Mussett and Khan, 2000). The response helps
to understand many features about the internal structure of the Earth. Ground motion simulation
methods then attempt to model the system of seismic wave propagation from source to site. A
homogeneous subsurface makes ground motion simulation easier and more reliable. A more
complex subsurface presents a much more complicated situation, where physics-based
formulas attempt to model the system as a whole.

5
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Figure 1.3: Seismic wave propagation generated from fault rupture. Image highlights the various seismic responses
of soft (seismogram #1) and hard (seismogram #2) rock. The foot wall is comprised of soft sediment (e.g. river
gravels, sandstone, mudstone etc.), while the hanging wall is hard rock (e.g. metamorphic or igneous).

1.4 Precariously Balanced Rocks (PBRs)
A PBR is a naturally occurring, freestanding rock formation where a boulder rests unsteadily
on other rocks (Figure 2.1; Brune, 1996; Stirling and Anooshehpoor, 2006; Balco et al. 2011;
Lozos et al. 2015). It is possible to date the age of these PBRs, and calculate the strength of
ground motion required to topple them. Ages and fragilities of seven PBRs located within 2 km
of the Dunstan Fault have been determined in the last decade (Stirling and Anooshehpoor,
2006). Calculating PBR ages and fragilities (peak ground acceleration (PGA) required to topple
them), constraints can be placed on large near-field ground motions, thus providing the potential
to validate predicted ground motions from Dunstan Fault earthquakes. The key distinction
between this study and other ground motion simulation studies is that simulations are typically
validated using instrumental strong motion data (ground motions recorded by strong motion
seismometers). This research will provide a new technique to validate ground motion
simulations where strong motion data are unavailable for validation. The first study of its kind
6
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was published in 2015 (Lozos et al. 2015), linking PBR validations of ground motion
simulations to the San Jacinto Fault in America. This method has the potential to open a new
chapter in ground motion simulation science where PBRs provide the opportunity for research
to be conducted where historic strong motion data are sparse or absent.

Chapter 2 will present the PBRs in more detail, discussing how the data was obtained, and how
the data is utilised within this study.

1.5 Clyde Dam
Clyde Dam is New Zealand’s third largest dam and the country’s largest concrete gravity dam
(Burke, 1994). The dam is built on the Clutha River, near the Township of Clyde, and is owned
by Contact Energy. The dam was proposed in the 1970’s, giving rise to widespread political
and social issues. There was a considerable amount of controversy due to the consequence of
having to flood many houses and orchards upstream of Clyde, and the replacement of a stretch
of the local highway (Redshaw, 1997). There was also concerns of the close proximity to the
Dunstan Fault (Figure 1.2). This led to an extensive paleoseismic investigation of the Dunstan
Fault (New Zealand Geological Survey (NZGS), 1983; section 1.7)

Dam construction began in 1982, and the dam was completed in 1993, giving rise to Lake
Dunstan. Beforehand, construction was delayed due to the discovery of subsidiary faults and
ancient landslides. The faults were found in the schist foundation rock of the dam, causing a redevelopment in the dam’s structure to address the potential of up to two meters of foundation
fault displacement (McSaveney, 2009). Of the subsidiary faults identified, the River Channel
Fault was of greatest concern, extending 650 m downstream and 130 m upstream of the dam
site (NZGS, 1983). The discovery of many ancient landslides in the Cromwell Gorge also
slowed construction due to land stabilisation issues (Crozier, 2016). In the end, the Clyde Dam
flooded 26 km2 of land (including houses and orchards) and cost the government $1.4 - 2 billion
dollars, including $936 million in land stabilisation work (Redshaw, 1997). The dam’s structure
and surroundings are shown in Figures 1.4 and 1.5.
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Figure 1.4: Clyde Dam pictured from downstream. Upstream of the dam is Lake Dunstan while the Clyde
Township lies <1 km downstream.

Figure 1.5: Clyde Dam pictured in close-up.

The dam was constructed following the New Zealand Dam Safety Guidelines that were relevant
at the time. All New Zealand dams must be periodically reassessed against the most up-to-date
Dam Safety Guidelines, implemented by New Zealand Society On Large Dams (NZSOLD),
2015. The guidelines were developed in order to advance the technology of large dam
construction, while supporting the social and environmental impacts for the management of
water resources. The fundamental objective, presented by NZSOLD, is that people, property
and the environment, present and future, should be protected from the harmful effects of a dam
failure or an uncontrolled release of the reservoir contents. However, following construction of
the dam, it was discovered estimated ground motions at the dam site could be much larger than
expected. Therefore, ongoing research is being conducted at the Clyde Dam to monitor the
current state of hazard for the dam and the downstream areas (e.g. the Township of Clyde). In
recent years, a seismic hazard re-assessment has been largely completed for the Clyde Dam by
GNS Science. This research will aim to advance the work conducted by GNS Science, and
others.
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1.6 Geologic and tectonic setting
The Dunstan Fault is located in in the South Island, in Central Otago (Figure 1.1). The fault
strikes northeast for 60 km along the base of the Dunstan Mountains at 030 to 060° (average =
044°), dipping at 45° to the northwest, with a rake of 90° (NZGS, 1983; Figure 1.2). The Aki
and Richards (1980) method of strike, dip and rake identification will be acknowledged,
however, this will not be the method by which these parameters are discussed throughout the
thesis. The Aki and Richards (1980) method would state the Dunstan Fault to have a strike of
225°, a dip of 45°, and a rake of 90°. The Dunstan Mountains (Figure 1.6; northeast of Clyde
Dam) and the Cairnmuir Mountains (southwest of Clyde Dam) are the main topographical
features along the fault (Figure 1.2). The Dunstan and Cairnmuir Faults are responsible for the
uplift of these mountains, although the Cairnmuir Fault has been inactive throughout the
Quaternary. The antecedent Cromwell Gorge separates the two ranges, and the dam site is
positioned at the downstream southern end of the gorge. The faults are mapped as joining 3 km
northeast of the dam site (NZGS, 1983). The Cairnmuir Fault is specified to have been dormant
throughout the late Quaternary, whereas the Dunstan Fault displays active faulting throughout
this period.

South of the dam site, schist is overlain by Tertiary sediments comprising quartz-rich river and
lake-derived sedimentary rocks dating back to a period between middle to late Miocene age
(Manuherika Group) and a greywacke sedimentary rock dating as far back as the late Miocene
to Pliocene age (Maniototo Conglomerate; Turnbull, 2000). Quaternary sediments cover the
basins and the floors of valleys, deposited as tectonism was initiated in the region. Basement
rock is the Otago Schist – the Otago component of a 2000-km-long metamorphic belt that
underlies one-sixth of the South Island of New Zealand (Mortimer, 1993). The schist was
created during the Mesozoic Rangitata Orogeny (Mortimer, 1993). The majority of New
Zealand’s Eastern Province consists of Otago Schist, described as metamorphosed rocks of the
Torlesse and Caples terranes. Early in the Jurassic, metamorphism began due to the collision
of the Caples and Torlesse terranes (Mortimer, 1993). Subsequent mid-Cretaceous extension
exposed the schist with synchronous Cenozoic faulting (Walcott, 1978; Adams, 1981;
Mortimer, 1993; Furlong and Kamp, 2013). Metamorphic processes formed the tectonic fabrics
in the rock and tectonic processes later exposed these at the Earth’s surface. Following uplift,
9
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late Cretaceous to early Tertiary erosion of the Otago Schist created the Waipounamu Erosion
Surface (Landis et al. 2008). Erosional forces removed most of the sediments covering the
schist. The result is a relatively flat unconformity that cuts the schist (Landis et al. 2008).
Extensional tectonic activity then promoted intraplate volcanic activity throughout the lower
South Island (Coombs et al. 1986). This volcanic activity penetrated through the Otago Schist
to create volcanic fields during the Eocene and Miocene. The Pliocene to Quaternary produced
an increase in the rate of tectonism, displacing and folding the Tertiary bedrock as mountain
ranges grew. The increase in tectonism generated many northeast striking faults in the lower
South Island that are still active to this day (e.g. Dunstan Fault; Mortimer, 1993). Quaternary
sediments blanketed the basement rock in valleys and basins. Continual uplift removed Tertiary
formations, exposing the Otago Schist and exhuming the Waipounamu Erosion Surface (Landis
et al. 2008; Stirling et al. 2015). The uplift of this flat unconformity, known as the Waipounamu
Erosion Surface, is later used in this study as a proxy for slip distribution along the Dunstan
Fault. This is discussed in section 3.4.1.

Figure 1.6: Aerial photo of the Dunstan Mountains (left), Manuherikia Valley (centre), Hawkdun Range
(foreground), and St Bathans Range. The Dunstan Fault trace has an estimated dip of 45° to the northwest (shown).
Photo displays the most northern 20-30 km of the fault. Surface exposure of the fault is visible in the center of the
image (white dashed box). Photo credit to Lloyd Homer.
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1.7 The Dunstan Fault
The earliest paleoseismic studies in New Zealand were conducted on the Dunstan Fault for the
seismic hazard assessment of the Clyde Dam (NZGS, 1983). During this period the recurrence
interval of the Dunstan Fault was estimated to be 12,500 years, accompanied by a large
uncertainty of a minimum interval of 3,700 and a maximum of 50,000 years. Recurrence
interval was later refined to 8,000 years by Beanland and Berryman (1988) and Stirling and
Anooshehpoor (2006). NZGS (1983) also calculated the maximum considered earthquake
(MCE) for the Dunstan Fault to be magnitude 7.0 to 7.5 with a PGA of 540 cm/s/s at the nearfield dam site. Later, Beanland and Berryman (1988) classified the MCE as magnitude 7.4,
while recent studies specify 7.3 (Stirling et al. 2012). Fault length is interpreted to be 60 km
and is inferred to dip 45° to the northwest (Litchfield et al. 2014; Mackey, 2015). Strike is 044°
after Litchfield et al. (2014) and Mackey (2015), and by examining the strike of the Dunstan
Mountains. Rake is 90° for a pure reverse fault.

1.8 Southern California Earthquake Centres Broadband
Platform
The Southern California Earthquake Centre (SCEC) was founded in 1991 to coordinate multidisciplinary, multi-institutional earthquake research, with a focus on Southern California. The
research contributes to the fields of seismology, earthquake geology, tectonic geodesy and
computational science. SCEC has developed a broadband platform (BBP) that generates 0-100
Hz ground motion simulation seismograms for hypothetical earthquakes. The BBP will be
utilised to conduct ground motion simulations for Dunstan Fault rupture. Various scientific
groups have developed code within the BBP that generate synthetic seismograms for a variety
of applications. Products of the platform include rupture generation, rupture visualisations and
low and high frequency seismogram synthesis (Zeng et al. 1994; Motazedian and Atkinson,
2005; Graves and Pitarka, 2010; Mai et al. 2010; Schmedes et al. 2010). Modification to the
system allows for worldwide application, allowing for creation of source files, user-specific
seismogram locations and development of 2 and 3D shear wave velocity models. The platform
is free to download and provides instructions on installing and building. SCEC specialists are
also available to provide assistance during the installation and simulation development process.
More is described about the platform installation and system dependencies in Chapter 3.
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Figure 1.7: The SCEC BBP scientific software modules can be combined to create earthquake simulations that
produce ground motion time series. Labelled are the five main steps taken for a validation simulation.

Figure 1.7 displays a typical flow chart for conducting a ground motion simulation on the BBP.
Firstly, a rupture generator stochastically distributes slip on a user-specified fault plane (Step
1). The BBP then simulates low and high frequency ground motions through different methods
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(stochastically and physics based; Steps 2 and 3). Low frequency components are generated by
a kinematic source model. High frequencies are simulated by a stochastic finite fault model.
These frequency outputs are combined to create a response spectra to evaluate spectral
accelerations (Step 4). The use of empirical data (recorded strong motion records) then allows
for validation of the simulations (Step 5). The case for this study is different at Step 5, as
empirical data are not available for validation. This is where PBRs are applied as validation
criteria, and will be discussed in later chapters.

1.9 Research objectives
The purpose of this research is to undertake seismic hazard research for Dunstan Fault
earthquakes by simulating ground motions, and validating the estimated ground motions with
PBRs, at a site within 2 km of the Clyde Dam (Figure 1.2). With empirical seismic data sparse
for this location, the PBRs provide a means for validation of ground motion simulations for
seismic hazard estimates to be made that would otherwise be unfeasible. To achieve this end
goal, the following research objectives are created:
1. Develop a Dunstan Fault source model for earthquake rupture generation.
2. Conduct many ground motion simulations at the PBR site. The simulations will be run
as sensitivity tests, whereby certain parameters will be isolated to evaluate the influence
on PGA.
3. Extract PGA estimates from the ground motion simulations at the PBR site to evaluate
the simulations against the PBR fragility limits.
4. Run a final set of simulations with parameters that are best suited for the Dunstan Fault
and the PBR site.
5. Determine the parameters of the Dunstan Fault source that produce motions that are
inconsistent with the fragility and age of the PBRs.
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Chapter 2 - Precariously Balanced Rocks

2.1 Introduction
Following the discovery of many Fragile Geologic Features (FGFs; Figure 2.1) near the Clyde
Dam, research interests evolved to utilise these rocks for seismic hazard model validation
(Stirling, Anooshehpoor, 2006). PBRs and Fragile Rock Outcrops (FROs) fall into the FGFs
class (Figure 2.1). Stirling and Anooshehpoor (2006) have identified the area of Cairnmuir and
Shepherds Flats (Figure 2.2) to contain an abundance of PBRs. The rocks are used for further
understanding about the ground motions of past Dunstan Fault earthquakes. The details of these
PBRs and the environment they are located in will be the initial topic of discussion for Chapter
Two. The remainder of the chapter will describe the use of PBRs for ground motion simulation
validation.

Figure 2.1: Illustrations of the rock formations at the PBR site.
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2.2 Field Work
Reconnaissance was conducted by Stirling and Anooshehpoor (2006) at three localities;
Cairnmuir Flats, Shepherds Flats and Dunstan Mountains. Figure 1.2 displays the location of
the Cairnmuir-Shepherds Flat area where PBRs are abundant. All PBRs selected for this study
are located within 1 km of each other. A brief description of the field area will be provided
below. Dunstan Mountains will not be discussed as only one PBR was discovered there, which
is not utilised for this study.

2.3 The PBRs
The Cairnmuir Flat site was selected for analysis as over 20 PBRs were located there (Stirling
and Anooshehpoor, 2006). All are composed of weathered schist displaying a sub horizontal
foliation. Seven of the PBRs were selected for fragility estimation (strength of ground motion
that would shake the PBRs down; see 2.4.1). Figure 2.2 displays the locations of all seven PBRs
and Figures 2.3 and 2.4 are images of CLY1 and 4. Figure 2.2 also displays the PBR site
location, where a synthetic seismogram will be generated during ground motion simulations.

Figure 2.2: Cairnmuir Flats PBRs 1-7 (green) and the PBR site (red). The Clyde Dam and Town are also labelled.
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Figure 2.3: CLY1 PBR. Contact point between the pedestal and the PBR is marked with an arrow.
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Figure 2.4: CLY4 PBR. Contact point between the pedestal and the PBR is marked with an arrow.

2.4 Results
The following results were obtained by Mark Stirling, who provided simple field-based
estimates of fragility during 2016. A discussion on the use of the PBRs for ground motion
simulation validation is then provided.

2.4.1 Fragility
Calculating fragility involved an evaluation of PBR geometry that Brune (1996) and Stirling
and Anooshehpoor (2006) used (Figure 2.5). Two rocking points (R1 and R2) are assigned to
a PBR, where angles, termed the alpha angles, are measured from the centre of mass vertical
line to the PBR rocking points (Figure 2.5; Table 2.1). The tangent of the alpha angles equals
the quasi-static toppling ground acceleration for the PBR (Brune, 1996). A singular alpha angle
was measured when the PBR can only topple in one direction. Where two alpha angles are
given, a range in fragilities is given because the PBR could topple in either direction. This will
be controlled by the orientation of the strongest ground motions. The fragilities derived are
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shown in Table 2.2 (Stirling and Anooshehpoor, 2006). The quasi-static toppling acceleration
is listed, followed by the quasi-static increased by 30%, to include a dynamic component of
toppling acceleration (dynamic fragility). An increase of 30% was derived from empirical shake
table data which showed that the PBRs tended to topple at PGAs, on average, 30% greater than
quasi-static values (Anooshehpoor and Brune, 2002; Brune 2002). This 30% component is due
to factors such as inertia and the sensitivity of fragility to frequency content. All PBRs are
detached rocks balancing on a pedestal.

An important factor to consider is that the PBRs only provide one toppling parameter, which is
PGA. The PBRs have been shown to be most sensitive to PGA (Stirling and Anooshehpoor,
2006), however, recent studies (e.g. Brune et al. 2016), suggest that PBR toppling probabilities
are more complex than a simple PGA parameter. They suggest PBRs are more sensitive to
ground motion polarisation, where the orientation of the PBRs is shown to have an effect of the
toppling probability. An individual PBR resonant frequency is also a factor considered, where
the PBRs are thought to have specific natural frequencies of vibration. This research will
consider PGA as the primary influence to PBR toppling probability due to the complexities and
time-constraints involved in the consideration of ground motion polarisation and resonant
frequency complications.

Figure 2.5: Cross section of a PBR and the pedestal. The angles A1 (Alpha1) and A2 (Alpha2) are the alpha angles
between the rocking points (R1 and R2), the centre of mass (C) vertical line.
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Table 2.1 PBR IDs and associated alpha angles that correspond to Figure 2.5

PBR ID

Alpha 1 (A1)

Alpha 2 (A2)

CLY1

19

30

CLY2

11

24

CLY3

24

31

CLY4

13

-

CLY5

23

31

CLY6

34

25

CLY7

23

-

Table 2.2: The seven PBRs used in this study. Each has a range of fragilities due to the variation in alpha angles A1
and A2.

Quasi-static
PBR ID

fragility

Dynamic
Average

(cm/s/s)

fragility x1.3 Average
(cm/s/s)

CLY1

340 - 580

460

440 - 750

595

CLY2

190 - 440

315

250 - 570

410

CLY3

450 - 600

525

590 - 780

685

CLY4

240

240

310

310

CLY5

430 - 600

515

560 - 780

670

CLY6

470 - 670

570

610 - 870

740

CLY7

420

420

550

550

Standard deviation

0.12

Exposure
Age (ka)
41

43.5

0.16

PBR dynamic fragility range 300 - 700

The average quasi-static fragility is 440 cm/s/s while the average dynamic fragility is 570
cm/s/s. The average quasi-static and dynamic fragilities have standard deviations of 0.12 and
0.16, respectively. Figure 2.6 displays the minimum and maximum dynamic fragility ranges.
The most fragile rock outcrop is CLY4 with an average dynamic fragility of 310 cm/s/s. CLY6
is the most stable PBR with an average dynamic fragility of 740 cm/s/s. CLY7 and CLY4 have
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one measurement of alpha angle (Table 2.1), resulting in a single fragility value. The overall
fragility range is 300 to 700 cm/s/s. The upper limit of 700 cm/s/s sets the upper bound of
realistic ground motions for the PBR site; i.e. if simulations produce a PGA larger than 700
cm/s/s, they will be thought of as highly unrealistic.

Figure 2.6: Dynamic fragility ranges for the seven studied PBRs.

2.4.2 Exposure Age
Cosmogenic isotope dating for two PBRs was conducted by Stirling et al. (2008) to determine
exposure age (Figure 2.7). This method estimates how long the rock has been exposed. The
technique utilises the fact that Earth is constantly bombarded by cosmic neutron rays (Dunai,
2010). The collision causes a dislodgement of protons and/or neutrons in an atom from a
mineral within a rock. A cosmogenic radionuclide (Beryllium 10;

10

Be) is the product. The

radionuclides are produced and decay at a known rate (Dunai, 2010), allowing for an estimation
of exposure time. Complex shape models allow for the determination of neutron shielding from
the PBR.

Fragility ages were determined by sampling the PBR-pedestal areas. This indicates the elapsed
time since the rock became precarious (Stirling et al. 2008). The PBR-pedestal contact (Figure
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2.5) was sampled multiple times to attain a reliable age. The pedestal age is important, as it
records the time since the PBR obtained its present fragile geometry. This exposure age is
referred to as the fragility age. The fragility ages are older than the series of large near-field
earthquakes that have occurred on the Dunstan Fault (41,000 and 43,500 for CLY1 and CLY7,
respectively; recurrence interval of 8000 years for magnitude 7.3; Stirling and Anooshehpoor,
2006), meaning the PBRs provide important constraints on near field ground motions on the
Dunstan Fault, having survived.

Figure 2.7: Cosmogenic dating of CLY1. (Left) Schist sample locations for 10Be dating. (Right) The 10Be dates
plotted against height below PBR tip. t0 = time at which the PBR was exposed. tBase = youngest age of the PBR.
The exposure age is specified to occur between locations 3 and 6. Data is sourced from Stirling et al. (2008).

Determination of a fragility age required three assumptions: (1) Vertical erosion is responsible
for exposure of the PBRs; (2) the PBR and pedestal have been exhumed with the same geometry
as visible today and; (3) exhumation rates were constant – methods assumed by Balco et al.
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(2011), utilised by Stirling et al. (2008). Samples are taken from above, at and below the PBRpedestal contact (Figure 2.7). Complex 3D shape models from Balco (2014) determine the
amount of sky exposure experienced by the PBR sample location. Forward modelling predicts
10

Be concentrations for each location which are compared to the measured 10Be concentrations.

A best-fit for the modelled concentrations is acquired by varying the assumed exhumation rate
to minimize error.

2.5 PBR Validation
Earthquake simulations can be used to determine the spectrum of ground motions that would
be expected at a location from a predefined set of variables (magnitude, fault geometry, sourceto-site distance etc.). However, the simulations also require validation criteria, which usually
involves comparing actual strong motion records to the simulated ground motions. On the
diagram illustrating the SCEC BBP (Figure 1.7), validation encompasses a detailed assessment
of the similarity between the simulated response to the empirical response. The use of empirical
data is the traditional way to validate a set of simulated ground motions (Galasso et al., 2013).
However, empirical data are not always available for use in validation. The use of PBRs as
validation criteria is possible at the PBR site; the PBR criteria are low resolution in the context
of providing exact ground motion constraints, but are old enough to have survived repeated
Dunstan Fault near-field earthquakes and provide meaningful constraints on ground motion
non-exceedance. The seven PBRs at Cairnmuir Flats provide constraints on the past ground
motions at the PBR site. Exposure ages for two PBRs (CLY 1 and 7) are similar (~40,000
years). Assuming other PBRs are of a similar age, all PBRs have experienced multiple large
near-field Dunstan Fault earthquakes in the past. Stirling and Anooshehpoor, (2006), state the
Dunstan Fault to have a recurrence interval of 8000 years for a magnitude 7 or greater
earthquake. The implication is that the seven PBRs have experienced five large earthquakes,
based on an average 40,000 year age and earthquake recurrence interval of 8000 years. Coupled
with known fragilities, the PBRs place limits on the ground motions that have been produced
by these repeated large Dunstan Fault earthquakes. For example, CLY 1 has a fragility age of
41,000 years, and a dynamic fragility of 600 cm/s/s. Therefore, assuming the PBR data are
reliable, past large earthquakes have not produced a PGA larger than 600 cm/s/s at the CLY1
site for 41,000 years. This has important implications for the upper limits of PGA at sites close
to the Dunstan Fault.
23

E Bowie 2017

24

E Bowie 2017

Chapter 3 – Ground Motion Simulation
Method

3.1 Introduction
This chapter describes the ground motion simulation method for developing physics-based
estimates of predicted ground motions at the PBR site. In the Clyde area, the Dunstan Fault is
thought to be capable of producing magnitude >7 reverse-slip earthquakes (e.g. Stirling and
Anooshehpoor, 2006). A magnitude >7 earthquake is expected to result in surface ruptures and
strong ground motions at sites close to the fault (i.e. the PBR site). Ground motion simulation
is a complicated task that requires detailed information on fault characteristics. This chapter
will explain the process taken to generate realistic ground motion simulations. Firstly, a
discussion on ground motion simulation theory of the Graves and Pitarka (2010) method is
described in section 3.2. Input method follows in section 3.3. Throughout 3.4 to 3.9, the six
simulation runs are described. Section 3.10 discusses forward rupture directivity.

3.2 Ground Motion Simulation Overview
3.2.1 Graves and Pitarka
In 2010, Graves and Pitarka (2010; GP2010) developed a ground motion simulation method
implemented on the SCEC BBP. The GP2010 method is selected for this study due to a period
of implementation, validation and testing on the BBP, making the selection an obvious choice.
A hybrid approach is conducted, combining low (0-1 Hz) and high (1-10 Hz) frequencies into
a single broadband seismogram. At low frequencies, the GP method makes deterministic-based
calculations of fault rupture and wave propagation (Graves and Pitarka, 2010). At high
frequencies, a stochastic method is combined with theoretical representations of wave
propagations and scattering (Graves and Pitarka, 2015). The stochastic method is applied
following seismological investigations that led to the understanding that higher frequencies (>1
Hz) display random source radiation and wave propagation.
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In 2015, Graves and Pitarka updated the simulation method (GP 14.3). The inclusion of a new
deep weak zone within the rupture characterisation refined the way ground motion simulations
run, improving data quality (Graves and Pitarka, 2015). The enhanced source model allows for
radiation of strong motion energy, while large fault displacements can still occur. GP2010 overpredicts large magnitude ground motions in the period 2-5 s, which is mitigated by adding the
new zone (Graves and Pitarka, 2015). Additionally, a smoother transition from low to high
frequency seismograms is achieved by improving the rise time and rupture speed functions.
Overall, GP14.3 displays improved performance than GP2010.

Simulating ground motions with GP 14.3 for the PBR site will allow for seismic hazard
estimates to be made. Figure 3.1 displays the Dunstan Fault geometry with respect to the PBR
site. The inset in Figure 3.1 displays the local geometry with respect to the underlying Dunstan
Fault. The close proximity of the Dunstan Fault to the PBR site means a default velocity model
is utilised. To develop a velocity model would prove to be of little use for near-filed sites when
PGAs display a magnitude saturation effect for magnitudes >7 (Abrahamson and Silva, 2008;
Boore and Atkinson, 2008; Chiou and Youngs, 2008; Schmedes and Archuleta, 2008; Baltay
and Hanks, 2014; Yenier and Atkinson, 2014). Vs30 also receives little interest, with Faccioli
and Resendiz, (1997) highlighting that site conditions of near-field locations create a negligible
effect on the seismic response of a site (Figure 5.4). The default BBP Vs30 value also classifies
as a very dense profile type (Montalvo-Arrieta et al. 2008), likely similar to the profile type of
the Otago Schist at the PBR site.
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Figure 3.1: 3D image of the Dunstan Mountains and associated features. Inset at right displays near-surface fault
geometry, specifically, the depth of the fault beneath the Clyde Dam and PBR site. Figure is not to scale, satellite
image from Google Earth (image date: 1/24/2013, eye altitude: 12 km).
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3.3 Input files
SCECs 15.3.0 BBP version was downloaded and installed onto the University of Otago
Geology Department computers. Files were downloaded from SCECs Wikipedia page
(https://scec.usc.edu/scecpedia/Broadband_Platform). Initial platform dependencies are
required:
1. 64-bit Linux machine or Mac OS X
2. Python 2.6+ with
a. NumPy 1.4.1
b. Scipy 0.7.2
c. Matplotlib 1.0.1
d. PyProj 1.8.9
3. GNU compilers (gcc, gfortran) v4.5.1

Following installation, the platform must be tested to ensure each module is operating correctly.
The platform contains three kinds of tests. The first, checksum tests, verifies that files are
transferred correctly and the correct set of data is contained within the transferred files. Unit
tests then run each module individually to compare the results against known outcomes.
Acceptance tests then verify that each module is integrating correctly. If all tests pass, then the
BBP is installed correctly and is ready to perform simulations.

Validation and user-defined events can be simulated on the BBP. Validation events simulate a
historical event where results can be compared to observed recordings. User-defined
simulations generate scenario type earthquakes, where the user can define their own parameters.
Site-specific analysis is undertaken by generating synthetic seismograms at each station by
providing a station location file (Table 3.2). For validation simulations, the stations listed are
real locations, where a seismometer has recorded ground motions. To capture the entire ground
motion spectrum, many simulations can be run by modifying input parameters (Table 3.1).
Performing many simulations allows the user to gain a full understanding of the possible
consequences of fault rupture uncertainties. The determination of input parameters (Table 3.1)
is outlined in the next section (3.4), where all inputs must be defined before simulation run #1.
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Table 3.1: Required parameters for the earthquake source file - a user-defined earthquake simulation

Parameter

Description

Magnitude

Moment magnitude

Fault length

Length of fault (km)

Dlen

Length of cell (km)

Dwid

Width of cell (km)

Fault width

Fault width (km)

Depth to top

Depth of fault (0 if fault has surface exposure)

Strike

Average strike of fault

Rake

Average rake of fault

Dip

Average dip of fault

Latitude top centre

Latitude of top centre point in fault trace

Longitude top centre

Longitude of top centre point in fault trace

Hypocentre along strike

Along strike location of hypocentre

Hypocentre down dip

Down dip location of hypocentre

Seed

Random number used for slip distribution generation

Table 3.2: Required information for a station file (* indicates optional information)

Parameters required
Longitude

Latitude

Station

Vs30*

LF corner*

HF corner*

name

Station
info*

3.3.1 Ground motion simulation sensitivity tests
The following ground motion simulation plan is created. All PGA estimates from the simulation
runs are compared with the PBR fragility limits.
1. Simulation run #1 - Run 1000 simulations using random slip distributions (section 3.4).
2. Slip distribution – Run the 1000 slip distributions through a surface deformation algorithm
to eliminate unlikely slip distributions (section 3.4.1 and 3.4.2).
3. Hypocentre - Take the selected set of slip distributions and generate five appropriate
hypocentre locations for each slip distribution (section 3.4.3).
4. Simulation run #2 - Run 150 simulations with randomised variables to examine the
influence of aleatory uncertainty (section 3.5).
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5. Simulation run #3 – Asses the hanging wall effect by running two separate calculations to
remove the effect (section 3.6).
6. Simulation run #4 - Simulate different scenarios of fault dip and magnitude (section 3.7).
7. Simulation run #5 - Evaluate how kappa influences ground motions and what would be an
appropriate value for Otago (section 3.8).
8. Simulation run #6 – Run simulations a final time to extract the most accurate PGAs at the
PBR site (section 3.9).

3.4 Simulation run #1
A set of 1000 simulations are run following the determination of parameters listed in Table 3.1.
Table 3.3 displays the initial values for the parameters simulated on the BBP. Earthquake
magnitude is 7.3, based on Stirling et al. (2012). Fault length is 60 km, consistent with Litchfield
et al. (2014) and Mackey (2015). Cell dimensions (Dlen and Dwid) are 2 km by 2 km, resulting
in fast run time (larger cell dimensions require fewer computations, meaning the simulations
are run in a shorter period of time as opposed to small cell dimensions). Fault width is
determined by fault zone geometry. A fault dip of 45° and the width of the Dunstan Mountains
is used (Figure 3.2). This results in a fault depth of 20 km and a fault width of c. 28 km (Figure
3.2). Depth to top is used if the fault is buried. If surface exposure is expressed, this parameter
becomes 0 (for the Dunstan Fault, this is 0). Strike is 044° after Litchfield et al. (2014) and
Mackey (2015), and by examining the strike of the Dunstan Mountains. Rake is 90° for a pure
reverse fault. Dip of the Dunstan Fault is accompanied by some uncertainty (+/- 15°), however,
the best estimation is 45° (Litchfield et al. 2014; Mackey, 2015). Dip is defined as 135°
(effectively is 45°), because technical issues simulates the fault plane to the southeast (when
specified as 45°), not the northwest. Latitude and longitude top centre are coordinates of the
centre point of the fault trace. Hypocentre location is assumed to vary from simulation to
simulation and is discussed in section 3.4.3. The parameter seed generates random slip
distributions, and is discussed in the next section (3.4.1).
Simulations are run for one site – the PBR site (Figure 2.2). This site is the average location of
all PBRs. Since PBRs are all located with close proximity to one another (<1 km), ground
motions will be similar, and a single site is appropriate for seismogram synthesis.
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Figure 3.2: Determination of fault geometry using Pythagoras. Top: elevation profile of the Dunstan Mountains.
Middle: cross-section showing fault geometry. Bottom: aerial map displaying location of cross-section. The
section runs perpendicular to the fault trace, crossing through Mt. Dunstan.
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Table 3.3: Source file for earthquake simulations (* Fault dip is 45° but the input must be 135° to generate
correctly).

Parameter

Value used

Magnitude

7.3

Fault length (km)

60

Cell length (km)

2

Cell width (km)

2

Fault width (km)

28

Depth to top (km)

0

Strike

044

Rake°

90

Dip°

135*

Latitude top centre

-45.041023

Longitude top centre

169.530029

Hypocentre along strike

Hypocentre simulated five times across fault plane

Hypocentre down-dip
Seed

Random Number

Moment

9.89 x 1019

3.4.1 Slip distribution
In generating multiple simulations, I endeavour to generate realistic slip distributions for
Dunstan Fault earthquakes. When simulating, a slip distribution image and text file is produced.
Figure 3.3 displays a slip distribution - a 1 km gridded fault plane, 60 km along strike and 28
km down-dip. It is easy to identify areas of high and low slip on the fault plane. The distribution
of these zones is created from the input parameter “seed” (Table 3.1). “Seed” is a random
number for generating random slip distributions. Assuming fault movement is pure reverse
(rake identified as 90°), the slip distribution can provide information on the resulting surface
displacements.
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Figure 3.3: Slip distribution from an example simulation. Fault geometry is 60 km along strike (0 is the southwest,
60 is the northeast), 28 km down-dip, gridded at 1 km by 1 km. Rupture contours are 2 s time intervals.

Because the slip distribution generator is random, it is necessary to include a way of deciphering
which slip distributions are valid for the Dunstan Fault. By analysing the vertical deformation
(throw) of the Dunstan Fault from the uplifted Waipounamu Erosion Surface (described in
Section 1.6), it can be seen that the area of greatest throw is above the middle section of the
fault (Figure 3.4). If the Dunstan Fault is assumed to have produced the Dunstan Mountains, it
follows that the largest amount of cumulative slip has occurred in the middle of the Dunstan
Fault, and less to the southwest in the vicinity of the PBR site and Clyde (double tapered). It is
also evident that PBRs are abundant to the south and sparse to the north (Figure 3.4). In this
context, individual simulated slip distributions that show the greatest amount of slip in the
middle of the fault are considered valid, whereas slip distributions showing the largest amount
of slip in the southwest and northeast are considered invalid. Another way to think about this is
to consider valid slip distributions to have an elliptical half-moon rupture area. The Graves and
Pitarka method uses a rectangular fault plane for slip distribution simulation, however, I am
suggesting Dunstan Fault ruptures tend to have an elliptical half-moon shape, that mimics the
shape of the total uplift of the peneplain surface. This will result in a rectangular fault plane
showing little to no slip on the outer portions (southwest and northeast) of the fault plane. To
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conduct this analysis, surface deformation from slip distributions is simulated, thereby
excluding slip distributions that do not have this elliptical half-moon shape (described in the
following sections of 3.4). Since the BBP does not produce a surface deformation output,
additional software is required to develop and evaluate the relationship between on-fault slip
distribution and off-fault surface deformation. This software, and the application of the
software, is described in the next section.

Figure 3.4: Dunstan Mountains elevations. The profile follows the highest peaks along the Dunstan Mountains
which are closely related to the Dunstan Fault strike of 044°. Some topographical features are labelled on the
elevation profile. The light shaded green area represents the antecedent Cromwell Gorge (gorge was present since
uplift was initiated). If the Clutha River was not present, elevations would approximate that of the green dashed
line. Thompson's Saddle, however, is a feature that has developed over time as the result of little uplift (compared
to surrounding area).
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3.4.2 The Okada method
The calculation of surface deformation from a fault planes slip distribution can provide
constraints on the selection of slip distribution for earthquake simulation. These constraints will
eliminate uncertainty in ground motion estimations for the PBR site, where large slip beneath
the site is expected to be inaccurate. In 1985, Yoshimitsu Okada published a paper entitled
“Surface Deformation Due To Shear and Tensile Faults in a Half Space” (Okada, 1985). Efforts
to develop theoretical formulations to describe the deformation of a medium have been
researched since the 1950’s. Okada (1985) aimed to combine all previously proposed theories
(Steketee, 1958; Chinnery, 1961 and 1963; Maruyama, 1964; Press, 1965; Savage and Hastie,
1966; Mansinha and Smylie, 1967 and 1971; Alewine, 1974; Sato and Matsuúra, 1974; Okada
1975; Yamazaki, 1975; Iwasaki and Sato, 1979; Matsuúra and Tanimoto, 1980 and Davis,
1983) into one generalised model. Okada reviewed these analytical expressions to describe the
surface deformation of a shear fault in a half-space, restricted to the near-ground surface. The
Cartesian coordinate system (Figure 3.5) was used, where the half space occupies the region Z
<0, X being parallel to strike and Y being perpendicular to strike. A second set of vectors
indicate point source dislocation characterisation, where U1, U2 and U3 correspond to strikeslip, dip-slip and tensile components. These vectors indicate the movement of a point source
within the hanging wall relative to the foot wall.
Okada’s model calculates an analytical solution for surface deformation from fault rupture in
the subsurface (Okada, 1985). The model requires two main inputs; rectangular fault geometry
(strike, dip, length, width and depth) and dislocation amplitudes (U1, U2 and U3) to calculate
surface displacement. The following will discuss how Okada’s work was incorporated into
matlab for computational use.
In 2009, Francois Beauducel published a script on mathworks file exchange entitled “Okada:
Surface Deformation due to a Finite Rectangular Source”. Beauducel used Okada’s theories
and principles from 1985 to write a script within matlab that generates a 3D visualisation of
surface deformation from fault rupture (Figure 3.6). This script will now be referred to as the
slip script. Default input into the slip script computes displacements, tilts and strains that are
resultant from a singular dislocation on a rectangular fault with specified geometry (strike, dip,
length and width). These parameters are listed in Table 3.4.
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Figure 3.5: Geometry of the source model. Z, X and Y relate to up, along strike and perpendicular to strike,
respectively. U1, U2, and U3 relate to point source dislocations within the fault plane.
Table 3.4: Parameters for surface deformation calculation within the slip script.

Parameter

Definition

E,N

Coordinates of observation points in a geographic referential (east, north, up)
relative to fault centroid.

Depth

Depth of the fault centroid

Strike

Fault trace direction (0 to 360°) defined so that the fault dips to the right side of
the trace.

Dip

Angle between the fault and a horizontal plane

Length

Fault length in the strike direction

Width

Fault width in the dip direction

Rake

Direction the hanging wall moves during rupture.

Slip

Dislocation in rake direction

Open

Dislocation in tensile component
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Modification to the slip script allows for input from the BBP. The slip script requires
coordinates to be input in singular values, and for the values to relate to a fault centroid. Firstly,
values are extracted from the file that creates the slip distribution image (Figure 3.3). Four
values are required for the input into the slip script: coordinates (along strike and down-dip),
depth and slip. Coordinates are manually converted to a grid, centred on 0,0. Coordinates do
not vary throughout simulations, allowing for application to all computations. The challenging
task is transforming the slip script from reading a singular slip value (Beauducel’s default
script), to reading multiple slip values (required for this study). The count of slip values are
determined when defining the grid dimensions in the source file. For example, Figure 3.3
displays a 1 km by 1 km gridded fault plane. Each grid cell will be referred to as a fault patch.
Taking fault geometry into consideration (60 km length, 28 km down dip), 1680 fault patches
are present. Every fault patch has a corresponding slip value, which is run through the slip script
to calculate the resultant individual surface deformation.

The slip script requires further information to carry out the surface deformation calculations.
Accompanying the slip value and fault coordinate parameters is depth. There are 1680 depth
readings for every simulation. The depth readings do not change between the various
simulations. The slip script then runs through each fault patch, calculating individual surface
displacements, before summing these values together to produce a figure of surface
displacement across the fault plane (Figure 3.6). A flow of tasks is provided below to highlight
the key points involved in this process.

Flow of tasks to generate surface deformation figures:
1. Acquire the text files used to generate the slip distribution (Figure 3.3) and extract fault
coordinates, depth and slip value for each fault patch.
2. Generate a directory with 1000 slip files for 1000 slip distributions.
3. Apply a new coordinate system, centred on 0,0.
4. Run the modified slip script through the 1000 slip files, generating 1000 surface
deformation images (Figure 3.6).
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Figure 3.6: Output figure of surface deformations across the Dunstan Fault plane from simulation 52. Contour
lines are in 0.5 m increments. Coordinate system along and perpendicular to strike relate to fault patches.
Therefore, 5 fault patches equals 10 km, due to the 2 x 2 km fault patch cell size.

The 1000 3D surface deformation images are created via the process described above. Surface
deformation (i.e. displacement measures along the fault) images are selected based on similarity
to the Dunstan Mountains (Figure 3.7). The 1000 surface deformation images are supplied in
the appendix. The Dunstan Mountains show a double-tapered profile along the axis of the fault,
which is assumed to be the cumulative result of hundreds of earthquakes, most with doubletapered slip distributions. Analysing the topography along the Dunstan Mountains, in particular
comparing elevations in the centre of the range to near the ends, is the basis for selection of slip
distributions. To illustrate the double-tapered profile, two elevation ratios are evaluated.
Elevations at the 20 km, 30 km and 40 km marks are compared to the elevations nears the ends
of the fault (5 km and 55 km). This reveals that; 1) the fault ends have a ratio with the 20 km
and 40 km elevations of 1 : 1.5 (850 : ~1300 m) and that 2) the ratio near the fault ends to the
centre (30 km) has a 2 : 1 factor (850 : 1700). Therefore, simulations following the above
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criteria are assumed to be realistic representations of Dunstan Fault slip behaviour from
earthquake to earthquake. The process of selecting slip distributions is displayed in Figure 3.7.
All 1000 surface deformations are plotted in Figure 4.3, with the elevation profile of the
Dunstan Mountains included.

Figure 3.7: (A) Slip distribution of the Dunstan Fault. The star is the hypocentre and contours indicate time
intervals. (B) (Front) Surface deformation resulting from the slip distribution. Clyde Dam and the PBR sites are
labelled. (Back) Elevation profile of the Dunstan Mountains parallel to the Dunstan Fault surface trace. Cromwell
gorge is antecedent, meaning elevations would equal the dashed line if erosion was absent.
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3.4.3 Hypocentre location
In 2005, the work of Mai et al. (2005) evaluated the relationship between slip distribution and
hypocentre location. The common approach is to randomise a set of hypocentre locations across
the fault plane to gain an understanding of the potential variability in hypocentre locations
(Hacıefendioglu et al. 2017). The work of Mai et al. (2005), in conjunction with slip distribution
maps from the BBP, allows for the determination of possible hypocentre nucleation locations.

A database of 51 earthquakes (available at www.seismo.ethz.ch/srcmod; 26 strike-slip, 25 dipslip) in the magnitude range 4.1 to 8.1 in both shallow-crustal and subduction zone regions was
used for the study. Hypocentre locations were evaluated in terms of position along strike and
down-dip. It was found that small-to-moderate earthquakes (magnitude <6) tended to nucleate
in the centre of the fault plane (Mai et al. 2005). Above magnitude 6, more variability was
evident. Two variables, HypX and HypZ, were used to describe the location of hypocentres
along fault strike and down dip, respectively. HypX ranged from 0 to 0.5, with 0.5 representing
the centre and 0 representing both fault flanks. HypZ ranged from 0 to 1, with 0 being the top
edge, and 1 being the base. HypX analysis for dip-slip hypocentres displayed a tendency for
nucleation towards the centre of the fault plane (Figure 3.8, HypX plot). Nucleation on the outer
15 percentiles was unlikely (HypX >0.15). HypZ distributions displayed no evidence for
ruptures to nucleate at HypZ <0.2, and were skewed from 0.3, to 1. Further analysis of HypZ
for crustal related generation showed that crustal dip-slip events nucleated in the deeper portion
of the fault plane (Mai et al. 2005).

Figure 3.8: Distributions for hypocentre locations for dip-slip earthquakes from the study of Mai et al. (2005).
HypX (left) and HypZ (right) are normalised to fault length and fault width, respectively.
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To advance the research, additional parameters were assessed to confidently constrain
hypocentre location for simulation studies. Slip distribution was analysed by looking for any
characteristics linking hypocentre nucleation to areas of high or low slip. Mai et al. (2005)
suggested that hypocentres do correlate to the distribution of slip on the fault plane.
Hypocentres were found to nucleate very close to large-slip areas. Specifically, 48% of
hypocentres nucleated outside an identified slip area, 35% nucleated within a large-slip area,
while only 16% nucleated within a very-large-slip area (Mai et al. 2005; Figure 3.9). Nucleation
location was also closely related to very-large-slip areas, in that they did not nucleate within,
but close to the area (Figure 3.9(d)).

The results suggested four key findings:
1. Hypocentres are generated close to a large-slip area.
2. Hypocentres will predominantly not nucleate in the outer 15 percentiles.
3. Hypocentres will not nucleate in the upper 20 percent of the fault.
4. Within the first half of the total rupture distance, the rupture will pass through a verylarge-slip area.

Figure 3.9: Monte-Carlo Hypocentre Locations. (a) Distribution of earthquake hypocentres in relation to slip area.
(b-d) Distributions for normalised distance from hypocentre location and distance to DMAX (largest slip), largeslip area and very-large-slip area. Redrawn from Mai et al. (2005).

The work of Mai et al. (2005) adequately provides constraints for hypocentre location
determination for crustal dip-slip faults. This is a deterministic approach that will exclude other
possibilities of hypocenter nucleation locations. Following the selection of slip distributions
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(section 3.4.1 and 3.4.2), determination of hypocentre locations is possible. This is done by
following the steps listed below, supported by the findings of Mai et al. (2005):
1. Eliminate the upper 20% of the fault plane.
2. Eliminate the outer 15% of the fault plane.
3. Identify large-slip (186 to 372 cm) and very-large-slip areas (>372 cm).
4. Plot a hypocentre location within the area of steps 1-2, in a position with close proximity
to a large-slip area and less than 30 km (half fault length) away from a very-large-slip
area.

If there is no valid hypocentre location, then the slip distribution will be discarded, concluding
that the distribution is not realistic for hypocentre nucleation. An example of hypocentre
location determination is displayed in Figure 3.10.

Figure 3.10: Fault plane map of slip from the BBP. Greyed out are areas defined by steps 1 and 2 (see above).
Areas with close proximity to the large-slip area regions are plausible hypocentre locations i.e. a very-large-slip
area is close by. Here, multiple hypocentre locations can be generated around the large-slip asperity zones.

Hypocentre effect on near-field ground motions

Hypocentre location becomes important when considering implications of directivity.
Directivity, as defined by USGS, is where ground motions are more severe in the direction of
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rupture propagation, compared to other directions radiating from the hypocentre (USGS, 2016).
Somerville (2005) characterised near fault ground motions and discovered that directivity has
large implications for sites close to the fault (i.e. PBR site). Directivity effects must be
considered when a site is located at the tail end of a propagating rupture and the direction of
slip is aligned towards the site (Somerville, 2005). For a dip-slip fault, directivity is observed
in the fault normal direction, while permanent ground displacement occurs parallel to the fault
dip (Somerville, 2005). Therefore, Dunstan Fault hypocentres located at the northwest end of
the fault will likely yield larger ground motions at the PBR site (forward directivity) than if the
hypocentre is located close to the PBR site (backward directivity). The influence of directivity
on ground motions at the PBR site is assessed in section 3.10.

3.5 Simulation run #2 - Random
Many ground motion simulation studies use parameter randomisation to gather a wide spectrum
of possible ground motions from fault ruptures (Hacıefendioglu et al. 2017). Such parameters
include hypocentre location and slip distribution. Within this study, inferences are made to
constrain these parameters. To assess how these constraints influence the PGAs at the PBR site,
hypocentre location and slip distributions are randomised and run for 150 simulations. Results
are presented in section 4.3.

3.6 Simulation run #3 - Hanging wall effects
The inclusion of hanging wall effects in empirical ground motion prediction equations can
increase predictions by up to 50% (e.g. Abrahamson, 2008). The Graves and Pitarka (2010)
method implicitly incorporates hanging wall effects during simulations. The hanging wall effect
was first proposed by Abrahamson and Somerville (1996) based on their study of empirical
data obtained following the 1994 Northridge earthquake. They concluded that ground motions
in the hanging wall are larger than in the foot wall, because hanging wall sites are located closer
to the rupture area (Abrahamson and Somerville, 1996; Figure 3.11). Analysing empirical data
from the Northridge earthquake, PGAs on the hanging wall were found to be up to 50% higher,
peaking at a distance of 9 km away from the fault trace (Abrahamson and Somerville, 1996).
Shortly after the Northridge earthquake, the 1999 Chi-Chi, Taiwan earthquake provided further
evidence that contributed to the database of hanging wall observations (Oglesby and Day,
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2001). For other faults, a similar, but not identical, relationship is observed. The hanging wall
effect takes into account fault dip, depth to top of fault and width of the fault (Abrahamson and
Somerville, 1996).

Figure 3.11: Demonstration of the theory for the hanging wall effect. Top: cross section of a dip-slip fault with
two stations equidistant from the fault rupture (x=x). Bottom: aerial view of the surface projection of the fault
rupture. Note how the hanging wall station is within the surface rupture projection.
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To assess the hanging wall effect, calculations are run to understand how PGAs at the PBR site
will react when the effect is removed. There is speculation as to whether the Dunstan Fault
extends south of the Cromwell Gorge, which would place the PBR site outside the hanging wall
of the fault. Two methods will therefore assess the exclusion of the hanging wall effect. The
exclusion must be accurate, as this parameter will have one of the largest implications for PGA
at the PBR site (Abrahamson and Silva, 2008). Running two separate methods will allow for
accurate representation of the exclusion of the effect.

The first method (1) evaluates how the hanging wall effect operates over a spatial scale, and
reduces PGA at the PBR site to a value where the hanging wall amplification effect is excluded.
In doing so, 50 simulations are run across 45 km, with 32 synthetic seismogram stations plotted
perpendicular to the fault surface trace (Figure 3.12). This achieves an understanding of how
the hanging wall effect operates from the foot wall to the hanging wall, allowing for near-fault
PGA estimates to be reduced. Source parameters remain the same as that listed in Table 3.3,
except the seed (slip distribution) is run from 1 to 50 (for 50 simulations) and hypocentre
location is fixed in the centre of the fault plane, 22 km down dip.

The second method (2) removes the surface projection (and therefore hanging wall effect) of
the fault altogether from the PBR site. Ground motion simulations are run with the fault source
having a southwest limit at Clyde, rather than at the Earnscleugh Structure (Figure 3.13).
Hypocentre locations and slip distributions are constrained, following that in simulation run #1,
resulting in a simulation count of 520 (see section 3.4). All other parameters remain the same
as that in Table 3.3. Mw remains constant, even though fault length is reduced, which will likely
be accounted for in larger slip on the fault plane. The results can then be compared to PGA
estimates from simulation run #1, as the only variable between the simulations is fault length.
This results in the simulation of a 54 km long fault, locating the PBR and dam sites to the
southwest of the fault plane and outside of the hanging wall.

The result of both calculations will be a reduction in estimated PGA at the PBR site for the
simulations. The calculations both remove the hanging wall effect, through different methods.
Therefore, the value by which the estimated PGA is reduced by should be similar. If this is
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correct, the value of reduction can be confidently stated as an accurate representation for the
removal of the hanging wall effect. These values will be presented in section 4.5.

Figure 3.12: Hanging wall effect analysis. The yellow area represents the Dunstan Fault as it dips 45° to the
northwest. The red circles indicate the corners of the modelled fault plane while the blue circles are synthetic
seismogram stations plotted perpendicular to the fault surface trace. There are 32 stations named I to XXXII spaced
across 45 km.
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Figure 3.13: Visualisation of the reduction in fault length towards the southwest. Note: the PBR and dam sites are
now away from the fault and not on the hanging wall.

3.7 Simulation run #4 - Fault dip and magnitude
To capture the potential variability in Dunstan Fault rupture dynamics, further parameters are
varied to gain an appropriate understanding of the ground motions possible. Two parameters
that have a strong influence on ground motions are earthquake magnitude and fault dip
(Doglioni et al. 2015). Therefore, these parameters are varied to reflect diverse influence. Dip
of the Dunstan Fault is estimated to be approximately 45° (Litchfield et al. 2014; Mackey,
2015). However, this is not based on any clear surface exposures. Therefore, a range of dips
(+/- 15°) are assumed for the Dunstan Fault and used in the BBP simulations. However,
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uncertain fault dip also has consequences for magnitude. Dunstan Fault earthquake magnitudes
are estimated according to the New Zealand-specific magnitude scaling relationship (Equation
3.1) shown in Stirling et al. (2012), based on the work of Webb et al. (2002). When fault dip
estimates are changed, the rupture width and earthquake magnitude are also changed.

Equation 3.1
Mw = 4.18 + 2/3 log (W) + 4/3 log (L)
Where:
● Mw = moment magnitude
● W = down-dip rupture width in km
● L = Rupture length in km

By assuming a constant stress parameter and considering whole-fault ruptures, Dunstan Fault
earthquake magnitude estimates range from 7.1 to 7.5. When a 30° dip is assumed, a large
rupture width (W) results, and a magnitude 7.5 is estimated (Figure 3.14). Subsequently, when
a steeper dip is assumed, the rupture width decreases, and the magnitude is reduced. So for a
45° dip, a magnitude 7.3 applies, whereas a dip of 60° results in a magnitude 7.1. The
magnitudes of 7.1, 7.5, and a mean value of 7.3 are therefore used for input to the BBP,
accounting for the potential variability of the Dunstan Fault magnitude. However, if the stress
parameter is higher, the slip area can decrease whilst maintaining the same magnitude, so long
as the slip increases. For this study, constant stress is assumed. For each scenario, 150
simulations are performed for the three variations in magnitude. All input parameters remain
constant, except for fault dip and magnitude. Results are presented in section 4.6.
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Figure 3.14: Surface projection of rupture widths for the three fault dips. Figure is not to scale.

3.8 Simulation run #5 - Kappa
Kappa controls the attenuation of seismic waves in the near-surface and is used to estimate the
spectral amplitude frequency decay of a seismogram. The value has strong controls on PGA at
a site due to the attenuation phenomenon (Anderson and Hough, 1984; Atkinson, 1996; Kilb et
al. 2012; Neighbors et al. 2015; Van Houtte et al. 2017). Unpublished work by Van Houtte et
al. (2017) on the variation of kappa throughout New Zealand reveals that a reduction from the
default BBP value of 0.040 s is required. Actual calculated kappa throughout New Zealand’s
South Island suggest a value of 0.016 s is more appropriate for the Dunstan Fault region (Figure
3.15). To evaluate how kappa influences PGA, 300 simulations are run, 150 with kappa set to
0.040 s and 150 set to 0.016 s. All other parameters remain constant, revealing the effect kappa
has on resulting ground motions. Results are presented in section 4.8.
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Figure 3.15: Estimated kappa for New Zealand. The region of Central Otago appears to portray a relatively
constant value of 0.016 s. The Dunstan Fault plane is outlined in red at lower right. Figure from unpublished work
of Van Houtte et al. (2017).
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3.9 Simulation run #6 - Final run
The final simulation run utilises the information presented throughout previous simulation runs.
These previous simulation runs are conducted to test the sensitivity of ground motions to the
parameters tested on the BBP. Therefore, the method can only be discussed following the
presentation of simulations for the previous runs. This information will be presented in Chapter
4, before the results are discussed.

3.10 Directivity analysis
In 2007, Baker developed a method for identifying ground motions influenced by the directivity
phenomenon (Baker, 2007). Once a final set of accurate PGAs is obtained, the seismograms
are run through Baker’s (2007) matlab code to analyse the impact forward directivity has on
ground motions. The method identifies forward directivity by locating strong velocity pulses in
recorded seismograms (Baker, 2007). Directivity pulses are characterised by large amplitudes
and long periods upon the initiation of ground shaking (USGS, 2016), thereby making them
easy to identify. Ground motions are first rotated from the default north-south and east-west
directionalities to fault normal and fault parallel. Forward directivity pulses are commonly
strongest in the fault normal direction (Baker, 2007), leading to strong PGAs and PGVs for the
event assessed. PBRs are most sensitive to PGA (Stirling and Anooshehpoor, 2006), making
the analysis important. Once ground motions are rotated, wavelet analysis is used to identify
pulses by assigning an indicator value, dependent on the strength of the pulse. Indicator values
vary from 0 to 1, where <0.15 suggests no directivity pulse (non pulse-like), while >0.85
illustrates a strong directivity pulse (pulse-like). An indicator value of 0.15 to 0.85 is classified
an unambiguous. Results on this matter will follow in section 4.11.
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Chapter 4 – Ground Motion Simulation
Results

4.1 Introduction
This chapter presents results for ground motion simulation studies run on SCECs BBP for the
PBR site from near-field Dunstan Fault earthquakes. Results for each simulation are discussed
in detail throughout the following sections. The primary source of information is viewed in
PGA histogram plots, because the PBRs provide direct constraints on PGA. The plots contain
four components: (1) Simulated PGA frequency distribution; (2) Mean PGA for the simulation
run (plotted in black); (3) PBR limits - the upper and lower fragility bounds of 300 to 700 cm/s/s
(described section 2.4.1; plotted in a red box), and; (4) The 1-sigma degree of variability in the
PGA estimates from the simulations (plotted in a dashed line box). All PGA estimates are for
the PBR site (Figure 2.2). The mean PGA and 1-sigma variation are both calculated in lognormal space. When simulations are run, seismograms are produced for three directionalities
(north-south, east-west and up-down). PGAs are extracted for each directionality, and are
presented throughout this chapter. The PGA of importance is the geometric mean PGA,
calculated from the north-south and east-west directionalities. The PGA plots display the
geometric mean PGA.

Section 4.2 presents estimated PGAs for simulation run #1. Section 4.3 investigates the effect
of parameter randomisation on PGA uncertainty. Section 4.4 compares results for simulation
runs #1 and #2. Section 4.5 investigates how the hanging wall effect influences PGA. Section
4.6 tests the impact of fault dip and earthquake magnitude on the simulations. Section 4.7
briefly discusses the influence of the stress parameter. Section 4.8 addresses the impact of
kappa. Section 4.9 provides results for the final simulation run. Sections 4.10 and 4.11 analyse
the PGAs from the final simulation run in further detail. Section 4.12 will discuss GMPE results
and section 4.13 provides a chapter summary. Throughout sections 4.2 to 4.9, simulations are
run on the BBP and the results are assessed on the basis of whether or not they exceed the PBR
fragility limits. Specifically, the goal of running these simulations is to: develop simulations
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that produce PGAs consistent with (less than or equal to) the PBR fragility limits; reject
simulations that are inconsistent with (greater than or equal to) the PBR fragility limits, and;
determine the parameters that lead to the rejected simulations. The goal of this procedure is to
therefore produce the most realistic ground motion simulations for the site of interest.

4.2 Simulation run #1
Certain parameters are possible to define for simulation purposes. The parameters are listed in
Table 3.3, with hypocentre location and slip distribution being variable from simulation to
simulation. The PGA results for run #1 are presented throughout this section for the PBR site.

4.2.1 Hypocentre Locations
The 520 simulated hypocentres are plotted in Figure 4.1. Following the five steps outlined in
3.4.3, the outer and upper portions of the fault plane are eliminated from the simulation
generation, and hypocentres are plotted on the fault plane. Results show that 59% are plotted in
the lower section and 41% in the upper section of the fault plane (Table 4.1). Figure 4.2 displays
the spatial distribution of hypocentres down-dip, with relevance to the study of Mai et al.
(2005). Distribution of hypocentres along strike is relatively uniform, with 44% located in the
southwest, and 56% in the northeast.

Figure 4.1: The 520 hypocentre locations for simulation run #1.
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Figure 4.2: Distribution of hypocentres down-dip for simulation run #1, normalised to 1. (A) Data from Mai et al.
(2005). (B) Data from this study. A polynomial trendline with an order of 3 is fitted to the distributions to highlight
similarity.

4.2.2 Slip distribution
Chapter 3, section 3.4.1 and 3.4.2, discuss how the differential uplift of the Waipounamu
Erosion Surface along the crest of the Dunstan and Cairnmuir Mountains is used as a proxy for
the slip distribution of the Dunstan Fault plane during large ground rupturing earthquakes. Of
the 1000 surface slip distributions simulated, 104 are considered to mimic this overall
deformation pattern. All 104 simulations are shown in Figure 4.3, along with the average
surface deformation, and the corresponding Dunstan-Cairnmuir Mountains elevation profile.
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Figure 4.3: Surface deformations selected to represent appropriate conditions for a Dunstan Fault rupture (104 are
shown). The average surface deformation (black) is compared to Dunstan-Cairnmuir Mountain elevations (Green)
to highlight similarity.

4.2.3 Simulation results
A representative set of seismograms is displayed in Figure 4.4 and the geometric mean PGA
estimates for simulation run #1 are plotted in Figure 4.5. The PGA estimates are for the PBR
site (Figure 2.2). Parameters used to simulate the PGA estimates are listed in Table 3.3. Mean
PGA, PBR limits and the 1-sigma range in PGAs are displayed in the plot. Of the 520 PGA
estimates acquired, 19% exceed 700 cm/s/s. The largest PGA is 1074 cm/s/s, while the smallest
is 348. The majority of the estimates (81%) lie within the 300 to 700 cm/s/s PBR constraints.
The mean of the simulation run is 588 cm/s/s and 1-sigma ranges from 414 to 692 cm/s/s.
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Figure 4.4: A representative ground motion simulation showing two seismograms (north-south and east-west) for
the PBR site.

Figure 4.5: Histogram of geometric mean PGA estimates for simulation run #1. PBR dynamic fragilities (red box)
are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black line.
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4.3 Simulation run #2 - random
Due to the constraints used within simulation run #1 (hypocentre location and slip distribution),
ground motions are generated by randomising these parameters. PGA estimates are then
compared to evaluate the uncertainty eliminated when constraining these parameters. As stated
in section 3.5, 150 simulations are run. All other ground motion parameters remain constant
(magnitude, fault length, cell dimensions etc.), as in Table 3.3.

4.3.1 Hypocentre locations
All 150 simulated hypocentres are plotted in Figure 4.6. Note how the upper and outer portions
of the fault plane are now included, unlike in simulation run #1 (Figure 4.1). For this simulation
run, 55% of hypocentres are located in the upper fault plane, while 45% are located in the lower
section (Table 4.1). Distribution of hypocentres along strike is uniform, with 51% located in
the southwestern section, and 49% in the northeastern section.

Figure 4.6: The 150 hypocentre locations for simulation run #2.

4.3.2 Simulation results
The geometric mean PGA estimates for simulation run #2 are plotted in Figure 4.7. The PGA
estimates are for the PBR site (Figure 2.2). Mean PGA, PBR limits and the 1-sigma range of
PGAs are also displayed on the plot. Of the 150 simulated PGAs, 31% exceed 700 cm/s/s. The
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largest PGA is 1451 cm/s/s, while the smallest is 332. The majority of the PGA estimates (69%)
lie within the 300 to 700 cm/s/s PBR constraints. The mean of the simulation run is 628 cm/s/s
and 1-sigma ranges from 425 to 691 cm/s/s.

Figure 4.7: Histogram of geometric mean PGA estimates for simulation run #2. PBR dynamic fragilities (red box)
are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black line.

4.4 Simulation run #1 vs #2
PGA estimates from simulation run #1 are compared to simulation run #2 to evaluate how
constraining parameters affects ground motions, specifically PGA. The only parameters varied
are slip distribution and hypocenter location, allowing for the quantification of these two
parameters on estimated PGA.

4.4.1 Hypocentre locations
Table 4.1: Hypocentre locations for simulation runs #1 and #2. Note: The upper 6 km is excluded for run #1, therefore,
upper is defined as 6-18 km, lower as 18-30 km while run #2 defines upper and lower as 0-15 and 15-30 km.

Simulation

Upper

Lower

southwest

northeast

Simulation run #1

212 (41%)

304 (59%)

225 (44%)

291 (56%)

Simulation run #2

82 (55%)

68 (45%)

76 (51%)

74 (49%)
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4.4.2 Simulation results
Using my constrained slip distributions and hypocentre locations (see section 3.4), PGA
estimates are less than if these parameters are randomised (Figure 4.8; Table 4.2). Table 4.2
displays the mean PGAs, standard deviations, and PGAs exceeding 700 cm/s/s. Randomising
these parameters and ignoring my constraints results in simulated PGAs 9% larger on average.
Also evident is the 12% increase in PGAs that exceed the upper PBR limit of 700 cm/s/s. In
simulation run #1, 19% exceed 700 cm/s/s, while 31% exceed this value in run #2 (Table 4.2).
The largest increase is in the up-down (U-D) sense of ground motion. Here, an increase of
14.4% is observed. Assessing the standard deviations of the simulation runs reveals that
simulation run #2 has a greater PGA spread, illustrated by the larger standard deviation of 1.30.

Table 4.2: PGA statistics from ground-motion simulations at the average PBR site for simulation runs #1 and #2.
N-S = north-south, E-W = east-west and U-D = up-down.

Simulation

PGA (cm/s/s)

PGAs exceeding 700
cm/s/s

N-S

E-W

U-D

Geometric

Standard deviation

mean

of Geometric mean

Run #1

604

572

340

588

1.24

19%

Run #2

626

629

389

628

1.30

31%

Increase

9% (average across all PGAs)

12%

700

PGA (cm/s/s)

600
500
400
300
200
100
0
N-S

E-W

U-D

Simulation run #1

Geometric
mean
Simulation run #2

Figure 4.8: Mean PGAs for the three components of motion and geometric mean, shown for simulation run #1
(section 4.2) and simulation run #2 (section 4.3).
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4.5 Simulation run #3 – Hanging wall effect
As stated in Section 3.6, hanging wall effects are incorporated into the BBP in accordance with
the assumption that the active Dunstan Fault lies beneath the PBR site. In the following I assess
the degree to which the simulated PGAs agree versus disagree with the PBR fragility limits.
When hanging wall effects are considered, I conduct several sensitivity tests. I examine: (1) the
uncertainty in hanging wall effect across the surface projection of the down-dip extent of the
fault, and; (2), the effect of removing the surface projection (and therefore hanging wall effect)
of the fault altogether from the PBR site. The latter acknowledges the uncertainty as to whether
the Dunstan Fault continues southwest of Clyde Township and beneath the PBR site as an active
fault. To identify the impact of (1) on ground motion uncertainty, synthetic seismograms are
plotted for sites along a perpendicular transect of the fault (Figure 3.12). To examine the impact
of (2) on simulated PGA, I simply shorten the Dunstan Fault so it terminates immediately
northeast of Clyde where the last active fault traces are observed (Figure 3.13).

Figures 4.9 and 4.10 present the results of method (1), with respect to PGA. Ground motion
simulation parameters remain the same as that in Table 3.3, except for hypocenter location,
which is fixed at 22 km depth, in the middle of the fault plane. This will exclude any effects
that hypocenter location has on estimated PGA when hypocenter location is moved. All results
are displayed in log format and are normalised, where 1 equals the maximum PGA and 0 equals
the minimum. The largest PGA estimates occur in the zone 0 to -10 km, where the normalised
PGA is 0.64. The mean PGA in the hanging wall takes approximately 30 km to reduce to foot
wall PGA estimates. At +5 to +10, mean PGA is 0.27, while at -5 to -10, this value increases to
0.64. Accompanying the largest mean PGA at -5 to -10 is also the largest standard deviation of
0.22 (Table 4.3). Standard deviations are calculated in natural log units.
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Figure 4.9: Hanging wall effect on PGA across the Dunstan Fault. PGAs are geometric means of the north-south
and east-west components of motion. The PGAs are normalised, where 1 = maximum PGA (2085 cm/s/s) and 0 =
minimum PGA (289 cm/s/s). The red line defines the transition from hanging wall (left side) to foot wall (right
side).

Figure 4.10: Histograms of PGAs, sorted into 5 km bins. Negative numbers indicate motions in the hanging wall,
while positive numbers indicate foot wall motions, separated by the red line, indicating the faults surface exposure
position. The green line is the same as the polynomial of the geometric mean in Figure 4.10.
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Table 4.3: Standard deviations for strength of PGAs sorted into 5 km bins

Bin zone

Standard deviation

Normalised mean PGA

-35 to -30

0.16

0.22

-30 to -25

0.17

0.36

-25 to -20

0.20

0.46

-20 to -15

0.19

0.53

-15 to -10

0.21

0.59

-10 to -5

0.22

0.64

-5 to 0

0.21

0.64

0 to 5

0.21

0.46

5 to 10

0.18

0.27

I also show the impact of the hanging wall effect at very close distances to the fault trace, where
the foot wall becomes the hanging wall (Table 4.4). Across this area, foot wall PGAs are ~370
cm/s/s, while hanging wall PGAs are ~600 cm/s/s (increase of ~60%; Table 4.4). The area
where the hanging wall effect is most pronounced is 7.5 km away from the fault surface trace
(Figure 4.9). The hanging wall effect is then less pronounced at 2 km away (PBR site location).
Therefore, to eliminate the effect, the hanging wall component of ground motions is reduced
by 35%, due to the site being located away from the maximum of the hanging wall effect (Table
4.4). Firstly, the hanging wall component of PGA is calculated as 228 cm/s/s (hanging wall
PGA minus the foot wall PGA; Table 4.4). This value is reduced by 35% (to get 148) then
added to the foot wall geometric mean PGA (371), resulting in a PGA of 520 cm/s/s (Table
4.4). Comparing hanging wall and hanging wall exclusion PGAs reveals a decrease of 13.2%.

Table 4.4: Median PGAs for the near-field simulation analysis. All are in cm/s/s

north-south east-west up-down Geometric mean PGA
Hanging wall

612.3

586.9

335.5

599.5

Foot wall

372.1

370.6

210.6

371

hanging wall 240.2

216.3

124.9

(58.4%)

(59.3%)

Foot

wall

to

increase

(64.5%)

Hanging wall effect component

228 (61.4%)
228

Hanging wall exclusion (35% reduction of the hanging wall component) 520
Overall reduction in hanging wall PGA

-13.2%
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Hanging wall effect is also quantified by way of a reduced Dunstan Fault length scenario
(method 2; Figure 4.11), whereby the Dunstan Fault is assumed to terminate immediately
northeast of Clyde and not continue underneath the PBR site as an active fault (see the later
section of 3.6). This eliminates the influence of hanging wall effect on the simulations in a
deterministic manner (Figure 3.13). All ground motion simulation parameters remain the same
as that in Table 3.3, except for fault length, which is reduced by 10% from 60 to 54 km.
Hypocenter locations and slip distributions are constrained following that in simulation run #1.
The resulting simulations show a mean PGA of 530 cm/s/s (Table 4.5; Figure 4.12). Both upper
and lower 1-sigma bounds are constrained to the PBR fragility zone (392-675 cm/s/s). Of the
520 simulations run, 86 (17%) exceed 700 cm/s/s, 1 (<1%) plots below 300 cm/s/s, and, 433
(83%) lie within the PBR fragility limits. PGA estimates are compared to simulation run #1
(Table 4.5), because fault length is the only variable between the simulations. Therefore, any
changes in estimated PGA are directly due to the exclusion of hanging wall effects as a result
of the fault length reduction. Following the exclusion of hanging wall effects of method 2, the
geometric mean PGA reduces by 10%, while the north-south, east-west and up-down PGA
estimates reduce by 6%, 13% and 30%, respectively (Table 4.5). Both events simulate an Mw
of 7.3, which will result in larger slip rates on the reduced fault length scenario, where a smaller
fault plane is simulated. Even so, a 10% reduction in mean estimated PGA is observed due to
a 10% reduction in fault length. This directly influences the source-to-site distance, which
increases Rrup from 3 km to 5 km.
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Figure 4.11: Dunstan Fault plane and slip distribution in 3D. The dashed location to the southwest is located
outside of the fault plane. Two synthetic seismogram stations are shown (site1 and site2). Site 1 is inside the fault
plane, site 2 is outside. Expected seismogram responses are shown at right with key differences highlighted. t =
time, a = amplitude and D = duration.
Table 4.5: Mean PGAs for the assumption that the PBR site is not in the hanging wall of the active Dunstan
Fault.

Simulation

north-south east-west up-down Geometric mean
(cm/s/s)

(cm/s/s)

(cm/s/s)

(N-S & E-W) (cm/s/s)

604

572

340

588

Method 2 of hanging wall effect 565

495

239

530

13%

30%

10%

Simulation run #1

exclusion
Reduction from simulation run #1

6%
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Figure 4.12: Histogram of geometric mean PGA estimates for simulation run #3, where the hanging wall effect is
eliminated in a deterministic manner, by assuming a reduced Dunstan Fault length that places the PBR site outside
the hanging wall of the fault. PBR dynamic fragilities (red box) are plotted as 300 to 700 cm/s/s. The 1-sigma
range of PGAs is the dashed box and the mean is the black line.

4.6 Simulation run #4 - Fault dip and magnitude
As discussed in section 3.7, three scenarios for fault dip and magnitude are simulated on the
BBP. The three scenarios simulated are: (1) 30° dip, magnitude 7.5, (2) 45° dip, magnitude 7.3
and, (3) 60° dip, magnitude 7.1. Results are displayed in Table 4.6. The PGA estimates are for
the PBR site (Figure 2.2). All ground motion simulation parameters, except for magnitude and
fault dip, remain the same as that in Table 3.3.

4.6.1 Scenario One: 30° dip, magnitude 7.5
PGAs for Scenario One (Figure 4.13) produce the largest estimates with a geometric mean of
1155 cm/s/s (Table 4.6). All estimated PGAs (except for one point at 694 cm/s/s) plot above
the upper PBR limit of 700 cm/s/s.
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Figure 4.13: Histogram of geometric mean PGA estimates for Scenario One (Table 4.6). PBR dynamic fragilities
(red box) are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black
line.

4.6.2 Scenario Two: 45° dip, magnitude 7.3
Scenario Two (Figure 4.14) presents a geometric mean PGA of 683 cm/s/s (Table 4.6). PGAs
ranged from the lowest value of 404 to 1353 cm/s/s. The geometric mean is centred close to the
upper PBR limit of 700 cm/s/s. Approximately half the PGA estimates plot above this limit,
while half plot below.
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Figure 4.14: Histogram of geometric mean PGA estimates for Scenario Two (Table 4.6). PBR dynamic fragilities
(red box) are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black
line.

4.6.3 Scenario Three: 60° dip, magnitude 7.1
Scenario Three (Figure 4.15) has the smallest PGAs range with a geometric mean of 478 cm/s/s
(Table 4.6). Simulated PGAs range from 311 to 831 cm/s/s. Both the upper and lower 1-sigma
range in PGA variability lie within the PBR limits of 300 to 700 cm/s/s. There are 11 simulated
PGAs (7.3%) that plot above 700 cm/s/s, while the remainder of the estimates are within 300
to 700 cm/s/s.
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Figure 4.15: Histogram of geometric mean PGA estimates for Scenario Three (Table 4.6). PBR dynamic fragilities
(red box) are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black
line.

4.6.4 PGA comparisons
The various simulations show that simulated PGAs increase as a function of decreasing fault
dip and resultant increasing magnitude (Figure 4.16). A significant increase in the geometric
mean PGA for each scenario is observed. From Scenario Two to Scenario One, PGAs increase
from 683 cm/s/s to 1155 - a 69% increase. Scenario Three to Scenario Two results in a
geometric mean PGA increase of 43%. Note that these increases are largely due to the increases
in magnitude, which is controlled by the seismogenic thickness, fault dip, and associated fault
rupture width (see section 3.7). The increase in magnitude from Scenario Three to Two and
then One is constant - magnitude 0.2. However, magnitude is a log scale, therefore, the increase
in source dimension from magnitude 7.3 to magnitude 7.5 is larger than that of magnitude 7.1
to magnitude 7.3. Overall, PGAs increase by a very large amount from Scenario Three to
Scenario One. The geometric mean increase from 478 cm/s/s to 1155 is 142% (Table 4.6).
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Table 4.6: Median PGAs for the fault dip scenario simulations. All are in cm/s/s.

Scenario

Simulated

north-south

east-west

parameters

Up-

Geometric mean

Down

(N-S & E-W)

Three

60° dip, magnitude 7.1 483

473

246

478

Two

45° dip, magnitude 7.3 678

688

416

683

One

30° dip, magnitude 7.5 1144

1167

821

1155

Increase from 60° - 45°

41%

46%

70%

43%

Increase from 45° - 30°

69%

70%

97%

69%

Increase from 60° - 30°

137%

147%

234%

142%

1400

PGA (cm/s/s)

1200
1000

800
600
400
200
0
north-south

east-west

60° dip, magnitude 7.1

Up-Down

45° dip, magnitude 7.3

Geometric mean
30° dip, magnitude 7.5

Figure 4.16: Mean PGA across 150 simulations run for each fault dip scenario (30°, 45° and 60°). The three
components of ground-motion, north-south, east-west and up-down are shown, as well as the geometric mean.

4.7 The stress parameter
The stress parameter is the difference between the stress on a fault plane before and after an
earthquake (USGS, 2016). A stress parameter of 50 bars is applied to simulations on the BBP.
While the stress parameter has never been estimated for Otago, Oth and Kaiser (2014)
calculated a value of 50 bars for neighbouring Canterbury based on recordings of the 20102011 Canterbury earthquake sequence, located 250 km to the northeast of the Dunstan Fault.
The proximity of Otago to Canterbury is the basis for applying the Oth and Kaiser (2014) stress
parameter to the Dunstan Fault.
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4.8 Simulation run #5 - Kappa
Following the discussion on kappa in section 3.8, 300 simulations are run with kappa set to
0.040 s for half and 0.016 s for the other half. All other ground motion simulation parameters
remain the same as that in Table 3.3, with hypocenter location and slip distribution constrained,
as in simulation run #1. The PGA estimates are for the PBR site (Figure 2.2). These kappa
values are selected (as explained in 3.8) because the default value on the BBP is 0.040, while
the study of Van Houtte et al. (2017) suggests a value of 0.016 s to be more appropriate for
Central Otago. All other parameters remain constant. With kappa set to 0.040 s, the geometric
mean PGA is 683 cm/s/s (Table 4.7). When kappa is reduced to 0.016 s, an increase of 33%
occurs, with the mean PGA now 906 cm/s/s (Table 4.7). Before reducing kappa, the 1-sigma
range of PGAs is partially within the PBR fragility zone (300 to 700 cm/s/s), with half the PGA
estimates plotting above, and half below the upper PBR limit (Figure 4.17). Following
reduction, the 1-sigma range of PGAs is outside the PBR fragility zone, with eight estimates
(5%) plotting within the PBR limits, and the remainder (95%) plotting above 700 cm/s/s (Figure
4.18). Results for the kappa simulation runs are shown in Table 4.7, with Figure 4.19 showing
the comparison.

Figure 4.17: Histogram of geometric mean PGA estimates with kappa set to 0.040 s. PBR dynamic fragilities (red
box) are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black
line.
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Figure 4.18: Histogram of geometric mean PGA estimates with kappa set to 0.016 s. PBR dynamic fragilities (red
box) are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black
line.

Table 4.7: Median PGAs for the variation of kappa

Kappa

north-south

east-west (cm/s/s) up-down (cm/s/s) Geometric mean

Value

(cm/s/s)

0.040

678

688

416

683

0.016

903

910

499

906

Increase

33%

32%

20%

33%

(N-S & E-W) (cm/s/s)
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PGA (cm/s/s)

1000
800
Kappa = 0.04

600
400

Kappa = 0.016

200
0
N-S

E-W

U-D

Geometric
mean

Figure 4.19: A comparison of mean PGAs for the two kappa values (0.040 s and 0.016 s) simulated.

4.9 Simulation run #6 - Final run
The following two sections will produce both the methods and results for the final simulation
run. As stated in 3.9, the method is dependent on the results of simulation runs #1 to #5. With
the PGA estimates now presented, the methods for the final simulation run will be discussed.
The PGA estimates are for the PBR site (Figure 2.2).

4.9.1 Method
Through simulation runs #1 to #5, parameters are individually varied to gain an understanding
of how these factors change ground motion simulation results. The PGA estimates are
continually compared to the PBR fragility limits to gain an understanding of how accurate the
simulations are. Certain cases result in a large increase/decrease in ground motions (e.g.
increase = kappa reduction, section 4.8. Decrease = steepening fault dip and associated
magnitude, section 4.6). By assessing the sensitivity of the parameters on the BBP, the
determination of appropriate values for the factors discussed is used for a final simulation run.
Hypocentre location, slip distribution, fault dip, magnitude, kappa, stress parameter and
hanging wall effect are all set to appropriate values to yield the most accurate results. The
methods by which values are assigned to these parameters are discussed below:

When slip distribution and hypocentre location are randomised, an increase in simulated PGA
is observed. This increase caused many simulations to exceed the PBR fragility limits (see
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section 4.4.2 and Table 4.2). For this reason, slip distribution and hypocentre location are
constrained for the final simulation run. Slip distributions undergo a second analysis using the
slip script. Conducting a second analysis refines the PGA estimates, thus gaining more accurate
ground motion results. Originally, 104 slip distributions are run, with five hypocentres
simulated for each. Following refinement, 78 slip distributions are selected. This results in a
reduction from 520 simulations to 390. Hypocentre locations remain the same according to the
method of Mai et al. (2005).

Fault dip and magnitude are assessed to evaluate the resulting PGA estimates. It is found that a
fault dip of 45° and magnitude of 7.3 is appropriate for the Dunstan Fault. To support this
statement, data is drawn from Norris and Nicolls, (2004), where the Dunstan Fault is specified
to have experienced 2000 m of maximum vertical uplift since the Pliocene. Acquiring the age
of the fault (Pliocene) and the total amount of vertical uplift (2000 m), allows for the calculation
of uplift rate, and single-event uplift for the Dunstan Fault (Equation 4.1). Norris and Nicolls
(2004) specify the age of the Dunstan Fault to be Pliocene, but do not specify exactly how long
the fault has been active. Therefore, a mid Pliocene age of 3.95 million years is applied.

Equation 4.1: Calculation of vertical uplift for the Dunstan Fault large event recurrence interval
of 8000 years (as specified by Stirling and Anooshehpoor, 2006)

Uplift rate

= total uplift / period since uplift began
= 2000 / 3,950,000
= 0.0005 m (0.5mm)

Uplift per 8000 years = 0.0005 x 8000
=4m

With 4 m of uplift occurring for every large event on the Dunstan Fault, consideration can be
applied to the size of the event capable of generating such an event. When a magnitude 7.3
event is simulated on the BBP, a maximum vertical displacement of c. 4 m is produced. Figure
4.3 displays the average profile for all selected surface deformations generated, resulting from
the Okada method (section 3.4.2). Due to the similarity of the vertical displacement of 3.95 m
(simulated) and 4 m (calculated from Norris and Nicolls, (2004)), it is considered that a
magnitude 7.3 earthquake is accurate.
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The stress parameter remains at 50 bars following Oth and Kaiser’s (2014) estimation for the
magnitude 6.2 February 2011 Christchurch Earthquake.

Kappa has large influences on simulated PGA when this is reduced from 0.040 s to 0.016 s.
However, the extensive studies of Van Houtte et al. (2014 and 2017) supplies sufficient
evidence to state that a kappa value of c. 0.016 s applies to the region of the Dunstan Fault
(Figure 3.15).

Assumed Dunstan Fault rupture length is kept at 60 km for the final simulation run, leaving the
PBR site inside the influence of hanging wall effect from Dunstan Fault earthquakes. Further
investigation must be conducted in order to conclude the fault is not active in the south.

4.9.2 Results
The PGA estimates for simulation run #6 are individually compared against the PBR fragilities.
Each PBR is unique, presenting large variations in PBR dynamic fragilities (Table 2.2). In
Figure 4.20, the histogram of PGA estimates for simulation run #6 is plotted seven times, with
the PBR fragilities individually plotted for direct comparisons against PGA estimates. Mean
PGA, PBR limits and the 1-sigma range of PGAs are also displayed on the plot. Of the 390
estimated PGAs acquired, one third (33%) plots below the average dynamic fragility of 700
cm/s/s. The largest PGA is 1021 cm/s/s, while the smallest is 496. The 1-sigma range varies
from 639 to 888 cm/s/s and the mean of the simulation run is 753 cm/s/s (Table 4.8).

When analysing the PBRs individually, it can be seen that the PGA estimates largely plot above
the PBR fragilities. A detailed individual analysis is provided in section 5.9.
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Figure 4.20: Histograms of geometric mean PGA estimates for simulation run #6. (a) to (g) highlight the individual
PBR fragilities (Table 2.2) compared to PGA estimates from simulation run #6. PBR dynamic fragilities (red box)
are plotted as 300 to 700 cm/s/s. The 1-sigma range of PGAs is the dashed box and the mean is the black line.
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Table 4.8: Mean PGAs for the final run of simulations. All are in cm/s/s

north-south

east-west

up-down

Geometric mean (N-S & E-W)

766

740

351

753

1-sigma range 575 – 861

551 – 828

260 – 402

639 - 888

Standard

1.228

1.237

1.178

PGA

1.223

deviation
Simulations over 700 cm/s/s

262 (67%)

4.10 PGA estimate comparison
Simulation run #1 produces the first set of readings for ground motions at the PBR site. The
ground motion simulation parameters are listed in Table 3.3. Results from simulation run #1
are compared to simulation run #6 (Table 4.9). The outcome is a large increase in PGA
estimates from run #1 to run #6. The geometric mean increases by 165 cm/s/s (29%). The northsouth component experiences an increase of 162 cm/s/s (27%), while the east-west motions
increase by 168 (29%). This increase is comparable to the average increase in PGAs when
kappa is reduced from 0.040 s to 0.016 s, causing an increase in mean PGA of 33%. However,
the vertical motions only show a small increase of 3%, from 314 to 323 cm/s/s.
Table 4.9: Median PGAs for simulation run #1 and #6. All are in cm/s/s

north-south

east-west

up-down

Geometric mean (N-S & E-W)

Run #1

604

572

340

588

Run #6

766

740

351

753

Increase

27%

29%

3%

28%

4.11 Directivity analysis
All simulations from run #6 are analysed using Jack Baker’s wavelet analysis for directivity
pulse extraction, explained in Section 3.10 (Baker, 2007). Figure 4.21 displays an example of
the process. Note how the directivity pulse is responsible for the PGA and the PGV for the
example shown. The method identifies forward directivity by locating strong velocity pulses in
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recorded seismograms (Baker, 2007). As stated in section 3.10, an indicator value is assigned
to each simulation, identifying the seismogram as pulse-like versus non pulse-like. Correlating
pulse indicator values to PGA, it is found that a strong PGA is coupled with a strong directivity
pulse. The majority of PGAs over 1000 cm/s/s are specified as unambiguous, or pulse-like
(Figure 4.22). It can be seen that pulse-like ground motions are frequent (Table 4.10),
influencing a wide range of simulations. When PGAs exceed 1000 cm/s/s, the influence of
forward directivity becomes apparent in producing large PGAs. This phenomenon will be
discussed more in Chapter 5 (section 5.8), where potential reasons for the over-estimation in
PGA has occurred in the final simulation run. Pulse-like ground motions have a PGA of 994
cm/s/s, while non pulse-like ground motions have a PGA of 684 cm/s/s (Table 4.10).
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Figure 4.21: Seismograms from simulation 8968659 at the PBR site. (A) Acceleration seismogram, (B) velocity
seismogram, (C), extracted directivity pulse and (D) residual ground motion seismogram with pulse extracted.
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Figure 4.22: Pulse indicator value for pulses identified as pulse-like (>0.85) and non pulse-like (<0.15).
Unambiguous pulses (0.15 - 0.85) are excluded.

Table 4.10: Frequency of pulse indicator values for specified indicator bins

Pulse indicator bin

Frequency

PGA (cm/s/s)

Non pulse-like (<0.15)

106

684

Unambiguous (0.15 - 0.85)

85

Pulse-like (>0.85)

187

Total

378

994

4.12 GMPE comparison
Following section 1.2, it is stated that traditional PSHA uses GMPEs to predict the attenuation
of ground motions as a function of earthquake source parameters and source-to-site distance.
Bradley’s (2013) GMPE for active shallow crustal New Zealand earthquakes is considered to
produce the most realistic predictions due to the recent development of the model, and, the
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inclusion of a very large dataset. 2437 recorded ground motions were used to create this New
Zealand-specific GMPE. The 4 September 2010 Darfield and 22 February 2011 Christchurch
earthquakes provided a means to confidently state the degree of accuracy in the Bradley (2013)
model is sufficient for New Zealand ground motion predictions. The records for these
earthquakes were not used in the Bradley (2013) GMPE, but instead used to evaluate the
performance of the GMPE for New Zealand earthquakes.
The same source conditions in Table 3.3 are used in conjunction with Bradley’s (2013) GMPE
to estimate PGA. The parameters are listed in Table 4.11. Rrup is the distance to the rupture
(Figure 3.1 shows this to be 3 km), Rjb is the closest horizontal distance to the rupture surface
projection and Rx is the distance from the surface projection of the up-dip edge of the fault
plane, measured perpendicular to the fault strike. These conditions give a median PGA of 840
cm/s/s and a sigma of 0.53 (resulting in a +/- sigma range of 490 to 1420 cm/s/s). If I compare
this to the mean PGA from the final run (753 cm/s/s) a difference of 113 cm/s/s is observed,
where the GMPE is producing the larger PGA. To consider a hanging wall effect exclusion
scenario, by means of a reduced fault length situation (54 km, as in section 4.5), increases Rrup
to 5 km and Rjb to 3 km. This produces a median PGA of 570 cm/s/s, which is similar to the
mean of the simulation runs. The median PGA predictions produced by Bradley (2013) range
from 570 to 840 cm/s/s and produce estimates within the ranges produced from physics based
estimations. The next step is to assess if the PGA estimates lie towards the larger end of the
spectrum, or towards the smaller end. The following chapter will investigate.

Table 4.11: Values used for input into the Bradley (2013) GMPE

Parameter

Value

Magnitude (Mw)

7.3

Dip

45

Rake

90

Rrup

3

Rjb

0

Rx

1.5

Vs30

865

Fault length

60
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4.13 Chapter Summary
PGA estimates from a total of six sets of simulations runs are presented in this chapter. It is
apparent that, in most cases, simulations produce PGAs that exceed the PBR fragility limit of
700 cm/s/s. Analysis is then performed to determine what parameters have the greatest impact
on the resulting ground motion simulations. The analysis reveals three important conclusions.
First of all, reducing kappa increases ground motions by a third to values (PGA of 906 cm/s/s)
that are largely inconsistent with the fragility of the PBRs. The study of Van Houtte et al.
(2017), however, suggests, that a value of 0.016 s for Central Otago is appropriate. Secondly,
hanging wall effects may not be relevant to the PBR site. A Dunstan Fault source that does not
include the Earnscleugh Structure places the PBR site outside the modelled projection of the
hanging wall. Simulated PGAs without hanging wall effects are only around 502 cm/s/s, which
are consistent with the PBR fragilities. Finally, I have determined that simulations that
incorporate forward directivity show high PGAs (>1000 cm/s/s). This may have implications
for the relevance of strong forward directivity effects at the Dunstan Fault.
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Chapter 5 - Ground Motion Simulation
Discussion and Conclusions

5.1 Introduction
Previous chapters discuss the formulation of conducting ground motion simulations on SCECs
BBP for the Dunstan Fault. The results obtained from the final simulation run represent the best
quality PGA estimates following a series of sensitivity tests, however, the majority of the
simulations (66%) in the final run produce a PGA that exceed the largest PBR fragility (700
cm/s/s). The apparent over-prediction in PGA is likely to be due to a combination of parameters
(hanging wall effect, and directivity), where the simulated value is not appropriate for a real
Dunstan Fault rupture. The ideal goal is to eliminate all epistemic uncertainty and determine a
unique ground motion model, but it is impossible for all conditions to be known to that level of
confidence. This is why it is common practice to conduct many simulations that sample a range
of alternative source parameters in order to quantify the potential variability in the simulated
ground motions. This chapter will now discuss the results for strong near-field Dunstan Fault
earthquakes. The discussion will focus on how ground motion simulation parameters influence
the estimated PGAs at the PBR site, in particular those responsible for producing PGAs that
exceed the PBR fragilities.

5.2 Randomising slip distribution and hypocentre location
Prior to running simulation run #1, constraints are placed on slip distribution and hypocentre
location to obtain ground motion estimations characteristic for Dunstan Fault earthquake
rupture. Simulations are also run by randomising the parameters, termed simulation run #2.
Epistemic uncertainty in these two parameters are shown to control a c. 10% range in PGA at
the PBR site (sections 4.2, 4.3 and 4.4). This source of aleatory uncertainty is insufficient to
result in simulations that produce PGAs that exceed the PBR fragilities. The reasons behind
this 10% reduction will follow.
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5.2.1 Slip distribution
The 10% reduction in ground motions is largely due to the elimination of inappropriate slip
distributions in the southwest at the PBR site. I assume the low elevation of the Waipounamu
Erosion Surface at the southwest end of the Dunstan Fault (Figure 5.1) compared to near the
centre of the fault is consistent with a slip distribution that produces less slip at the southwest
end of the fault than in the middle. The result of such a slip distribution means PGA will
possibly be larger in the centre of the fault and smaller in the southwest at the PBR site.

Figure 5.1: Elevation across the region of interest. The simulated fault plane is outlined for reference. Note the
contrasting colour and size between the PBR sites, and the Dunstan Mountains, reflecting a lower altitude.

5.2.2 Hypocentre Location
Hypocentre locations are constrained following the work of Mai et al. (2005). The last
paragraph in section 3.4.3 discusses this topic. Schenk (2012) identified that hypocentres with
long propagation paths to near-field sites (within a few km’s of the fault surface trace) will
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encounter larger PGAs due to the directivity effect. Therefore, hypocentres simulated in the
northeast of the Dunstan Fault (travel path of 40-60 km to site) will yield large ground motions
to the southwest. All simulations for the Dunstan Fault have an even distribution of hypocentres
across the southwest and northeast fault subdivisions. This achieves what I assume to represent
an unbiased representation of hypocentres and resulting ground motions, allowing for a range
of directivity influences, from strong forward to weak (backward) directivity. With the majority
of the 10% reduction in estimated PGA being attributed to the removal of inappropriate slip
distributions from the simulations, the remainder of the simulations that exceed the PBR
fragilities could likely be related to hypocentres located towards the northeast end of the fault
(i.e. strong forward directivity). Simulation run #1, excluded the outer 15% (9 km) of the fault
plane (see 3.4.3 and Figure 3.10). Simulation run #2 allow for hypocentres to be plotted here.
Forward directivity will therefore increase PGA due to the increased length of the propagation
path towards the site. This will allow for a large directivity pulse to generate, resulting in large
PGA and PGV (Schenk, 2012).

5.3 Hanging wall effect
There is speculation as to whether the Dunstan Fault extends south past the Cromwell Gorge.
The Dunstan Fault runs for 60 km along the base of the Dunstan Mountains (Litchfield et al.
2014; Mackey, 2015; Figure 1.2). Southwest of the Cromwell Gorge, the Earnscleugh structure
is thought to represent a continuation of the Dunstan Fault, but has not been demonstrated to be
active. It is therefore possible that activity on the Dunstan Fault is restricted to the northeast of
Clyde, and that earthquake ruptures fail to continue south of Clyde. This is consistent with the
decreasing elevation profile of the Waipounamu Erosion Surface from the Dunstan Mountains
to the Cairnmuir Range and Cairnmuir Flat (Figure 3.4).

Two methods are therefore used to eliminate the hanging wall effect in the validation of ground
motion simulations against PBR fragility limits. In the first method, a simple PGA scaling
calculation to eliminate hanging wall effects (derived from simulation run #3 of my sensitivity
analysis; method 1 in sections 3.6 and 4.5) reduces estimated PGA by 13% (Table 5.1) to a
PGA of 654 cm/s/s. In the second method, the reduced Dunstan Fault length produces a
reduction in estimated PGA of 10% (method 2 in sections 3.6 and 4.5). Specifically, a reduction
of PGA to 530 cm/s/s is observed for method 2. The reduction in PGA is due to two important
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parameters that can influence PGA: (1) The lack of hanging wall effects and; (2) the slightly
increased travel path.

With both methods of removing hanging wall effect producing similar PGA reductions (3%
difference in calculations; 10% and 13%), it is assumed that the elimination of hanging wall
effects, in combination with a reduction in fault length will reduce estimated PGA by ~12%
(mean of both methods). With PGA estimations resulting in a large disagreement with the PBR
fragility limits, this is a solution that can produce more agreeable PGA estimates with PBR
fragility limits. Applying a 12% reduction to PGAs from the final simulation run produces a
mean PGA of 663 cm/s/s (Table 5.1).

5.4 Fault Dip and magnitude
The primary objective of simulation run #4 (+/- 15° fault dip change and magnitude 7.1-7.5
variation) is to evaluate how fault dip affects near-field ground motions from a large earthquake.
Section 3.7 describes the method by which this objective is assessed and simulated. To sum up
previous statements, further investigation of the issue, specifically, the work of Stirling et al.
(2012) and Webb et al. (2002), reveals that the simulation of various fault dips results in changes
to estimated magnitude.

The results, presented in 4.6, reveal that decreasing fault dip (and increasing magnitude) from
60° to 45° (magnitude 7.1 to 7.3) and then from 45° to 30° (magnitude 7.3 to 7.5) causes an
increase in PGA of 43% and 69%, respectively, at the PBR site. Overall, the geometric mean
PGA increases by 142% from the simulation of magnitude 7.1 and dip of 60° to magnitude 7.5
and dip of 30°. Further research reveals that these large increases in PGA may not be realistic.

Magnitude saturation is the term given to the observation that PGA does not increase in a linear
fashion with magnitude, especially at sites close to the fault (Abrahamson and Silva, 2008;
Boore and Atkinson, 2008; Chiou and Youngs, 2008; Schmedes and Archuleta, 2008; Baltay
and Hanks, 2014; Yenier and Atkinson, 2014). This is a common observation that is captured
in empirical GMPEs. The NGA GMPEs are used to demonstrate this phenomenon. Figure 5.2
displays redrawn data from Yenier and Atkinson (2014), who demonstrate the distancedependent saturation effect. This effect is observed at magnitudes above 7 (Boore and Atkinson,
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2008; Campbell and Bozorgina, 2008; Schmedes and Archuleta, 2008; Yenier and Atkinson,
2014). The effect can be observed by comparing predicted PGAs at magnitudes >7 for short
DJB distances (DJB for the PBR site will be <1 km when whole-fault ruptures are simulated).
The effect reveals there should be minimal change in PGA at sites close to the fault for large
magnitude events (magnitude >7). PGA estimates from simulation run #4 disagrees, as very
large increases (142%) are produced in simulated PGA from magnitude 7.1 to 7.5.

Figure 5.2: Redrawn from Yenier and Atkinson, (2014). Example showing distance-dependent saturation of PGA.
Ground motions are empirical predictions from NGA GMPEs.

5.5 The stress parameter
As stated in section 4.7, Oth and Kaiser (2014) calculated the stress parameter to be 50 bars for
the Canterbury earthquake sequence. This value is applied to the Dunstan Fault due to the close
proximity of the locations (250 km apart) and the likelihood of similar stress conditions. The
findings of Mohammadioun and Serva, (2001), suggest a magnitude of 7.3, and a rupture length
of 60 km, results in a stress parameter of 40 bars. With the findings of Mohammadioun and
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Serva, (2001) and Oth and Kaiser (2014), a stress parameter of 50 bars is thought to be an
appropriate value for a large Dunstan Fault earthquake of 7.3.

Figure 5.3: A scaling law for various levels of the stress parameter (in bars) related to magnitude and rupture
length. The two red lines indicate the conditions simulated for the Dunstan Fault (60 km rupture length and
magnitude 7.3). Image redrawn from Mohammadioun and Serva, (2001).

5.6 Kappa
Ground motion prediction and simulation is very sensitive to kappa (Atkinson, 1996). A default
kappa of 0.040 s results in a PGA of 505 cm/s/s (Table 5.1). However, a comprehensive study
by Van Houtte et al. (2017) suggests a kappa of 0.016 s at Clyde (Figure 3.15). The values
calculated in the study suggest there is a large variation in kappa throughout New Zealand. The
largest values are within the Taupo Volcanic Zone (0.06 s), while the smallest are located in
Otago and Southland (0.010 s – 0.018 s; Figure 3.15). This implies there is a potentially large
difference in rock PGA, due to the effects of kappa. The kappa reduction produces much higher
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PGAs (33% higher) at the PBR site unless other parameter values counteract the increase in
PGA.

The complexities involved in kappa modifications go further. Kappa affects the high frequency
attenuation of ground motion in the simulation method. While this may increase the overall
PGA estimate, the frequency at which the pulse occurs at is likely to be too high to produce any
effect on the PBR fragility. The theory is that the PGA pulse occurs so quickly that it cannot
generate sufficient impulse to cause the PBR to topple. This is a limitation to using a PGA
based fragility analysis versus a fragility analysis that considers frequency content of motions.
Further work on the PBRs could incorporate frequency content into the analysis of PBR
fragilities which would provide a greater insight into the reliability of toppling probabilities.

5.7 Site amplification
Large simulated rock PGAs can sometimes be explained by an over-prediction in the local rock
site response. The rock site response of the upper crust has long been known to vary the
amplitude and duration of strong ground motion (Reiter, 1991; Boore and Joyner, 1997;
Trifunac, 2016). Therefore, site conditions are a critical aspect of seismic hazard calculations.
Michel et al. (2014) evaluated site amplification factors at sites throughout Switzerland. They
found that site amplification factors for ground motions in the 1-10 Hz range can be increased
by factors up to 15. The largest site amplification was shown to have a Vs30 value of 224 m/s,
while a systematic decrease in the amplification factor occurred as Vs30 increased. Sites with
a Vs30 of ~1000 m/s had an amplification factor of ~1 (Michel et al. 2014). At the PBR site,
Vs30 is likely to be ~1400 m/s due to the nature of the local hard rock subsurface (Musset and
Khan, 2000). The Vs30 on the BBP is 865 m/s. Local rock site amplification effects are,
therefore, larger when Vs30 is low, enhancing large amplitude, long duration ground motions
(the example of Yeats, (2004) – Section 1.3; Michel et al. 2014). However, near-field ground
motions are commonly dominated by the magnitude, distance and slip type of the event, where
the type of rock seems to have little control on ground shaking (Ambraseys and Douglas, 2003).
In these near-field (<5 km) areas, ground motions become saturated, and the amplification
factor becomes (virtually) insignificant. Figure 5.4 displays horizontal PGA data for two
earthquakes, plotted against distance to surface projection of the rupture area (Ambraseys and
Douglas, 2003). Note how at distances of <5 km, the PGA becomes saturated (constant PGA
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at those close distances), and all three Vs30 ground types show a similar PGA. This illustrates
that near-field ground motions are independent of site conditions. Faccioli and Resendiz (1997)
also highlighted this point, stating that near-field locations creates a negligible effect of site
conditions, and increases the importance of source and travel path dynamics.

Figure 5.4: Predicted horizontal PGA calculated for two earthquakes of magnitude 6.0 and 7.5. Calculations are
shown for three Vs30 ranges (see key). Plot is redrawn from Ambraseys and Douglas (2003).

Developing a vertical velocity model for the Cairnmuir area would help to increase the viability
of ground motion simulations in the area. Additional investigation reveals the default velocity
model used within the Graves and Pitarka code on the BBP. A generic 1D velocity model for
the Los Angeles Basin is utilised that has been compiled by Rob Graves using strong motion
records from local sites. The file comprises detailed information about P and S wave velocities,
rock densities, and attenuation factors. The velocity file is divided into multiple layers, that,
when are merged, comprise the entire velocity model. Velocity models are generated by
combining surface geologic investigations with seismic properties of the rock, gathered
predominantly from boreholes and seismic surveys. The structure of a region during an
earthquake has proven to have significant impact on how the seismic waves radiate (Boore and
Joyner, 1997; Musset and Khan, 2000). Velocity models prove most useful in regions where
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the geologic makeup is complex. Various geologic units withhold a velocity at which seismic
waves propagate at, dependent on the physical properties of the rock unit. As a result, complex
locations, displaying sedimentary, metamorphic and volcanic sequences will produce
complicated travel paths. This must be understood to predict ground motions in the event of an
earthquake.

To develop a vertical velocity model for the Dunstan Fault would be a big task. Further
investigation into the rock velocity of the Clyde area should be carried out to constrain the site
amplification effect. There should also be consideration as to whether a velocity model is
required for a site located with close proximity to the source. I have assumed the uncertainties
in ground motions at the PBR site would not be influenced significantly by exploring different
path and site effects, given the close source-to-site distance involved (section 3.2.1; Figure 3.1).

5.8 Directivity pulse
It becomes evident that directivity pulses are very common (Table 4.10) and that the majority
of large PGAs are due to a large directivity pulse (Figure 4.22). When considering PGAs over
1000 cm/s/s, the majority identify as pulse-like. There are few non pulse-like PGAs that plot
above 1000 cm/s/s (seven PGA estimates). Mean PGA for non pulse-like motions is 684 cm/s/s,
whereas pulse-like ground motions has a mean PGA of 994 cm/s/s (Table 5.1). This increase is
largely explained by the large number of PGAs over 1000 cm/s/s in the pulse-like field (Table
4.10). An explanation for the over-prediction in simulated PGA relative to the PBR fragility
limit may therefore be due to the assumption of strong forward directivity at the PBR site.
There may be a preferential rupture propagation path on the Dunstan Fault, where ruptures tend
to nucleate in the southwest and propagate towards the northeast, rather than in the opposite
direction. The directivity effect will therefore, dominate ground motions in the north, and have
little effect in the south.

Furthermore, directivity has a preferential orientation to rupture in the fault normal direction.
Additional work on the PBRs, with relevance to the influence of a directivity pulse on fragility,
should compare the azimuth of a line parallel to the PBR rocking points R1 and R2 (Figure 2.5)
and compare this azimuth to the orientation of the directivity pulse (fault normal = 134°). This
would reveal the sensitivity of the PBR to a directivity pulse.
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Table 5.1: Simulation run #6, with parameter influences. The factors of increase/decrease are shown in brackets
and are used to estimate the PGA based on the change from the geometric mean in simulation run #6 (753
cm/s/s).

Simulation
Simulation run #6 (Final run)
Random hypocentre and slip distribution (+10%)
Hanging wall effect exclusion - method 1 (-13.2%)
Hanging wall effect exclusion - method 2 (-10%)
Hanging wall effect exclusion – method 1 and 2 (-12%)
Kappa increase to 0.040 (-33%)
Non pulse-like mean PGA
Pulse-like mean PGA

PGA (cm/s/s) (geometric mean)
753
828
654
678
663
505
684
994

5.9 PBR fragility validity
The PBRs have provided a means to validate ground motion simulations in an area where
empirical seismic data are scarce. However, it becomes evident that, after a thorough analysis
of estimated PGA, the simulations are producing values that are largely inconsistent with the
PBR fragility bounds. A detailed investigation on parameters that drive large PGAs has been
provided throughout this chapter. Effort has been made to reduce estimated PGA at the PBR
site through means of eliminating hanging wall effects, and reducing the forward directivity
effect. With the data provided, a conclusion can be drawn that the estimated PGA cannot be
reduced enough to agree with the PBR fragilities, while simulating appropriate conditions for
a Dunstan Fault rupture. There are multiple possibilities for this conclusion:

1. The PBR fragility estimation method is inaccurate and oversimplified, resulting in dynamic
fragilities that are over-estimated.
The method by which PBR fragility is calculated produces very large uncertainties in
fragility estimates (250 to 870 cm/s/s). With PBRs located within a 1 km radius of one
another, PBR fragility estimates should be in closer agreement, as ground motions
experienced would be similar. This suggests the method by which fragility is assigned
requires further refinement, or the PBRs geometry require more attention.
2. The inappropriateness of PGA as the intensity measure that the PBRs are sensitive to.
As previously stated by Brune et al. (2016; section 2.4.1), PBRs could be more
sensitive to the polarisation of ground motions, and may experience a resonant
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frequency. The validation of ground motion simulations using PBRs is a very recent
field of study (first publication by Lozos et al. 2015), suggesting there could still be
large uncertainties involved the method of PBR validation.
3. Aleatory uncertainty in fault rupture is larger than expected, and Dunstan Fault rupture
parameters are miss-interpreted during simulations on the BBP.
The Dunstan Fault may be a much more complex fault than expected. Source
parameters have a large control on resulting ground motions (fault length, fault width,
fault dip, magnitude etc.), suggesting one or more of these parameters may be missinterpreted.

An individual analysis on PBRs is conducted to evaluate the degree to which PBR fragility
estimates are valid (Figure 4.20). This reveals that all seven PBRs are predicted to topple when
compared against the PGA estimates of the final simulation run (#6). CLY6 is the most stable
PBR (dynamic fragility of 610 to 870 cm/s/s), however, PGA estimates still produce a toppling
probability. In a quasi-static analysis, when the PGA exceeds the lower PGA limit, the method
suggests the PBR must topple. A probability analysis is conducted, calculating the probability
of exceeding the lower fragility limit for each PBR on a single event basis, using the PGA
estimates from simulation run #6 (Table 5.2). For the most stable PBR (CLY6), the probability
of selecting a PGA estimate at random that exceeds the lower fragility limit of 610 cm/s/s is
91%. CLY 1, 2 and 4 all have a 100% probability of toppling, while CLY5 and 7 have a 97%
probability and CLY 3 has a 94% probability (Table 5.2; Figure 5.5).

A second calculation assesses the probability of exceeding the upper fragility limit for each
PBR, also on a single event basis. When considering the upper fragility, the probabilities of
exceeding are reduced. CLY6 toppling probability reduces to 15%, due to the large upper
fragility of 870 cm/s/s. CLY3 and 5 both have a 38% chance of toppling, CLY1 has a 47%
probability and CLY2 and 7 have a 94% and 97% probability of toppling, respectively. CLY4
still has a 100% probability of toppling due to the singular fragility rating of 310 cm/s/s (Table
5.2; Figure 5.5).

With the PBR exposure ages being ~40,000 years old, and the Dunstan Fault having a
recurrence interval of 8,000 years, 5 events are expected to have occurred over the life of the
PBRs. With the most stable PBR predicting a 91% toppling probability for a quasi-static, lower
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fragility, single event analysis, the PBR data is suggested to be incorrect, and cannot be used to
validate ground motion simulations when predicting PGA. Therefore, a second calculation uses
the upper fragility limit to assess the degree of agreement. This second calculation produces
more agreeable toppling probabilities for four of the PBRs, reducing the probability to <50%.
However, this research is based on a quasi-static analysis, meaning the upper fragility limits are
invalid to use for probability calculations. Due to the large disagreement between estimated
PGA and PBR fragility (lower), this analysis provides a second way to analyse the data,
however, the results are not expected to be scientifically credible in a quasi-static analysis.
Further research must be conducted to carry out such an analysis with confidence.

Table 5.2: Probability of exceeding the upper and lower fragilities of PBRs. Lf = lower PBR fragility. Uf = upper
fragility.

Lf (cm/s/s)

P(PGA>Lf) single pick

Uf (cm/s/s) P(PGA>Uf) single pick

CLY1

440

100%

750

47%

CLY2

250

100%

570

94%

CLY3

590

94%

780

38%

CLY4

310

100%

310

100%

CLY5

560

97%

780

38%

CLY6

610

91%

870

15%

CLY7

550

97%

550

97%

Probability of toppling

PBR

100%
80%
60%
40%
20%
0%

CLY4

CLY2

CLY7

CLY1

P(PGA>Lf) single pick

CLY5

CLY3

CLY6

P(PGA>Uf) single pick

Figure 5.5: Toppling probabilities for (blue) lower fragility analysis, and (red) upper fragility analysis.

The method by which PBRs are assessed within this study is by a deterministic method, where
only ground motion uncertainty is investigated. Hypocenter location and slip distribution are
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specified to be constrained and do not vary with a stochastic distribution. There are uncertainties
involved in this type of approach that can be followed up in future work. To advance this
research, further investigation could evaluate the uncertainty in PBR fragilities through the
methods of Baker et al. (2013). Baker et al. (2013) evaluates another type of analysis, where
PBRs are assessed by a probabilistic method. The Baker et al. (2013) method uses ground
motion hazard curves obtained from PSHA to estimate the failure probability based on fragility
functions. The key feature is to determine the probability that the PBR has survived to the
present day, using a hazard curve. The uncertainty of the PBR fragility is assessed through the
use of probabilistic fragility functions that can vary with time.

5.10 Thesis summary
5.10.1 Research objectives
In Chapter 1, five research objectives were stated. The research objectives are once again listed
below. The objectives will be discussed, to assess if they have been appropriately met.

1. Develop a Dunstan Fault source model for earthquake rupture generation.
2. Conduct many ground motion simulations at the PBR site. The simulations will be run
as sensitivity tests, whereby certain parameters will be isolated to evaluate the influence
on PGA.
3. Extract PGA estimates from the ground motion simulations at the PBR site to evaluate
the simulations against the PBR fragility limits.
4. Run a final set of simulations with parameters that are best suited for the Dunstan Fault
and the PBR site.
5. Determine the parameters of the Dunstan Fault source that produce motions that are
inconsistent with the fragility and age of the PBRs.

Objective One - Develop a Dunstan Fault source model for earthquake rupture generation.
Various scientific literature is reviewed in order to create a source file for the Dunstan Fault.
Table 3.3 displays all the information required by the BBP when running a simulation.
Magnitude, fault dip, fault length and strike are all determined from multiple studies (NZGS,
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1983; Beanland and Berryman, 1988; Stirling and Anooshehpoor, 2006; Stirling et al. 2008;
Stirling et al. 2012; Litchfield et al. 2014; Mackey, 2015). Fault width is determined using
topographical features and fault zone geometry (Figure 3.2). Seismic moment is determined
from a simple equation, incorporating the shear modulus of schist, area of rupture and average
displacement. The seed is determined through a complex method involving many conversions
of slip distribution to surface displacement, thereby gaining realistic slip distributions.
Hypocentre locations are hand-picked, following the study of Mai et al. (2005) who discovered
the correlation between hypocentre nucleation and slip distribution.

Objective Two - Conduct many ground motion simulations at the PBR site. The simulations
will be run as sensitivity tests, whereby certain parameters will be isolated to evaluate the
influence on PGA.

Six sensitivity tests are run on the BBP to evaluate how parameters influence PGA. Each
simulation run has a different amount of simulations conducted, dependent on the purpose of
the simulation run. The count of simulations for each sensitivity test (1-5) are listed in Table
5.3.

Table 5.3: Count of simulations for each simulation run

Simulation number

Simulation count

Simulation run #1

520

Simulation run #2

150

Simulation run #3

570

Simulation run #4

450

Simulation run #5

300

Simulation run #6

390

Objective Three - Extract PGA estimates from the ground motion simulations at the PBR
site in order to evaluate the simulations against the PBR fragility limits.

PGA estimates are extracted from each sensitivity test to evaluate against PBR fragility limits.
Some are found to increase PGA while others decrease PGA. Plotting the PGA estimates
against the PBR fragility limits allows for the assessment of the degree of agreement with the
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PBR fragilities. This leads on to Objective Four, where the simulation parameters can be
evaluated.

Objective Four - Run a final set of simulations with parameters that are best suited for the
Dunstan Fault and the PBR site.

A final simulation run is conducted with the parameters varied to best suit the Dunstan Fault.
The parameter values chosen are not based on best-fit to PBR fragility limits, rather, the most
appropriate values for the source and site. Therefore, the most accurate ground motion estimates
can be obtained, that can be scrutinised, as to why some PGA estimates disagree with the PBR
fragilities. PGA estimates for the final simulation run (#6) are plotted against the individual
PBR fragilities (Table 2.2) for individual assessment. The results show that the mean PGA from
simulations produces a value larger than the PBR fragility limits. This leads on to a discussion
on why the simulations produce inconsistent values, the topic of Objective Five.

Objective Five - Determine the parameters of the Dunstan Fault source that produce motions
that are inconsistent with the fragility and age of the PBRs.

Analysis of the extracted PGA estimates, plotted against the individual PBR fragility limits
allows for the determination of the most influential ground motion simulation parameters on
increasing PGA. Chapter 5 discusses all the potential reasons for an over-prediction in
simulated PGA, as well as assessing the validity of the PBR fragilities. Assessing each
parameter reveals that there are multiple reasons why an over-estimation could be occurring, or
that it could be that the PBR fragilities are invalid. These findings will be summarised in the
conclusion below.

5.10.2 Conclusions
Following an extensive investigation on simulating ground motions for large, near-field
Dunstan Fault earthquakes, it is revealed that a significant proportion of simulated PGAs exceed
the fragility limits imposed by the PBRs (section 5.9). This stimulates an investigation as to
what parameters drive large PGAs that result in the over-prediction of the PBR fragilities. It is
discovered that multiple parameters can drive PGAs high, so it is likely that a combination of
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these parameters result in the over predictions of PGA. Hanging wall effects and forward
directivity are the parameters that most strongly control the highest PGAs at the PBR site.
Random hypocentre location and slip distribution, fault dip and magnitude, kappa and site
amplification are parameters that can drive PGA higher, but not to the extent of the hanging
wall and directivity. Eliminating the southwestern end of the Dunstan Fault at the PBR site
removes the hanging wall effect there. If this is done, as well as eliminating forward directivity
at the PBR site, then the simulated PGAs are reduced, however, there is still some disagreement
with the PBR fragility limits. There are three possible conclusions for the results obtained: (1)
The PBR fragility estimation method is inaccurate and oversimplified, resulting in dynamic
fragilities that are over-estimated. (2) The inappropriateness of PGA as the intensity measure
that the PBRs are sensitive to. Recent studies (e.g. Brune et al. 2016) suggest that PBRs could
be more sensitive to the polarisation of ground motions, and may experience a resonant
frequency, meaning PGA is not the correct intensity measure for toppling probability. (3)
Aleatory uncertainty in fault rupture dynamics is larger than expected, and Dunstan Fault
rupture parameters are miss-interpreted during simulations on the BBP. There is an equal
possibility that either of these conclusions is the reason for an estimated PGA-PBR fragility
disagreement. Further research into the topic of PBR validation and Dunstan Fault rupture
conditions will likely reveal insight into why a disagreement occurs. A large portion of ongoing
work on the fragility and age of PBRs at the PBR site (data confidential at this time) will provide
further constraints on fragility in the future.
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Glossary
Aleatory uncertainty – random uncertainty.
Antecedent – A thing that existed before or logically precedes another.
Attenuation – the reduction of a force.
Brittle-ductile transition – the zone where rock deformation switches from being brittle to
ductile.
Broadband Platform (BBP) – a software that can generate 0-100 Hz seismograms for historical
and hypothetical earthquakes.
Cosmogenic isotope dating – A method for determining the age of an object at Earth’s surface
by analysing the object for the concentration of a radionuclide, of which is produced
at a known rate (in this study the radionuclide is Be10).
Directivity - where ground motions are more severe in the direction of rupture propagation,
compared to other directions radiating from the hypocentre.
Double-tapered profile – a profile that decreases towards both ends.
Elastic strain energy – the strain energy stored inside an elastic material.
Empirical seismic data – observed recordings of seismic waves recorded by seismograms.
Epistemic uncertainty – uncertainty due to the lack of knowledge.
Fault throw – the vertical component of fault movement.
Foot wall – the underlying mass of rock for a reverse or normal fault. The foot wall moves
down for a reverse fault, while it moves up for a normal fault.
Fragile Geologic Features – delicate landforms that have the potential to constrain ground
motion estimates.
Fragile Rock Outcrops – A rock outcrop that is fragile, but still standing.
Ground Motion Prediction Equations (GMPEs) – equations used to predict earthquake motion.
Ground motion simulation – The simulation of earthquake source rupture and seismic wave
propagation to estimate the resulting ground motions at a site.
Ground motion simulation validation criteria – Empirical seismogram recordings, used to
compare to synthetic seismogram recordings.
Hanging wall – the overlying mass of rock for a reverse or normal fault. The hanging wall
moves up for a reverse fault, while it moves down for a normal fault.
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Hanging wall effect - when ground motions in the hanging wall are enhanced relative to the
foot wall
Joyner-Boore distance (RJB) - closest horizontal distance to the rupture surface projection.
Kappa - a value used to estimate the spectral amplitude frequency decay of a seismogram.
Lithostatic stress – the pressure imposed on a layer of rock by the weight of the overlying
material.
Maximum considered earthquake (MCE) – An event that is expected to occur once every 2,500
years, that has a 2% probability of being exceeded in the next 50 years.
Mercalli intensity scale – a seismic scale used for measuring the strength of an earthquake at a
site.
Mesozoic Rangitata Orogeny – Tectonic event that caused the collision of the Torlesse and
Caples terranes, creating the Otago Schist.
Paleoseismology – Analyses geologic sediments and rocks for signs of ancient earthquakes.
PBR exposure age – age of the PBR since it has been precarious.
PBR fragility – strength of ground motion that would shake a PBR down.
PBR fragility age – age since a PBR became precarious.
Peak Ground Acceleration (PGA) – the maximum ground acceleration that occurred during an
earthquake at a particular location.
Pedestal age - the time since the PBR obtained its present fragile geometry.
Precariously Balanced Rocks (PBRs) - a naturally occurring, freestanding rock formation where
a boulder rests unsteadily on other rocks.
Rake - Direction the hanging wall moves during rupture.
Recurrence interval – An estimate of the likelihood of an event occurring within a specified
timespan.
Rupture generation – the creation of high and low slip areas on a fault plane.
Schist tors – Schist fragile geologic features that are sparse in Central Otago.
Seed (BBP input parameter) – A value the BBP uses to stochastically generate a slip
distribution.
Seismic hazard – The calculation of the probability that an earthquake will occur for a given
location within a defined timeframe, with a ground motion intensity that exceeds a
certain threshold.
Seismic waves – energy released by the sudden breaking of rock that travel through earth,
recorded by seismograms.
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Seismic wave propagation – the travel of P and S waves through the Earth.
Seismogram – a record produced by a seismograph.
Seismology - the study of earthquakes and seismic waves that move through and around earth.
Southern California Earthquake Center (SCEC) – Government funded organisation that
coordinate multidisciplinary, multi-institutional earthquake research, with a focus
on Southern California.
Spectral acceleration – describes the maximum acceleration in an earthquake on an object.
Stochastic - having a random probability distribution or pattern.
Synthetic seismograms – the result of forward modelling the seismic response of the Earth.
Tectonism – used to describe compressional and/or tensional processes that govern the
production of faults.
User-defined simulation – generation of a scenario earthquake, where the user can define their
own parameters.
Validation event – simulation of a historical event where results can be compared to observed
recordings.
Velocity model – a model of the velocities of the subsurface that can help with ground motion
prediction.
Vs30 - shear wave velocity in upper 30 m of rock.
Waipounamu Erosion Surface - a relatively flat unconformity that cuts the schist resulting from
late Cretaceous to early Tertiary erosion of the Otago Schist.
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Appendix
The appendix is electronic. There are two components to the appendix:
1. Okada files.zip (containing two folders)
a. Plots – the 1000 surface deformation plots (.png files) analysed for selecting slip
distributions (this method is described in section 3.4).
b. Slips1-1000 – the 1000 slip files used as input for the slip script (section 3.4.2).
The files contain four columns of data: fault plane coordinates (down dip and
along strike), depth, and slip value. These files have been generated on a Linux
system, and won’t open on windows. Any basic word processing software on
Linux will open the files.
2. PGA simulation estimates.ods (containing nine sheets)
a. Simulation run #1 – all the PGA estimates, graphs and plots. Also contains
hypocentre location information.
b. Simulation run #2 – all the PGA estimates, graphs and plots. Also contains
hypocentre location information.
c. Simulation run #3 – all the PGA estimates, graphs and plots. Two simulations
are run for this module (section 4.5). PGA estimates for both simulations are in
the sheet.
d. Simulation run #4 – all the PGA estimates, graphs and plots. Three simulations
are run for this module (section 4.6). PGA estimates for all three simulations are
in the sheet.
e. Simulation run #5 – all the PGA estimates, graphs and plots. Two simulations
are run for this module (section 4.8). PGA estimates for both simulations are in
the sheet.
f. Simulation run #6 – all the PGA estimates, graphs and plots.
g. Okada surface deformation – the 104 selected surface deformations plotted
h. Directivity analysis – results from the Baker (2007) directivity analysis. File
IDs, pulse indicator values, the period of the pulse (Tp) and estimated PGA are
shown.
i. Probability analysis – PGA estimates for simulation run #6, with calculations of
probability for exceeding PGA intervals (used in section 5.9).
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