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Abstract

This dissertation addresses a diverse range of topics in the physics-based broadband
ground motion simulation, with a focus on New Zealand applications. In particular the
following topics are addressed: the methodology and computational implementation of
a New Zealand Velocity Model for broadband ground motion simulation; generalised
parametric functions and spatial correlations for seismic velocities in the Canterbury,
New Zealand region from surface-wave-based site characterisation; and ground motion
simulations of Hope Fault earthquakes. The paragraphs below outline each contribution
in more detail.

A necessary component in physics-based ground motion simulation is a 3D model
which details the seismic velocities in the region of interest. Here a velocity model con-
struction methodology, its computational implementation, and application in the con-
struction of a New Zealand velocity model for use in physics-based broadband ground
motion simulation are presented. The methodology utilises multiple datasets spanning
different length scales, which is enabled via the use of modular sub-regions, geologic sur-
faces, and parametric representations of crustal velocity. A number of efficiency-related
workflows to decrease the overall computational construction time are employed, while
maintaining the flexibility and extensibility to incorporate additional datasets and re-
fined velocity parameterizations as they become available. The model comprises explicit
representations of the Canterbury, Wellington, Nelson-Tasman, Kaikoura, Marlborough,
Waiau, Hanmer and Cheviot sedimentary basins embedded within a regional travel-time
tomography-based velocity model for the shallow crust and provides the means to conduct
ground motion simulations throughout New Zealand for the first time.

Recently developed deep shear-wave velocity profiles in Canterbury enabled models
that better characterise the velocity structure within geologic layers of the Canterbury
sedimentary basin to be developed. Here the development of depth- and Vs30-dependent
para-metric velocity and spatial correlation models to characterise shear-wave velocities
within the geologic layers of the Canterbury sedimentary basin are presented. The models
utilise data from 22 shear-wave velocity profiles of up to 2.5km depth (derived from surface
wave analysis) juxtaposed with models which detail the three-dimensional structure of the
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geologic formations in the Canterbury sedimentary basin. Parametric velocity equations
are presented for Fine Grained Sediments, Gravels, and Tertiary layer groupings. Spatial
correlations were developed and applied to generate three-dimensional stochastic veloc-
ity perturbations. Collectively, these models enable seismic velocities to be realistically
represented for applications such as 3D ground motion and site response simulations.

Lastly the New Zealand velocity model is applied to simulate ground motions for a
Mw7.51 rupture of the Hope Fault using a physics-based simulation methodology and a
3D crustal velocity model of New Zealand. The simulation methodology was validated
for use in the region through comparison with observations for a suite of historic small
magnitude earthquakes located proximal to the Hope Fault. Simulations are compared
with conventionally utilised empirical ground motion models, with simulated peak ground
velocities being notably higher in regions with modelled sedimentary basins. A sensitivity
analysis was undertaken where the source characteristics of magnitude, stress parameter,
hypocentre location and kinematic slip distribution were varied and an analysis of their
effect on ground motion intensities is presented. It was found that the magnitude and
stress parameter strongly influenced long and short period ground motion amplitudes,
respectively. Ground motion intensities for the Hope Fault scenario are compared with
the 2016 Kaikōura Mw7.8 earthquake, it was found that the Kaikōura earthquake pro-
duced stronger motions along the eastern South Island, while the Hope Fault scenario
resulted in stronger motions immediately West of the near-fault region. The simulated
ground motions for this scenario complement prior empirically-based estimates and are
informative for mitigation and emergency planning purposes.
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Chapter 1

Introduction

1.1 Motivation

Empirical ground motion models have previously been utilised to estimate ground

motion intensities for use in seismic design and seismic hazard analysis. These empiri-

cal techniques are based on global earthquake catalogues and do not directly model the

physics of the underlying problem. In recent years, physics-based methods have been

increasingly used for earthquake-induced ground motion simulations. Physics-based sim-

ulation methods have significant advantages over previous empirical techniques as they

comprehensively model the underlying physics and are able to explicitly model directivity-

basin coupling, basin-generated surface waves and near-surface site response, which are

only implicitly modelled in conventional empirical ground motion models based on ergodic

global averages. Subsequently there has been a significant effort to implement ground mo-

tion simulations not only assess the impacts of individual earthquakes scenarios, but also

to be incorporated within the wider probabilistic seismic hazard framework.

A critical component to conduct physics based ground motion simulations is a three-

dimensional crustal velocity model. These models are colloquial referred to as ‘velocity

models’ and require the specification of P- and S-wave velocities, along with density

throughout the region of interest. Special focus in velocity models is given to the char-

acterisation of sedimentary basins, which are known to strongly influence ground motion
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CHAPTER 1. INTRODUCTION

amplitudes. Numerous velocity models have been developed for regions globally. Recent

research in New Zealand focused on the construction of a Canterbury velocity model,

in an effort to better understand the events of the 2010-2011 Canterbury earthquake se-

quence. However, this Canterbury model only allows for ground motion simulations of

earthquakes within this specific region, therefore, there exists the need to build upon this

Canterbury model to enable ground motion simulations to be conducted in any region of

New Zealand.

The 2010-2011 Canterbury, earthquake sequence produced strong ground motions

in Canterbury and urban Christchurch causing significant damage to buildings and in-

frastructure. The complex three-dimensional geologic structure of the Canterbury sedi-

mentary basin was a likely salient factor in the appreciable spatial variability of ground

motions, as the soft sedimentary deposits resulted in both basin and nonlinear near-surface

soil response effects. Previous research has detailed the three-dimensional structure of dif-

ferent geologic units have been in the Canterbury sedimentary basin (Lee et al., 2017b,a).

However, the velocities in these geologic units had not been extensively mapped. There-

fore, in an effort to further understand the events of the 2010-2011 Canterbury earthquake

sequence there is the need to detail the seismic velocities within the different geologic units

of the Canterbury sedimentary basin for use in site response and ground motion simula-

tion.

The Hope Fault is the dominant seismic hazard in the Marlborough Fault system

in the South Island of New Zealand and can be traced from the Alpine Fault to offshore

northeast of Kaikōura. Due to its high slip rate up to (23mm/yr, Langridge et al. (2003)),

and potential to produce large-to-great earthquake magnitudes, it poses a significant

hazard to critical infrastructure (e.g. telecommunications, electricity, road) and urban

populations in the South Island. The 2016 Kaikōura Mw7.8 earthquake, which resulted

in significant ground motions and extensive damage throughout the region, provides the

motivation to further assess the potential ground motions from a large magnitude rupture

of the Hope Fault. By applying physics-based ground motion simulation methods and the

New Zealand velocity model (developed as part of this dissertation) the ground motions

resulting from a rupture on the Hope Fault can be obtained and compared with empirical
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ground motion estimates and inferred ground motion amplitudes from the 2016 Kaikōura

earthquake.

1.2 Objectives

The objectives of this dissertation, which seek to advance of ground motion simula-

tions in New Zealand are the following:

(i) The computational implementation of a 3D seismic velocity model for New Zealand

hybrid broadband ground motion simulations.

(ii) Develop generalised parametric velocity functions and spatial correlations for seismic

velocities in the Canterbury to better characterise velocities within different geologic

units for use in ground motion and site response simulations.

(iii) Perform physics-based ground motion simulations of scenario ruptures of the Hope

Fault and to compare these with empirical models and the 2016 Kaikōura earth-

quake.

1.3 Organisation

Chapter Two presents a generalised velocity model construction methodology, its

computational implementation, and application in the construction of a New Zealand Ve-

locity Model for use in physics-based broadband ground motion simulation. The method-

ology presented utilises multiple datasets spanning different length scales, which is enabled

via the use of modular subregions, geologic surfaces, and parametric representations of

crustal velocity. A number of efficiency-related workflows are implemented to decrease the

overall computational construction time are employed, while maintaining the flexibility

and extensibility to incorporate additional datasets and refined velocity parameterisations

as they become available. The methodology and computational implementation processes

are then applied for development of a New Zealand Velocity Model; for use in broadband

3
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ground motion simulation. The model comprises explicit representations of the Canter-

bury, Wellington, Nelson-Tasman, Kaikoura, Marlborough, Waiau, Hanmer and Cheviot

sedimentary basins embedded within a regional travel-time tomography-based velocity

model for the shallow crust.

Chapter Three presents the development of depth- and Vs30-dependent parametric

velocity and spatial correlation models to characterise shear-wave velocities within the

geologic layers of the Canterbury (New Zealand) sedimentary basin. The models utilise

data from 22 shear-wave velocity profiles of up to 2.5km depth (derived from surface wave

analysis) juxtaposed with models which detail the three-dimensional structure of the ge-

ologic formations in the Canterbury sedimentary basin. Parametric velocity equations

are presented for Fine Grained Sediments, Gravels, and Tertiary layer groupings. Spatial

correlations were developed and applied to generate three-dimensional stochastic velocity

perturbations. Dispersion curves for the stochastic models and observed velocity profiles

show good agreement over a wide frequency range with the dispersion data underlying the

velocity profiles used as input data, indicating that the parametric perturbed velocity pro-

files replicate the dispersion characteristics of the observed velocity profiles. Collectively,

these models enable seismic velocities to be realistically represented for applications such

as 3D ground motion and site response simulations.

Chapter Four presents simulated ground motion intensities for a Mw7.51 Hope

Fault scenario earthquake involving rupture of four segments from the Hope Fault system

in the Marlborough Fault zone, beginning in the West at the Kelly fault (at the Northern

end of the Alpine fault) running East with a step-over at the Hanmer basin and termi-

nating onshore near Kaikōura. Simulations were conducted utilising physics-based wave

propagation, kinematic earthquake rupture descriptions and a three-dimensional crustal

velocity of New Zealand. The simulation methodology was validated for use in the Hope

Fault region by simulating comparing simulations with observations for a suite of historic

small magnitude earthquakes located proximal to the Hope Fault. A sensitivity analysis

where the source characteristics of magnitude, stress parameter, hypocentre location and

kinematic slip distribution were varied and an analysis of their effect on ground motion

intensities is presented. Ground motion intensities for the Hope Fault scenario are com-
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pared with the 2016 Kaikōura Mw7.8 earthquake, it was found that for the majority of

urban regions the PGV for the Hope Fault scenario is lower than that of the Kaikōura

earthquake. Simulations are compared with conventionally utilised empirical ground mo-

tion models, it was found that simulated peak ground velocities were notably higher in

regions with modelled sedimentary basins.

Chapter Five discusses the key contributions of this dissertation in the field of

physics-based ground motion simulation for New Zealand. Limitations in the contribu-

tions presented and future research in to advance the field of ground motion simulation

in New Zealand are discussed.

This dissertation has been written as a collection of chapters which are intended to be

stand-alone publications. Hence each chapter is self-contained including their respective

introductory and concise literature reviews.
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Chapter 2

Methodology and computational

implementation of a New Zealand

Velocity Model (NZVM2.0) for

broadband ground motion simulation

E. M. Thomson, B. A. Bradley and R. L. Lee (2019). Methodology and computational im-
plementation of a New Zealand Velocity Model (NZVM2.0) for broadband ground motion
simulation, New Zealand Journal of Geology and Geophysics, 1-18.

2.1 Abstract

This paper presents a generalised velocity model construction methodology, its com-

putational implementation, and application in the construction of a New Zealand velocity

model (NZVM2.0) for use in physics-based broadband ground motion simulation. The

methodology utilises multiple datasets spanning different length scales, which is enabled

via the use of modular subregions, geologic surfaces, and parametric representations of

crustal velocity.

A number of efficiency-related workflows to decrease the overall computational con-
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struction time are employed, while maintaining the flexibility and extensibility to incorpo-

rate additional datasets and refined velocity parameterisations as they become available.

The methodology and computational implementation processes are then applied for

development of a New Zealand velocity model (NZVMv2.0) for use in broadband ground

motion simulation. The model comprises explicit representations of the Canterbury,

Wellington, Nelson-Tasman, Kaikoura, Marlborough, Waiau, Hanmer and Cheviot sedi-

mentary basins embedded within a regional travel-time tomography-based velocity model

for the shallow crust.

2.2 Introduction

Physics based ground motion simulation methods have seen rapid advances in recent

years and have numerous conceptual advantages over previously utilised empirical models

as they seek to model the physics associated with earthquake rupture, wave propagation

and surficial site response (Graves and Pitarka, 2010). While empirical methods mostly

neglect the physical complexities such as slip heterogeneity, rupture directivity and basin

effects. Additionally empirical methods rely on ground motions catalogues which have a

paucity of observations for large magnitude (Mw>7) ruptures in the near-source (<50km)

region (Campbell and Bozorgnia, 2008) and therefore provide poor predictions for these

events. Physics based methods have significant potential to provide more accurate ground

motion estimates by directly modelling the physics associated with wave propagation. A

core component in physics based ground motion simulation is a crustal velocity model of

the region, therefore this research seeks to develop a flexible and extensible framework

to implement a New Zealand velocity model to facilitate physics based ground motion

research in New Zealand.

Three dimensional crustal models are an integral part of earthquake-induced ground

motion simulation methods, in which the crustal model defines the computational do-

main over which the wave equation is solved to determine strong ground motion shaking.

Such models are often also referred to colloquially as ‘velocity models’ because viscoelas-
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tic simulations require only P- and S-wave velocities, along with density, and anelastic

attenuation, and the latter two parameters are often inferred from correlations with ve-

locity (Süss and Shaw, 2003; Taborda, 2014). These parameters collectively enable the

three-dimensional viscoelastic wave equation to be solved at frequencies of engineering

interest.

Velocity models have been constructed for numerous regions globally, with varying

complexity, and have employed a number of different methodologies in their development.

For physics-based ground motion simulation, representation of low velocity regions (upon

which the majority of large population centres are located) and impedance contrasts

(large changes in velocity) is paramount in order to adequately model wave reverber-

ations and amplifications which are known to have a large influence on ground motion

amplitudes in these regions (Graves, 1996; Olsen et al., 2006, 2008; Day et al., 2008) There-

fore, explicitly modelling these contrasts, which typically occur in sedimentary basins, is

of high importance. Travel-time-derived velocity models (e.g. Eberhart-Phillips et al.,

2010) (used principally in earthquake location studies) fail to adequately capture these

impedance contrasts and therefore by themselves are insufficient for use in such ground

motion simulations. In order to explicitly capture impedance contrasts, a core component

in velocity model construction is often the use of geologic surfaces to delineate between

differing geologic materials such as the interfaces between sedimentary deposits and un-

derlying basement rock, or the boundary between differing lithological units. Between

these surfaces velocities are prescribed according to a predefined set of rules.

The geologic surface-based approach has been used in the construction of velocity

models for a number of regions, including the Osaka basin in Japan (Kagawa et al.,

2004), the Rhone Valley in Southern France (Roten et al., 2008) and the Mygdonian

Basin in Greece (Maufroy et al., 2015), each of which utilise a geologic surface to define

the sediment-basement interface. Above this basement-sediment surface a 1D velocity

structure is defined, with the basement characterised as a homogeneous material. How-

ever, basement models are not restricted to homogeneous characterisation, for example,

the velocity models for the Grenoble Valley in France (Chaljub et al., 2015) and the

Adaoazari Basin in Turkey (Goto et al., 2005) utilise a 1D velocity structure (i.e. later-
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ally homogeneous at constant depths) to prescribe basement velocities. Numerous velocity

models embed 3D basin models within regional crustal models that prescribe velocities

within the geologic basement. This approach is utilised for: the Po Plain Sedimentary

Basin in Italy (Molinari et al., 2015), which embeds a 3D basin model within a crustal

model of the European Plate (Molinari and Morelli, 2011); a velocity model of the Puget

Sound in Washington State USA (Frankel and Stephenson, 2000; Pitarka et al., 2004)

embeds a basin model within the hybrid tomography and gravity model of Parsons et al.

(2001); and two Southern California Community Velocity Models (CVM), CVM-H (Shaw

et al., 2015; Süss and Shaw, 2003), and CVM-S (Lee et al., 2014; Kohler et al., 2003;

Magistrale et al., 2000, 1996), which embed 3D sedimentary basin models within the 3D

crustal model of Hauksson and Haase (1997). The primary difference between CVM-S

(Lee et al., 2014; Kohler et al., 2003; Magistrale et al., 2000, 1996) and CVM-H (Shaw

et al., 2015; Süss and Shaw, 2003), is that the former utilises parametric functions to pre-

scribe basin velocities, while the latter utilises a 3D velocity field developed by geospatial

kriging of sonic logs and seismic reflection data to characterise basin velocities.

Beyond geologic surfaces for basement definition alone, velocity models can utilise

multiple geologic surfaces and multiple basins in their construction; a velocity model of the

Central United States (CUSVM) (Ramírez-Guzmán et al., 2012) prescribes multiple ge-

ologic surfaces over the entire model domain, between which depth-dependent functions

are used to characterise velocities. Velocity models of the Adaoazari Basin in Turkey

(Goto et al., 2005), and Puget Sound USA (Frankel and Stephenson, 2000; Pitarka et al.,

2004), use numerous surfaces to delineate between geologic formations within the mod-

elled sedimentary basins, while the Southern California CVMs use the same methods to

characterise multiple sedimentary basins.

An alternative approach to the aforementioned velocity model construction method-

ologies has been implemented within a model of the San Francisco Bay Area in Northern

California (Rodgers et al., 2008). This model defines a number of discrete 3D geologic

blocks (i.e. volumes) and prescribes velocities within each block using geology-specific

velocity parameterisations, as opposed to continuous full-domain geologic surfaces previ-

ously noted. While full domain surfaces allow only one continuous basin to be defined,
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modelling discrete 3D volumes allows for multiple basins or subregions to be defined and

inserted within geologic basement models.

The need for multi-scale resolution of velocity models arises from the requirements

to numerically model (relatively) high frequency wave propagation, yet consider large

geographical regions. As a result, multiple datasets, often obtained from various acquisi-

tion and analysis methods, are used to obtain the best available representation of crustal

properties over the region of interest. The utilisation of such models in numerical simula-

tions also requires different input and output formats associated with the use of different

numerical algorithms for solution. Hence, the methodology and computational imple-

mentation by which crustal velocity models are constructed is important to ensure they

are fit for present purpose, but also easily extensible to handle additional datasets and

numerical methods. Existing literature on developed velocity models have arguably not

extensively detailed their computational implementations, and this paper therefore seeks

to present the details of computational implementation and velocity model methodology,

which integrates the approaches considered in the previous literature review with the flex-

ibility to incorporate new datasets in the future. Specific attention is given to discussion

of this method and its computational implementation in order to assist in its application

by others.

In the following sections we present the details of a velocity model methodology, its

computational implementation, and subsequent application to construct a model for New

Zealand for use in broadband ground motion simulation. Multiple datasets amassed from

numerous geophysical and geological studies are employed in the construction of several

subregions, and these discrete regional models are then embedded within a (relatively)

lower resolution New Zealand-wide travel-time-derived tomography model (Eberhart-

Phillips et al., 2010). The resulting velocity model incorporates data across multiple

length scales and resolutions to give a unified representation of the velocity structure for

use in broadband physics-based ground motion simulations and additional engineering

applications.
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2.3 Velocity Model Methodology

Seismic velocity information can be obtained via geotechnical, geological and geo-

physical approaches and techniques, and span a range of geographic regions, length scales,

spatial density, and quality. To appropriately represent areas of variable data resolution, a

‘subregion’ approach is useful, where specific datasets and subsequent modelling assump-

tions are applied within fully enclosed volumes. This approach combines the geologic

surface methodology (e.g. Ramírez-Guzmán et al., 2012; Magistrale et al., 1996) with

technique of discrete geologic volumes (e.g. Süss and Shaw, 2003; Rodgers et al., 2008). In

addition, where appropriate, a surface-based methodology is also instructive, in which 3D

geologic surfaces enable the 3D continuum to be separated into distinct lithological units

for subsequent velocity parametrisation. The concepts of subregions and surface-based

modelling are the foundation of the flexible and extensible velocity model construction

presented here.

Figure 2.1 illustrates the three steps required to prescribe velocities at a specific point

defined by latitude, longitude and depth. In summary, firstly, the latitude-longitude co-

ordinates are utilized to determine whether the point lies within a specific subregion.

Secondly, surface-based modelling is employed to determine the geologic surfaces that

bound the point in the vertical coordinate, and hence the lithological unit that the point

resides in. Finally, the velocity parametrisation within the identified lithological unit

is used to compute the resulting velocities. The following three subsections discuss the

methodological specifics for each of these primary steps, with the computational imple-

mentation discussed separately in Section 2.4.

2.3.1 Subregions

Subregions are 3D volumes within the velocity model that have region-specific pa-

rameterisations for the computation of velocities. Data quality and quantity can vary

by region, thus by constructing subregions it is possible to utilise region-specific datasets

when constructing a velocity model. Examples include sedimentary basins, which have
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Figure 2.1: Conceptual overview of the steps to prescribe velocities at a point: (a) determining
which subregion (if any) the point resides in; (b) interpolation of applicable geologic surfaces to
identify those that vertically ‘bound’ the point, and hence determine the lithological unit; and
(c) prescription of velocities using velocity parameterisation specific to the lithological unit.

large variations in velocity properties over short spatial scales that are not captured ex-

plicitly in coarse regional-scale 3D velocity models used for earthquake location. It would

also be expected that there is a greater need for high-spatial resolution modelling in areas

of higher population density, where seismic risk exposure is high.

A two-step process can be implemented for determining if a point lies within a spe-

cific subregion, in which first the location is checked in the latitude-longitude plane to

determine if it lies within the subregion boundary, and if so, then secondly examining

the depth of the point with respect to the top and bottom subregion surfaces for the

corresponding latitude-longitude. Figure 2.2 provides a schematic illustration of the three

possible scenarios when determining if a gridpoint lies within a sub-region: (i) outside

the sub-region boundary; (ii) inside the surface projection of the subregion but outside

the depth range; and (iii) inside the sub-region. The computational distinction between

these three cases is discussed in Section 2.4.2.

2.3.2 Bounding surfaces

The bounding surfaces concept, with top and bottom surfaces to characterise the

vertical extent of a lithological unit, enables each geologic layer to be modelled discretely

and distinct velocity parameterisations to be applied to each layer. Figure 2.3 illustrates

the process for determining which unit a point lies within. First the appropriate geologic
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Figure 2.2: Schematic illustration of the two-step process used to determine if a point lies within
a subregion. Gridpoint location is compared with (a) the surface projection of the subregion
boundary and (b) The top and bottom subregion surfaces. Example points (i) (ii) and (iii)
illustrate the possible outcomes for the example of the Banks Peninsula volcanics subregion
within the NZVM discussed in Section 2.5.2.2.

surfaces are interpolated at the latitude-longitude of the point, then the two surfaces that

bound the gridpoint in the vertical direction are determined.

Figure 2.3: Schematic illustration of how bounding surfaces are used to delineate the boundaries
between differing geologic units, allowing for different velocity parameterisations to be applied
to geologically distinct units. E.g. a gridpoint bounded by Surface 1 and Surface 2 lies within
geologic Unit A, while a gridpoint bounded by the Subregion top and Subregion Bottom surfaces
lies within the Subregion geologic unit.
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The concept of bounding surfaces can be applied at both the subregion and ‘global’

scale when constructing a velocity model. At the subregion scale, surfaces can be used

to define the top, intermediary and bottom surfaces of a subregion, while at the global

level it can it can be utilised in prescribing full domain surfaces, such as the ground

surface elevation and the Moho discontinuity (e.g. Kohler et al., 2003), among others.

The computational implementation of bounding surface determination is presented in

Section 2.4.2.2.

2.3.3 Calculation of velocities within a unit

A velocity parametrisation, specific to an individual geologic unit, is used to prescribe

the required crustal characteristics to a point. Figure 2.4 illustrates various velocity

parametrisations, ranging from simple prescription of constant velocities to interpolation

of three-dimensional fields. For example, the CVM-H model of Los Angeles (Shaw et al.,

2015; Süss and Shaw, 2003) uses geospatial kriging of multiple seismic reflections lines to

construct a 3D velocity field. Whereas other velocity models, CVM-S (Lee et al., 2014;

Kohler et al., 2003; Magistrale et al., 2000, 1996), USGS Bay Area (Rodgers et al., 2008),

and CUSVM (Ramírez-Guzmán et al., 2012) utilise parametric functions calibrated based

on available data.

Velocity parametrisations can take on any functional form and can utilise any number

of inputs depending on the quality and quantity of data available in their construction - the

data availability will naturally influence which velocity parameterisation is optimal. This

allows for the effect of: age, composition, weathering, overburden stress and a multitude

of other factors to be explicitly considered when prescribing velocities.

The determination of an appropriate velocity parametrisation is not always self-

evident and ground motion simulation validation using observed recordings from historical

earthquakes is the most robust manner to understand resulting model validity. For ex-

ample, ground motion simulations conducted using both CVM models for the 2008 Chino

Hills earthquake (Taborda and Bielak, 2014) have illustrated that simulated waveforms

from the parametric CVM-S model are significantly closer to observed motions than those
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Figure 2.4: Examples of typical velocity parametrisations used to prescribe quantities (Vp, Vs

and ρ) within a geologic unit. While these illustrations are shown in 2D for conceptual simplicity,
they are all applicable in 3D.

obtained from the 3D interpolated CVM-H model. Such findings highlight the potential

problems that may occur when using a data-driven model without explicit validation of

the resulting predicted waveforms.

Frequently only the P-wave velocity, Vp is specified. With S-wave velocity, Vs; and

density, ρ being derived from empirical correlations (e.g. Brocher, 2005). Quality factors

for viscoelastic wave propagation can similarly be obtained from correlations (e.g. Süss

and Shaw, 2003; Taborda, 2014); although nonlinear wave propagation simulations have

been undertaken (Roten et al., 2014), these are currently in their infancy, so explicit

discussion of nonlinear parameters such as cohesion and friction angle is omitted here,

but easily handled.

2.3.4 Representation of surface topography

Several implemented numerical solution schemes for ground motion simulation are

able to explicitly model ground surface topography (e.g. Komatitsch and Tromp, 1999;

Aagaard et al., 2001; Olsen et al., 2006; Tu et al., 2006) while others utilise a flat free

surface (e.g. Graves, 1996; Cui et al., 2010). Figure 2.5 illustrates four general types of

topographic representation, which we refer to as: (i) True; (ii) Bulldozed; (iii) Squashed;

and (iv) Squashed-Tapered. As the name suggests, (i) represents the actual surface to-

pography (Figure 2.5a). When a flat free-surface is required, the Bulldozed approach
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(Figure 2.5b) simply ignores surface topography and obtains the free-surface values cor-

responding to a constant reference elevation. In regions where the surface elevation varies

appreciably, the use of a Bulldozed approach can be problematic because it will result in

significant near surface crustal properties being neglected, which is problematic in loca-

tions where elevations are substantially different than the reference elevation used. An

alternative is to enforce a flat free-surface by squashing the surface topography (Fig-

ure 2.5c). Computationally, this simply requires extracting velocities based on the depth

of the point below the surface elevation, as opposed to the Bulldozed representation

where depths are relative to a constant reference elevation. Aagaard et al. (2008) per-

formed ground motion simulations of the 1989 Loma Prieta Earthquake using a variety of

different simulation methods and topographic representations, and found the Bulldozed

representation performed relatively poorly in low-velocity regions above sea level, where it

underestimated the shaking intensity (as it omitted this low-velocity material) compared

with squashed and true representations (which include the low-velocity material) when

comparing regional MMI from simulations and observations.

As show in Figure 2.5, the downside of the squashed representation is the distortion

of the subsurface in order to achieve a flat-layered free surface. The squashed-tapered

representation (Figure 2.5d) aims to achieve the benefits of the squashed representation

at accounting for the near-surface, without significant subsurface distortions. This is

achieved by tapering the effect of the ‘squashing’ as the depth increases. An example

where the squashed-tapered approach has been adopted can be seen in Harmsen et al.

(2008) which determines that the squashed-tapered approach is preferable to methods

which omit surface topography entirely.

The mathematical representation for the effective elevation (zeffective) of a point for

squashed and squashed-tapered representations is:

zeffective = zactual − α × zDEM (2.1)

where zactual is the original elevation of the point relative to a reference datum, zDEM

is the depth of the DEM (digital elevation model, i.e. the ground surface) and α is
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Figure 2.5: Illustration of four types of topography representation: (a) true, (b) bulldozed,
(c) squashed and (d) squashed-tapered (for β = 1), for an east-west transect through Banks
Peninsula, as shown in Figure 2.2.

the shift multiplier. For the squashed representation, α = 1. For the squashed-tapered

representation we define the multiplier by the following equation:

α = max
{

1 − zreference − zactual

β × zDEM

, 0
}

(2.2)

where β × zDEM is the distance over which a linear taper is applied (alternative tapering

functions could also be adopted) and Zreference is the constant reference depth for which

the shifted points are relative to. From the functional form in Equation (2.2) it can be

seen that the tapering ceases when zreference−zactual

β×zDEM
= 1. Typical values of β are 1 to 3.

2.4 Computational implementation

Ground motion simulation utilising crustal velocity models often requires significant

high-performance computing (HPC) resources (e.g. velocity models typically cover large
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regions and contain 106 − 1012 spatial gridpoints (Cui et al., 2010). As a result, the

consideration of computational efficiency and parallelisation during implementation and

execution of velocity models is important to ensure that they are able to handle the

computational and data demands of HPC. The computational implementations of pre-

vious velocity models: CVM-S (Lee et al., 2014; Kohler et al., 2003; Magistrale et al.,

2000, 1996), CVM-H (Shaw et al., 2015; Süss and Shaw, 2003), USGS Bay Area (Rodgers

et al., 2008) and CUSVM (Ramírez-Guzmán et al., 2012) are not documented. This

section presents the overall computational workflow for velocity model construction, en-

abling researchers to utilise this methodology to construct velocity models of new regions

globally (see Section 4.7 data and resources for source code).

Figure 2.6 illustrates the high-level processes for constructing a velocity model for use

in ground-motion simulation on a computational domain. Herein focus is given to struc-

tured meshes, although separate meshing software can be integrated into this workflow

to generate velocity models on unstructured meshes. Pseudo-code is used in the following

paragraphs to convey the names and intentions of files and processes for the purpose of

conveying the computational workflow.

2.4.1 Input data preparation

Figure 2.6 illustrates the three primary steps required to generate velocity model

input data. First, the structured mesh is generated within a function generateModelGrid

which builds a mesh in the Cartesian domain using the length of the model in three

orthogonal directions and the spacing between gridpoints. This Cartesian grid is then

mapped to the latitude-longitude domain using a coordinate transformation. This allows

the user to specify the coverage region of the velocity model and to set the grid spacing to

the desired resolution. Second, via a version number, the names of the specific resources

(subregions, surfaces and velocity parameterisations to be used in velocity model con-

struction) are obtained using a getGlobalModelParameters function. The use of version

numbering allows for multiple variants of velocity models to be generated using the same

body of code to be compared and contrasted. Finally, using the version-specific resources
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Figure 2.6: High-level computational process for constructing a velocity model for use in physics
based ground motion simulation.

obtained in the previous step, all required data is loaded into memory by a loadAllData

function. This function first loads all applicable global data, surfaces and velocity pa-

rameterisations that apply over the entire domain. This is followed by subregion-specific

resources; surfaces, boundaries and velocity parameterisations. After these preliminary

steps are complete, the grid points at which crustal properties are desired can then be

looped over and have their velocities prescribed using the three primary steps presented

in Section 2.3.
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2.4.2 Computational implementation of methodology

This section details the computational workflow for velocity model construction using

the three primary steps as outlined in Sections 2.3.1 to 2.3.3. The implementation is

presented with application to prescribing the velocities to a vector of points representing

grid points at different depths for a single latitude-longitude coordinate.

2.4.2.1 Subregion determination

As detailed in Section 2.3.1, it is necessary to determine if a gridpoint is within

any subregion in order to apply the appropriate velocity parameterisation. Figure 2.7a

presents the computational workflow and functions required to determine if a gridpoint

lies within a given subregion. As multiple subregions can be implemented within a single

velocity model, this process is repeated for each and every subregion.

From a subregion boundary and bounding surfaces, a two-step process can be imple-

mented to resolve the gridpoint’s location with respect to the 3D subregion. A function

determineIfWithinSubregionLatLon first checks the latitude and longitude location of the

gridpoint against the surface projection of the subregion using ray casting. Ray casting

is an efficient algorithm for checking if a point lies within a polygon. It achieves this by

casting a ray in one direction and counts the number of times a boundary is crossed, if the

number of crossings is odd then point is inside a polygon, if the number of crossings is even

then the point is outside of the polygon. If the gridpoint is within this projection, the

subregion surface depths are interpolated within determineSubregionSurfaceDepths and

compared against the depths within the vector of gridpoints. To minimise computation,

subregion surface depths are interpolated only once and can then be stored in memory

for use is subsequent computations for all gridpoints at a given latitude-longitude.

2.4.2.2 Bounding surfaces

Figure 2.7b presents the computational workflow for determining which surfaces, ei-

ther subregion or full domain, bound a gridpoint. The concept of bounding surfaces is
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discussed in Section 2.3.2. After determining whether the gridpoint is located within an

implemented subregion or not, the appropriate geologic surfaces, full domain and/or sub-

region, are identified. Each of these surfaces are then interpolated and compared with the

depths of each gridpoint to determine the bounding surfaces (the surfaces immediately

above and below the gridpoint). If the gridpoint lies outside of all subregions, then the ge-

ologic surface depths are calculated within interpolateGlobalSurfaceDepths, however if the

gridpoint is within a subregion then the surface depths have previously been interpolated

and can be loaded from memory.

To ensure the interpolated surface depths are consistent with current understanding

of regional stratigraphy it necessary to check the interpolated surfaced depths. This is

due to the geospatial interpolation methods used to develop the geologic surfaces which

can result in surfaces, which delineate geologic unit boundaries, crossing over one another.

This is remedied by enforcing the surfaces to ensure their interpolated values are consistent

with apriori knowledge of stratigraphy.

2.4.2.3 Calculating velocities within a unit

From the bounding surfaces for a gridpoint the appropriate velocity parameterisation

can be selected and used to prescribe velocities. As discussed conceptually in Section 2.3.3,

velocity parameterisations can take on several different functional forms ranging from the

prescription of constant velocities to interpolants of 3D velocity fields, such as regional

crustal models developed by tomographic inversion. The computational workflow for

prescribing velocities to a gridpoint is presented in Figure 2.7c.
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2.4.3 Representation of surface topography

The four topographic representations discussed in Section 2.3.4 have been imple-

mented within the NZVM source code. Prescription of velocities for the True and Bull-

dozed representations (see Figure 2.5) involves prescribing velocities at the exact latitude,

longitude and depth of the gridpoint. The difference between True and Bulldozed is that

the former prescribes velocities to gridpoints below the DEM whereas the latter prescribes

velocities relative to a constant reference depth resulting in a flat free-surface. This is

achieved through simple if statements which prescribe the velocities as not-a-number

(NaNs) if a gridpoint lies above the DEM for the True representation, or above the ref-

erence depth for the Bulldozed representation. For the Squashed and Squashed-Tapered

representations the depth of a given gridpoint is shifted vertically, this is achieved by

reassigning the depth according to Equation (2.1). Velocities are then prescribed to the

vector of depth-reassigned gridpoints which are then mapped back to the vector of original

depths.

2.4.4 Efficiency processes and algorithms

Due to limitations on computational processing power, a number of efficiency-related

algorithms and processes have been implemented to reduce the computational effort and

the wall clock duration required to generate a velocity model by orders of magnitude.

Three areas targeted for efficiency gains were parallelisation, data storage and efficient

algorithms. Using pre-existing libraries (e.g. Message Passing Interface, MPI) and tools,

repetitive computational processes can be performed in parallel.

Geologic surfaces are stored in raster format with their coordinates defined by vectors

of latitudes and longitudes. Using vectors to characterise surfaces enables computationally

efficient determination of the quadrant within the surface which the gridpoint lies, which

can be subsequently used in a bilinear interpolation process to obtain the surface depths at

the queried gridpoint in question. A similar approach is utilised to prescribe the regional

tomographic model, velocities are stored at multiple planes at constant depths, enabling
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which depth planes and quadrants a gridpoint lies within to be easily identified, and a

tri-linear interpolation process to determine the velocity at the gridpoint. Ray casting is

an efficient algorithm that can be applied to determine if a gridpoint lies within a polygon,

this is algorithm is utilised to determine if a gridpoint lies within a subregion boundary.

2.4.5 Visual verification techniques

Good programming practice dictates that functions are verified using numerous test

cases as they are written. In addition to low-level verification of velocity model functions,

it is possible to verify the procedures used in velocity model construction. By constructing

the velocity model in steps starting with an individual gridpoint, progressing to a one-

dimensional profile, then two-dimensional slice and finally a three-dimensional mesh, we

are able to verify the full velocity model source code functions. A final step in verifying

the velocity model implementation is to interpolate velocity transects through a saved

model. Figure 2.8 illustrates a velocity slice interpolated through a saved velocity model,

generated for use in ground motion simulation. Interpolating multiple velocity transects

through a saved velocity model enables the geologic structure, to be investigated visu-

ally. Because velocity models are infinitely complex this step cannot be automated and

therefore human intervention can always be useful to confirm the velocity models files are

satisfactory for use in ground motion simulation.

2.5 Development of a New Zealand velocity model

Using the methodology and computational implementation presented in previous

sections, a velocity model for New Zealand (NZVM) was constructed for use in physics-

based ground motion simulation as presented herein. The model utilises a travel-time-

derived tomographic model of New Zealand (Eberhart-Phillips et al., 2010) embedded with

numerous sub-region models. The NZVM is modular, allowing for sub-regions within New

Zealand to be added in future updates.

Intermediate versions of the model presented here included basin characterisation
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Figure 2.8: Velocity transect through a velocity model for the Canterbury region generated for
use in ground motion simulation illustrating the as-saved velocity structure for visual verification.
This model utilises a 100m finite-difference grid which is apparent in both the horizontal and
vertical directions.

for only the Canterbury region (Lee et al., 2017b) and were utilised in numerous ground

motion simulations of historic earthquakes: 14th November 2016 Kaikoura (Bradley et al.,

2017e); 22nd Feburary 2011 Christchurch (Razafindrakoto et al., 2018); and small to

moderate magnitude historic earthquakes for validation purposes (Lee et al., 2019); and

potential future future earthquakes (Bradley et al., 2017a). We refer to those intermediate

versions as NZVM1.0.

NZVM version 2.0 (NZVM2.0), presented here, builds on NZVM1.0 by incorporating

seven new modular sedimentary basin models with varying degrees of characterisation.

Figure 2.9 presents the domain of the NZVM2.0, including the subregions explicitly incor-

porated, and the locations of the planned additions given the modularity of the framework.

The following subsections detail the datasets used in the construction of the NZVM2.0,
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and the available output formats (see Section 4.7 data and resources for the NZVM source

code).

Figure 2.9: Subregions characterised in NZVM2.0 with varying degrees of complexity (Type 1-4)
and other subregions of interest to be added in a future version.

27



CHAPTER 2. NEW ZEALAND VELOCITY MODEL

2.5.1 Regional crustal model

The Eberhart-Phillips et al. (2010) regional seismic velocity model was assembled

using results from previous 3D travel-time inversion studies throughout New Zealand.

In regions of low seismicity, where little or no ground motion recordings were available,

alternative data sources were used (Horspool et al., 2006; Barker et al., 2009; Davy et al.,

2008; Wood and Woodward, 2002) in splicing together a New Zealand wide model. The

model was then updated using travel-time data spanning across different spliced regions

to ensure consistency throughout the modelled region.

Figure 2.10 illustrates the shear wave velocity structure at depths of three and eight

kilometres derived from the Eberhart-Phillips et al. (2010) seismic velocity model. The

lateral resolution of the model is spatially course, ranging from 10 to 50km by region,

and the general trend of increasing shear wave velocity with depth is apparent. The model

prescribes Vp, Vs and ρ at 22 depth planes ranging from 15km above mean sea level (for

interpolation purposes) to a depth of 750km. Of particular interest for ground motion

simulation is the characterisation of the shallow crust, and the depth planes above 30km

are 3, 8, 15, 23 and 30km. For implementation within the NZVM each depth plane was

interpolated onto a grid defined by latitude and longitude vectors.

Figure 2.11 presents a velocity fence diagram with multiple velocity transects through

the Eberhart-Phillips et al. (2010) regional crustal model. The smooth variation of ve-

locities with depth is highly apparent, additionally the minimum shear wave velocity

prescribed by the model is relatively high (Vs = 2.0km/s). This highlights the need

to characterise near-surface regions and sedimentary deposits, which are not represented

within the relatively high velocities present in the Eberhart-Phillips et al. (2010) model.

2.5.2 Subregion models

Eight subregion models classified into four characterisation types are implemented in

NZVM2.0, Table 2.1 presents the features of each subregion type. Section 2.5.2.1 details

the Type 1-3 subregion models while Section 2.5.2.2 presents the implementation of the
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Figure 2.10: Shear wave velocities extracted at depths of: (a) three and, (b) eight kilometres
from the regional crustal model of Eberhart-Phillips et al. (2010).

Figure 2.11: Velocity model fence diagram for the NZVM2.0 illustrating the velocity structure
throughout the South Island to a depth of 2km.

Type 4 Canterbury subregion.
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Table 2.1: Characteristics of NZVM2.0 subregion types.

Type Features Subregions

1

No direct measurements. Basin geometry based on

topographic slope at outcrops, geologic cross sections.

Generic 1D basin velocity model.

Hanmer

Cheviot

2

As for 1, but incorporating direct measurements used

to infer basin surface depth (e.g. ambient

measurements, HVSR).

Waiau

Kaikoura

Marlborough

3
As for 2, but incorporating velocity profile information

allowing departure from generic model.

Wellington

Nelson-Tasman

4
Arbitrarily complex model, multiple geologic surfaces

and specific velocity modelling.
Canterbury

2.5.2.1 Type 1-3 Subregion implementations

Type 1-3 subregion models, developed specifically for NZVM2.0, are implemented

as volumes constrained by two surface models and a two-dimensional boundary. The

bottom surface (i.e. the geologic basement) for these subregions was developed through

geospatial Kriging, while the top surface is derived from a digital elevation model. Region

specific geologic information were utilised in the construction of NZVM2.0 subregions: the

Hanmer, Cheviot, Waiau and Kaikoura subregions utilized the Rattenbury et al. (2006)

model; the Marlborough and Nelson-Tasman utilised the Rattenbury et al. (1998) model;

and the Wellington region utilised the Begg and Johnston (2000) model. Additionally a

Wellington geology model (Semmens et al., 2010) and Nelson-Tasman site characterisation

study (McMahon and Wotherspoon, 2017) were utilised as constraints in developing these

subregions. Figure 2.12 presents a transect through the Waiau subregion, a Type 2

characterisation with a one-dimensional velocity parametrisation.

30



CHAPTER 2. NEW ZEALAND VELOCITY MODEL

Figure 2.12: Velocity transect illustrating the structure of the Waiau subregion, a Type 2 char-
acterisation. A Vs30-based geotechnical layer has been applied outside of the subregion.

2.5.2.2 Velocity model for the Canterbury region, a Type 4 subregion

The 2010-2011 Canterbury earthquake sequence prompted a large body of work to

detail the geologic structure of the Canterbury region. Therefore, detailed geologic and

velocity information is available for the Canterbury region in contrast to the rest of

New Zealand. Three specific subregions have been implemented to characterise veloc-

ities within the Canterbury region: the Canterbury Sedimentary subregion characterises

Canterbury-wide sedimentary deposits; the Banks Peninsular Volcanics (BPV) subre-

gion prescribes velocities within an outcropping volcanic formation; and the Christchurch

Quaternary sedimentary subregion details the interbedded sedimentary deposits in urban

Christchurch.

These subregions utilise the geologic surfaces developed by Lee et al. (2017b,a) using

geostatistical kriging of data aggregated from multiple sources including; seismic reflection
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lines, petroleum and water well logs, geotechnical CPT data, cross sections and rock

outcrop data. Figure 2.13 illustrates the structure of Canterbury Sedimentary and Banks

Peninsula Volcanic subregions as represented within NZVM2.0.

Figure 2.13: Velocity model fence diagram for Canterbury region illustrating the velocity struc-
ture within two subregions: the Canterbury Sedimentary subregion and the intrusive volcanic
deposition forming the basis of the Banks Peninsular Volcanics subregion.
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2.5.2.2.1 Sediments from the Neogene and Paleogene periods

The Canterbury Sedimentary subregion characterises deposits of the Neogene-Paleogene

period. The geologic surfaces that define this subregion were constructed primarily utilis-

ing seismic reflection survey lines which identify impedance contrasts associated with

boundaries between geologic units with differing seismological properties (Lee et al.,

2017a). Additionally, petroleum exploration well logs and geologic outcrop data were

used as additional constraints in spatially interpolating these surfaces. Three distinct

layers were developed for implementation within the Canterbury Sedimentary subregion,

in order of increasing depth and age these are; Pliocene Epoch, Miocene Epoch and the

Paleogene Period. These layers within the context of the NZVM are referred to as the

Pliocene, Miocene and the Paleogene. Four geologic surfaces are used to define these

geologic layers, which collectively form the Canterbury Sedimentary subregion, constant

velocities are prescribed for each layer (efforts to subsequently develop depth-dependant

parameterisations are ongoing (Thomson et al., 2017). These sedimentary layers within

the Canterbury Basin have significantly lower velocities than the surrounding basement

and their characterisation is paramount to conducting realistic ground motion simulations

in the region. Figure 2.13 presents velocity transects through the Canterbury subregion,

the sediment layers taper to the ground surface towards the mountains in north-west of

Canterbury and are of varying thickness throughout the region.

2.5.2.2.2 Banks Peninsula Volcanics

The development of the BPV subregion geologic surfaces utilised numerous additional

datasets to those used in the construction of the Canterbury Sedimentary surfaces. Water

well-logs and surface elevation contours (Brown and Weeber, 1994) were used to constrain

the top surface of the BPV near outcropping regions (Lee et al., 2017a). These datasets

were added to the seismic reflection and petroleum exploration well-log data to provide

the necessary constraint to spatially interpolate the top surface of the BPV. As the BPV

was an intrusive deposition, the bottom surface of the BPV coincides with the conclusion

of the Miocene Epoch. Therefore, the bottom layer of the BPV is prescribed as the top
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surface of the Miocene. The BPV is prescribed in the NZVM2.0 as a single geologic layer,

characterised by constant velocities with a ‘weathering function’ applied in the top 350m

of the subregion to reduce velocities. Figure 2.13 presents velocity transects through the

Canterbury region, one of which transects the BPV subregion illustrating the cone-shaped

structure as annotated. Explicit modelling of the BPV for ground motion simulation is

important as the seismological properties differ significantly from that of the surrounding

material and therefore have a large effect on simulated ground motions (Razafindrakoto

et al., 2018).

2.5.2.2.3 High-resolution Quaternary sedimentary model in urban Christchurch

A shallow subregion to characterise the interbedded Christchurch Quaternary has

been implemented in NZVM2.0. The quaternary deposits within Canterbury consist

of interbedded gravels and silts sequentially deposited between glacial and interglacial

periods respectively (Lee et al., 2017b). These interbedded layers differ significantly in

composition and seismological properties resulting in alternating soft-over-stiff layering.

These layers in the near surface region (Z < 200m) are of relatively small individual

thicknesses (< 30m). Given that ground motion simulations conventionally consider

a maximum frequency on the order of 1Hz (Graves and Pitarka, 2010), which for a

Vs,min = 500m/s and a grid spacing of 100m, the effect of these layers is not explicitly

captured. However, this spatial discretization, which is proportional to the maximum

frequency able to be simulated, is likely to decrease in the future. Therefore, the primary

application of the Christchurch Quaternary sedimentary model within the NZVM is for

use in geotechnical applications such as site response analysis with the potential for this

subregion to utilised within regional ground motion simulations of higher spatial resolution

in the future.

A total of eight geologic layers, four gravel and four marine deposits, are modelled

within the Christchurch Quaternary subregion. In order of increasing depth from the

ground surface these are: Christchurch Formation, Riccarton Gravel, Bromley Forma-

tion, Linwood Gravel, Heathcote formation, Burwood Gravel, Shirley formation and the
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Wainoni Gravel. Figure 2.14 illustrates the 3D structure of the interbedded gravel and ma-

rine formations in the Christchurch Quaternary subregion. Marine sediments, deposited

when sea levels are high during interglacial periods, taper to zero thickness towards the

Southern Alps. While fluvial gravels are deposited during glacial periods when ocean

levels are low, tapering to zero thickness towards the present-day coastline. Velocities

within these layers are characterised by simple depth-dependant functions (Deschenes

et al., 2018; Thomson et al., 2017).

Figure 2.14: Velocity cross sections through the Christchurch Quaternary subregion showing the
3D interbedded layering. Fluvial gravel deposits taper to zero thickness towards the coast while
marine deposits taper to zero thickness towards the Southern Alps.
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2.5.3 Geotechnical layer and offshore subregion edge smoothing

2.5.3.1 Geotechnical layer

As alluded to in Figure 2.10, the regional tomographic model has large velocities in

the near surface. Since more refined subregion models are not present everywhere, the

locations outside of subregions likely have over estimated velocities in the near surface.

Recognising this issue, Ely et al. (2010) developed a geotechnical layer (GTL) to adjust

the velocities from regional models. This same Ely et al. (2010) model was implemented

allowing additional near-surface velocity information to be integrated within the relatively

low resolution tomographic model (i.e. outside of explicitly modelled subregions). The

GTL applies a quadratic taper to reduce velocities in the top 350m of the tomographic

model to match the Vs30 value at a site. The GTL utilises a Vs30 model (Foster, 2017),

which combines topographic slope, surficial geology and direct observations to generate a

full coverage New Zealand specific Vs30 model. Figure 2.12 illustrates the GTL reducing

near-surface velocities in the tomographic model outside of the Waiau subregion.

2.5.3.2 Offshore subregion edge smoothing

Subregions model continuous geologic deposits which, in the onshore case; typically

taper to zero thickness (i.e. at rock outcrops) while for the offshore case, subregions

can have non-zero thickness where they terminate an example is shown in Figure 2.15.

This offshore subregion ‘edge’ is non-physical and represents a large velocity contrast

which has an undesirable effect on simulations. The method implemented for reducing

the velocity contrast at the subregion-tomography transition is to linearly smooth this

velocity transition over a 10km distance. This smoothing regime was implemented to

reduce the effect of undesirable offshore reverberations and is designed to occur at a

sufficient distance as to not affect onshore motions.
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Figure 2.15: Offshore subregion-edge smoothing: (a) without offshore and (b) with a linear
smoothing regime and GTL.

2.5.4 Outputs from the model

The NZVM was developed for multiple use cases including ground motion simulation,

site response analysis and generation of seismic velocity contour maps. Applying the

NZVM for use in these applications yield different output formats, these formats vary by

application and are briefly discussed in subsequent subsections.

2.5.4.1 3D gridded velocity model

The NZVM has been implemented to construct a velocity model on a 3D grid to be

used in ground motion simulations. The resulting velocity model is saved as three binary

files, one for each the P-wave and S-wave velocities, and the density. In addition to saving

the model for use in ground motion simulation, the NZVM is able to read a saved velocity

model and interpolate velocity transects to visualise the model which enables the velocity

structure to be investigated for different model versions, grid-spacings and topographic

representations (see Figure 2.8).

2.5.4.2 Prescription of velocities to a list of gridpoints

The NZVM can be used to prescribe velocities to a file containing a list of one or

more gridpoints. This is useful for cases in which the exact velocity at a gridpoint is
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required or for prescription of velocities to a non-uniform grid (e.g. Taborda et al., 2010;

Tu et al., 2006). The non-uniform grid can be generated by external meshing software,

saved to file and used as an input to the NZVM, which then assigns velocities to these

gridpoints.

2.5.4.3 Seismic velocity profiles at specific latitude-longitude locations

To perform a one-dimensional site response analysis at a given site, the local velocity

structure must be known. Therefore, one output from the NZVM made available is

1D site-specific velocity profiles which can be used in seismic site response modelling.

The 1D profiles from the NZVM also include the depths of geologic surfaces used in the

construction of subregions in addition to the velocity structure. These geologic surface

depths (such as the depth of the basement, and depth to interbedded sedimentary layers)

are also instrumental as constraints for processing regional geophysical data (e.g. Teague

et al., 2017; Deschenes et al., 2018).

Generation of velocity transects

Velocity transects through saved velocity models provide useful information as to the

velocity structure represented within the saved model, however the resolution of these

transects is equivalent to the gridspacing of the saved model and these transects have a

relatively low resolution (> 100m) which, is insufficient for visualisation purposes where

a high resolution velocity structure (< 10m) representation is desirable. Therefore the

NZVM is able to generate velocity transects directly based on two pairs of latitude and

longitude coordinates and a user specified resolution, enabling the meter-scale velocity

structure to be visualised.

2.5.4.4 Seismic velocity contour maps

Seismic velocity contour maps illustrating regional shear wave velocity characteristics

can be utilised in empirical ground motion models to incorporate the effect of sedimentary
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basins (e.g. Campbell and Bozorgnia, 2008; Day et al., 2008; Abrahamson et al., 2014;

Chiou and Youngs, 2014). The NZVM allows for the generation of two different types

of contour maps based on either the shear wave velocity within the near surface region

(Vs30 and Vs500, the time-averaged shear wave velocity over the top 30 or 500 meters

respectively) or the depth to a shear wave velocity threshold (Z1.0 and Z2.5, the depth to

shear wave velocity of 1km/s or 2.5km/s respectively).

Figure 2.16 illustrates seismic velocity contour maps of Z1.0 and Z2.5 generated from

the NZVM2.0. The Z1.0 map (approximately geotechnical depth to bedrock (Abrahamson

et al., 2014)) shows that only within modelled subregions are S-wave surface velocities

below 1km/s, additionally the effect of the intrusive Banks Peninsula Volcanics deposit

can be seen as this subregion has relatively high velocities compared with the surrounding

Canterbury deposits. Within the Z2.5 map the depth to 2.5km/s S-wave velocity varies

from 0−11km and loosely aligns with our knowledge of geologic terranes (Mortimer, 2004)

indicating the regional crustal model of Eberhart-Phillips et al. (2010) is representative

of the regional geology.

2.5.5 Use in ground motion simulation

Ground motion simulations of prospective (e.g. Bradley et al., 2017a) or historic

earthquakes (e.g. Bradley et al., 2017e; Razafindrakoto et al., 2018) have been conducted

utilising the NZVM and the Graves and Pitarka (2010) methodology. Simulated motions

are able to be utilised in numerous engineering applications ranging from hazard assess-

ment to disaster preparedness in addition to providing valuable insights into fault rupture

and seismic wave propagation processes. Simulation of historic earthquakes can provide

insights into the earthquakes that have previously occurred and can be used to validate

both the velocity model and simulation methodology, as recorded ground motions are

able to be compared with synthetics. Prospective scenario-based ground motion simula-

tions can be utilised to assess the impact of different rupture scenarios (e.g. hypocentre

locations and fault parameters) and their subsequent effects.

Recent advances in the computational processing power and the availability of HPC
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Figure 2.16: Seismic velocity contour maps generated by the NZVM2.0: (a) the depth to shear
wave velocity 1.0km/s (Z1.0) and (b) the depth to 2.5km/s (Z2.5).

resources allow for multiple large scale physics-based ground motion simulations to be

conducted. Physics-based probabilistic seismic hazard maps can be generated for a region

by combining the results of ground motion simulations for all faults affecting the region

(e.g. Graves et al., 2011a; Tarbali et al., 2018a). Given the advancements in validating

physics-based methodologies, it is expected that ground motion simulations will play an

ever-increasing role in the assessment of seismic hazards. Simulated motions additionally

can be compared with empirical ground motion models and hence illustrate possible biases

of deficiencies in these equations and the current code provisions that utilise them.

2.6 Conclusions

This paper has presented a generalised and extensible methodology and computa-

tional framework for crustal velocity modelling, and the development of the New Zealand
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Velocity Model. The methodology utilises modular subregions which are embedded within

a tomographic model covering New Zealand in its entirety, with the flexibility and ex-

tensibility to add and change subregions and velocity parametrisations in future model

versions. The NZVM has a variety of use cases and can be used in ground motion sim-

ulation, site response analysis, precise earthquake relocation and for improving seismic

hazard analysis.

The modularity of the NZVM allows for surfaces, subregions and velocity parame-

terisations to be modified or added in the future. Figure 2.9 illustrates the locations of

subregions of interest planned for future NZVM versions. These regions are currently

characterised by the regional travel time tomographical model of Eberhart-Phillips et al.

(2010) hence, the addition of subregion models to the NZVM will improve the quality of

simulated ground motions within these regions.

The regional travel time tomography model used to prescribe basement velocities

throughout the NZVM (Eberhart-Phillips et al., 2010) can be significantly improved

through full waveform three dimensional tomographic inversion (F3DT) (e.g Lee et al.,

2014) which can be used to identify and constrain lower velocity regions. Through the

application of F3DT, the velocity structure of the NZVM can be subsequently improved

beyond what is capable using travel-time tomographic inversion (e.g. Lee and Chen, 2016).

2.7 Data and resources

NZVM2.0 is available in the programing language C with associated files on github

at https://github.com/ucgmsim/Velocity-Model.

Figures were prepared using Generic Mapping Tools (https://gmt.soest.hawaii.edu/),

MATLAB (https://mathworks.com/products/matlab.html) and draw.io (https://www.draw.io/).
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Chapter 3

Generalised parametric functions

and spatial correlations for seismic

velocities in the Canterbury, New

Zealand region from

surface-wave-based site

characterisation

E. M. Thomson, B. A. Bradley, R. L. Lee, L. M. Wotherspoon, C. M. Wood and B. R. Cox
(2020). Generalised parametric functions and spatial correlations for seismic velocities in
the Canterbury, New Zealand region from surface-wave-based site characterisation, Soil
Dynamics and Earthquake Engineering, 128, 105834.

3.1 Abstract

This paper presents the development of depth- and Vs30-dependent parametric ve-

locity and spatial correlation models to characterise shear-wave velocities within the geo-
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logic layers of the Canterbury (New Zealand) sedimentary basin. The models utilise data

from 22 shear-wave velocity profiles of up to 2.5km depth (derived from surface wave

analysis) juxtaposed with models which detail the three-dimensional structure of the ge-

ologic formations in the Canterbury sedimentary basin. Parametric velocity equations

are presented for Fine Grained Sediments, Gravels, and Tertiary layer groupings. Spatial

correlations were developed and applied to generate three-dimensional stochastic velocity

perturbations. Dispersion curves for the stochastic models and observed velocity profiles

show good agreement over a wide frequency range with the dispersion data underlying the

velocity profiles used as input data, indicating that the parametric perturbed velocity pro-

files replicate the dispersion characteristics of the observed velocity profiles. Collectively,

these models enable seismic velocities to be realistically represented for applications such

as 3D ground motion and site response simulations.

3.2 Introduction

The 2010-2011 Canterbury, New Zealand, earthquake sequence produced strong ground

motions in Canterbury and urban Christchurch causing significant damage to structural

and geotechnical systems (Kaiser et al., 2012; Bradley et al., 2014). The complex three-

dimensional geologic structure of the Canterbury sedimentary basin was a likely salient

factor in the appreciable spatial variability of ground motions, as the soft sedimentary

deposits resulted in both basin and nonlinear near-surface soil response effects that have

been investigated empirically (Bradley and Cubrinovski, 2011; Bradley, 2012) and through

physics-based ground motion simulations (Razafindrakoto et al., 2018; Bradley et al.,

2015). Ongoing examination of these factors via 3D physics-based ground motion and

site response simulations require detailed models of the three-dimensional geologic and

velocity structure of the Canterbury sedimentary basin.

The regional geology in Canterbury consists of Interbedded Quaternary Gravels and

Fine Grained Sediments in urban Christchurch (Barnes, 1995; Brown et al., 1992) which

overlie Tertiary deposits and subsequent geologic basement (Forsyth et al., 2008; Hicks,

1989). Geologic surface models that define the three-dimensional structure of different

44



CHAPTER 3. SEISMIC VELOCITIES IN CANTERBURY

geologic units have been developed for the Canterbury sedimentary basin (Lee et al.,

2017b,a). The structure of the near surface, z < 500m, Quaternary deposits (gravels

interbedded with silts, clays, peat, and shelly sands) was mapped by Lee et al. (2017b),

and the deep structure, z > 500m, of Neogene (Late Tertiary) and Paleogene (Early

Tertiary) deposits have been detailed by Lee et al. (2017a). Seismic velocities within the

different geologic units in Canterbury have been investigated by a number of researchers.

Velocities for the Tertiary deposits have been investigated by Lee et al. (2017a) based on

correlations with P-wave (Vp) travel times from seismic reflection lines and well logs in

combination with migration and interval velocities from Barnes et al. (2016) to specify

constant Vp velocities for each of the Tertiary units. Given the inability to develop more

complex (and realistic) models without robust data, shear-wave (Vs) estimates were sub-

sequently derived from the empirical relationships of Brocher (2005). The adoption of

constant velocities for a given geologic unit fails to accurately characterise velocity vari-

ations (with depth principally, but also laterally) and results in artificially large velocity

contrasts at geologic boundaries. This simplified velocity prescription is also problematic

when a geologic unit outcrops as the velocities can be unrealistically high. Additionally,

prescription of constant velocities is too simplistic for simulating high frequencies due to

their inability to model coda and scattering (Frankel and Clayton, 1986).

Two recent studies (Teague et al., 2017; Deschenes et al., 2018) have developed deep

Vs velocity profiles (z > 2km) using surface-wave-based methods, which offer the potential

to develop more detailed representation of velocity structure across the entire Canterbury

sedimentary basin. Teague et al. (2017) proposed a depth-dependent parametric Vs equa-

tion to prescribe shear wave velocities within the Riccarton Gravels (the shallowest gravel

layer in urban Christchurch) and noted the large regional velocity variability. Deschenes

et al. (2018) proposed three unique depth-dependent parametric equations to characterise

shear-wave velocities in the Quaternary units. These equations prescribe velocities to

three groups of Quaternary deposits: Interbedded Gravels, Non-Interbedded Gravels and

Fine Grained Sediments (i.e. sands and silts). Deschenes et al. (2018) utilised two separate

equations to prescribe Gravel velocities, which can lead to an unintended discontinuity at

the lateral Interbedded - Non-Interbedded boundary, which would not exist with a single
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unified equation.

Modelling velocity heterogeneities is important for physics-based wave propagation

models as they contribute to scatter which excites coda waves (Aki, 1969; Sato et al.,

2012) that influence ground motion intensity (Imperatori and Mai, 2012, 2015; Graves and

Pitarka, 2016). Given a paucity of data it is not presently possible to deterministically

represent velocity heterogeneities at fine spatial scales. However, a simplistic statistical

model that replicates velocity variability from observations can be used as a means of

representing small-scale velocity heterogeneities. Such models utilise spatial correlations

developed from geostatistical analysis to generate velocity perturbations.

This paper presents the development of parametric velocity functions that prescribe

shear wave velocity as a function of depth and Vs30, based on 22 observed velocity profiles

distributed throughout urban Christchurch and the Canterbury region (Teague et al.,

2017; Deschenes et al., 2018). The developed parametric functions prescribe velocities

to the 11 geologic units of the Canterbury sedimentary basin grouped into three dis-

tinct geologic categories: Fine Grained Sediments, Gravels and Tertiary deposits. Spatial

correlations are developed that can be applied to generate velocity perturbations that

replicate the velocity variability within the observed velocity profiles. Together the para-

metric velocity functions with spatial correlations and regional geologic surface models are

applied to generate one-dimensional velocity profiles, two-dimensional velocity transects

and three-dimensional velocity models of the Canterbury sedimentary basin, all with

small-scale stochastic heterogeneities. Finally, as one means of independently demon-

strating validity, dispersion curves for the stochastic models are then compared with the

dispersion data underlying the surface-wave derived velocity profiles.

3.3 Data sources

The adopted datasets for developing the parametric functions and spatial corre-

lations comprise shear-wave velocity profiles and stratigraphic profiles of the geologic

structure. The velocity profiles are distributed throughout Canterbury and detail the
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one-dimensional velocity structure at a site, while stratigraphic profiles are derived from

geologic surface models which detail the regional geologic structure. The following subsec-

tions present details of these two datasets. It is acknowledged that both of these datasets

represent model-derived data (as opposed to direct measurements) but for brevity herein

we simply refer to them as ‘data’.

3.3.1 Shear wave velocity profile data

Shear wave velocity profiles from two studies at sites located throughout urban

Christchurch (Teague et al., 2017) and the wider Canterbury region (Deschenes et al.,

2018) are utilised. Due to the complexities involved with generating velocity profiles

(requirements for specialist equipment and knowledge, intricacies associated with data

acquisition and processing) these were the first studies to generate deep velocity pro-

files in Canterbury. Note that for the purposes of this work, deep (z > 500m) profiles

were desired, and therefore we ignore other ‘shallow’ investigations in the region (e.g.

Wotherspoon et al., 2014).

Figure 3.1 presents the location of the Canterbury region within New Zealand and the

spatial distribution of shear wave profiles from the two studies. Both Teague et al. (2017)

and Deschenes et al. (2018) utilised surface wave analysis methods to characterise the ve-

locity structure at a site. Active source Multi-channel Analysis of Surface Waves (MASW)

(Park et al., 1999) and passive source Microtremor Array Method (MAM) (Roberts and

Asten, 2004) techniques were employed to generate dispersion curves for each site, which

were then inverted using apriori subsurface information (e.g. depths to geologic horizons,

discussed further in Section 3.3.2) to yield a site-specific velocity profile. As this inversion

is non-unique, a number of velocity profiles were generated for each site which fit the

observed dispersion data equally well. Specifically, both Teague et al. (2017) and Desch-

enes et al. (2018) present 1000 lowest misfit profiles, and the median of these profiles was

utilised in this study. As an illustration, Figure 3.2 presents median profiles from two

sites in Canterbury. The characteristics of the velocity profiles are dependent on their

region of origin. Specifically, profiles can exhibit reversals if they are located within the
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interbedded region (see Figure 3.1) while sites outside of this region do not. Profiles are

prescribed as layered earth models comprised of multiple layers, between which constant

shear wave velocities are applied.
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Figure 3.1: (a) Location of the Canterbury region within New Zealand; (b) spatial distribution of
the 22 velocity profiles used in this study in the Canterbury region, and (c) urban Christchurch.

The maximum depth of the velocity profiles varies from approximately 500 − 2500m,

with profiles terminating at the geologic basement or the Banks Peninsula Volcanics,

signified by a significant increase in velocity. In total, 22 high-quality median velocity

profiles were utilised in this study with 13 located within Christchurch (Teague et al.,

2017) and 9 within the wider Canterbury region (Deschenes et al., 2018).
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Figure 3.2: Examples of shear-wave velocity profiles from strong motion sites DFHS and LINC
with two depth scales for examining shallow and deep velocities. The velocity structure at LINC
exhibits velocity reversals as a result of interbedded gravel and fine grained-sediment layers,
while the gravel-dominated quaternary deposits at DFHS site exhibit monotonically increasing
velocities (see Figure 3.1).

3.3.2 Regional geology models

The geologic structure of the Canterbury sedimentary basin has been recently mod-

elled by Lee et al. (2017b) and Lee et al. (2017a), drawing on prior work of Brown et al.

(1992); Talbot et al. (1986); White and Della Pasqua (2008) for Quaternary units and

Forsyth et al. (2008); Hicks (1989); Ghisetti and Sibson (2012) for Tertiary units. Lee et al.

(2017b,a) collectively detail the three-dimensional geologic structure of eight Christchurch

Interbedded and three Canterbury Tertiary deposits respectively, which were developed

using a combination of cone penetration tests, well logs, seismic reflection lines and re-
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gional geologic maps spanning multiple length scales.

Lithological differences exist throughout the region due to marine regressions and

transgressions, resulting in interbedded gravels and fine-grained sediments in urban Christchurch

(Barnes, 1995). Figure 3.3 presents an East-West cross section through the interbedded

layers within Christchurch. This interbedded structure ceases inland where the fine-

grained sediment formations taper to zero thickness, the boundary of this interbedded

region corresponds to historic sea levels and can be seen in Figure 3.1. Below these layers

lie Tertiary deposits and subsequently geologic basement.
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Figure 3.3: Schematic East-West cross-section of the interbedded geologic structure in Canter-
bury with marine formations (deposed during marine transgressions when sea levels are high)
tapering to zero thickness in the westward direction. Formation acronyms in the right of the
figure are presented in Table 3.1 (After Lee et al., 2017b; Deschenes et al., 2018).
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3.3.3 Attribution of data to geologic layers

Velocity profiles at the 22 sites in Figure 3.1 were developed utilising geologic layer

depths from Lee et al. (2017b) and Lee et al. (2017a) as constraints which were allowed to

vary within pre-defined vertical uncertainty bounds. Therefore, the exact depths of the

geologic surfaces (interpolated from the Lee et al., 2017b,a, geologic surface models) differ

in the predictive model from those of the profiles generated from inversion. However,

as this difference is relatively small, the profiles can be decomposed and the constituent

sections attributed to one of the 11 distinct geologic formations. As velocity profiles are

layered models that simplistically assume constant velocities within each layer (in reality,

velocities are generally expected to increase with depth within a given material due to

increasing confining pressure) the centre depth and velocity of each section is identified

for subsequent analysis. The number of layers used to model velocities within different

geologic formations in a velocity profile varies with the thickness of the formation, with

some deposits modelled by two or more layers.

These points enable profile sections corresponding to specific geologic formations to

be grouped and analysed together. As an example, Figure 3.4 illustrates how the profile at

LINC was analysed using the geologic surface depths at this location to attribute velocities

to geologic formations (note that the depth from geologic surface models are not an exact

match with the velocity profiles due to the inversion process allowing these to vary). Not

all layers from the original profiles were used as some represented unrealistic velocities,

these typically occurred in the Banks Peninsula Volcanics or at large depths within the

assumed geologic basement.

Developing unique parametric functions for each of the 11 distinct Canterbury lay-

ers (Figure 3.3) was not possible due to data paucity. As a result, layers were grouped

into three geologic categories for this analysis as noted in Table 3.1: Fine Grained Sed-

iments, Gravels and Tertiary deposits. Fine Grained Sediments and Gravels, deposited

during cyclic marine transgressions and regressions (Barnes, 1995; Lee et al., 2017b), dif-

fer significantly in composition with Gravels being stiffer with higher velocities, for a

given confining pressure, than Fine Grained Sediments. Below these Interbedded layers
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Figure 3.4: Median Vs profile at site LINC illustrating attribution to different geologic forma-
tions.

are three Tertiary deposits of variable composition overlying the geologic basement (Lee

et al., 2017a).

Table 3.1: Geologic unit groupings used in the construction of parametric velocity functions.

Layer Grouping Geologic layers

Fine Grained Sediments

Christchurch/Springston (CF/SF)

Bromley (BF)

Heathcote (HF)

Shirley (SF)

Gravels

Riccarton (RG)

Linwood (LG)

Burwood (BG)

Wainoni/Undifferentiated (WG/UG)

Tertiary

Pliocene

Miocene

Paleogene
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3.4 Parametric velocity equation development

3.4.1 Model formulation

Previous research has utilised polynomial- and exponential-type models to charac-

terise geologic shear wave velocity as a function of depth (z). Polynomial functions were

used, for example, in the United States Geological Survey velocity model of the San

Francisco Bay Area (Rodgers et al., 2008) which employed numerous distinct polynomial

equations to characterise velocities in different geologic units. A Central Eastern United

States velocity model (Ramírez-Guzmán et al., 2012) utilises a polynomial function to

characterise the near surface velocity structure. Polynomials can have the negative conse-

quence of prescribing decreasing velocities with depth, due to the quadratic or higher order

terms being negative, resulting in equations being restricted to applications within specific

depth ranges. Exponential models have been utilised, for example, in a velocity model

of Southern California (Magistrale et al., 1996) which employed the exponential model of

Faust (1951). The exponential function monotonically increases, unlike polynomial type

models, and therefore can be applied at any depth without restriction. Deschenes et al.

(2018) presents models for the Canterbury region based on the exponential form of Lin

et al. (2010) for application to three different geologic settings in Canterbury with an

additional median representative fit for the region.

Depth is a general parameter utilised in all velocity prescribing equations, as a sub-

stitute for confining pressure, with some functions additionally supplementing this with

age (Faust, 1951) and Vs30 (the time-averaged shear-wave velocity in the top 30 meters)

(Ramírez-Guzmán et al., 2012). Age was considered an unnecessary term for inclusion

within the parametric velocity functions in this study, as it is essentially a proxy for depth

when sediments are sequentially deposited and significant uplift has not occurred over the

period of interest, as is the case in the Canterbury sedimentary basin. A Vs30 dependence

allows near surface velocity information to be incorporated within estimates for deeper

(z > 30m) velocities and therefore was adopted for inclusion as discussed subsequently.
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Three exponential-type functional forms were considered in this study, each of which

adds an additional parameter to characterise velocities: the first parametrisation is an

exclusively depth-dependent functional form; the second incorporates a Vs30 term within

the prediction; and the third implements a Vs30 taper to restrict the effect of Vs30 to only

influence the velocities in the near surface.

The mathematical formulation for the depth-dependent functional form is

ln(Vs) = ln(a) + b ln(z) (3.1)

where z is the depth, a and b are constants, and ln is the natural logarithm. Building on

this formulation, the second functional form, which incorporates Vs30, is

ln(Vs) = ln(a) + b ln(z) + ln(c) + d ln(Vs30) (3.2)

where c and d are constants. It is possible to reduce the number of constants in Equa-

tion (3.2), however, due to the incremental construction technique used in Section 3.4.2

these constants are kept independent which allows for the same values for the constants

to be applied to all three functional forms. The final functional form, building on Equa-

tion (3.2) by introducing a tapering of the Vs30 term is

ln(Vs) = ln(a) + b ln(z) + exp[−(z/e)f ][ln(c) + d ln(Vs30)] (3.3)

where e and f are constants. Depth was adopted as the primary predictor as confining

pressure increases with depth, which subsequently increases velocities. The inclusion of a

Vs30 term allows for near surface velocities to aid in the prescription of deeper (z > 30m)

velocities. The tapering of the Vs30 term reduces its effect with depth (and therefore

should not affect predictions when z >> 30m), since Vs30 contains physical information

for only the upper 30m of the crust. The fitting of the coefficients to these functional

forms for the Canterbury data is presented in Section 3.4.2.

When fitting parametric functional forms to the observed velocities (Section 3.4.2)

analysing prediction residuals allows systematic trends to be identified and models to be
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refined. Prediction residuals for a single velocity observation can be calculated using the

classical residual formulation of

ln(Vobs) = ln(Vpred) + ∆ (3.4)

where Vobs is the observed velocity, Vpred is the predicted velocity (via Equations (3.7)

to (3.9)) and ∆ is the total residual. Using mixed effects regression (Bates et al., 2015),

the total residual can be apportioned into between- and within-site residuals (δbs and δw,

respectively) using

∆ = δbs + δw (3.5)

δbs represents the mean difference between the observed and modelled velocities for all

observations at an individual site, while δw is the ‘remaining’ residual for a single velocity

observation and represents the unexplained behaviour not captured by the model or δbs.

Both δbs and δw are assumed as independent normally distributed (a common assumption

in velocity modelling e.g McGann et al., 2017; Boore et al., 2011) with zero mean and

standard deviations of σδbs and σδw, respectively. The total standard deviation is then

defined as:

σln V s =
√

σ2
δbs

+ σ2
δw. (3.6)

3.4.2 Application to data

3.4.2.1 Depth-dependency

Depth-dependent exponential models were fitted to the three layer groupings using

the functional form presented in Equation (3.1). Figure 3.5 illustrates the exponential

models for the three layer groupings. Coefficients for the three models and the depth

range of the observed velocities utilised in generating these are shown in Table 3.2. The

depths of the observed velocities, which were utilised in generating the depth-dependent

fit, vary by layer grouping. The observed velocities of the Gravel layer grouping extend

to greater depths than the Fine Grained Sediment layers, especially in West Canterbury

outside of the Interbedded boundary, where the stratigraphy is exclusively gravels from
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the ground surface through to the Tertiary deposits. The depth range from the velocity

profiles distributed throughout Canterbury do not represent the full range of depths we

aim to be able to prescribe velocities at. For example the Tertiary deposits can occur

at greater depths (Z>2300m) than those of the original velocity profiles (Z=1800m),

therefore generating parametric velocity equations that can be applied to some extent

beyond the depths of the observed velocities which they are conditioned without adverse

consequences (such as velocity reversals) is important to be able to prescribe the velocities

for the entire Canterbury sedimentary basin.
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Figure 3.5: Depth-dependent models for: (a) Interbedded Gravels and Fine Grained Sediments;
and (b) Tertiary layer groupings.

Table 3.2: Depth-dependent model coefficients (Equation (3.1)).

Layer grouping a b Depth range of observed velocities (m)

Fine grained sediments 144 0.228 0 - 150

Gravels 238 0.197 0 - 500

Tertiary 150 0.290 150 - 1800

Figure 3.6 presents the fitted depth-dependent parametric velocity functions for the

Gravel and Fine Grained Sediment layers for comparison with previous depth-dependent

velocity prescriptions for Christchurch proposed by Deschenes (2017) and reference ve-

locity curves from Lin et al. (2010). The two velocity curves from Deschenes (2017) were

developed from the Teague et al. (2017) Christchurch profiles, and can be used to pre-
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Figure 3.6: Comparison of depth-dependent models for Fine Grained Sediments and Gravel
layer groupings from this study with reference models (Lin et al., 2010) and previous Canterbury
specific velocities (Deschenes et al., 2018).

scribe velocities up to 500m, the depth at which these curves converge. At depths greater

than 500m, Deschenes (2017) utilises one model to prescribe all velocities independent

of geologic type. A comparison with the depth-dependent model for the Fine Grained

Sediments reveals Deschenes (2017) predicts higher velocities for z > 35m, which may be

a result of the enforced convergence of the Deschenes (2017) Gravel and Sediment models

at z = 500m.

When analysing the variability of observed velocities with depth for the three layer

groupings (Figure 3.5) it can be seen that the variability decreases with increasing depth

for the Interbedded Gravel and Fine Grained Sediment layer groupings, a behaviour which

is less apparent in the observed velocities of the deeper Tertiary layers. This reduction

in the scatter with depth can be partially attributed to confining pressure becoming

the controlling predictor of velocities at these depths, while in the near surface (z <
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200m) geology provides an important predictor of velocities. Additionally, the reduced

sensitivity of surface wave methods at large depths results in more consistent velocities for

deeper layers. Therefore, care must be taken to ensure variability at depth is adequately

accounted for to ensure variability isn’t artificially low.

3.4.2.2 Vs30-dependency

Figure 3.7 presents the relationship for the between-site residuals (δbs) from the

depth-dependent model and Vs30 (obtained here directly from the observed velocity pro-

file). The relationship indicates that Vs30 is a strong predictor of the velocities in the

interbedded layers at a site and warrants inclusion in the prediction functional form.

Analysing the between-site residual for the Tertiary layers indicated that Vs30 did not

have a strong relationship with δbs (as would be expected given the depth of Tertiary

deposits).

Table 3.3 presents the coefficients for the depth- and Vs30-dependent parametric func-

tion (Equation (3.2)) for the Gravel and Fine Grained Sediment layer groupings. Mathe-

matically, the coefficients a and c could be combined to form a new constant, (see Equa-

tion (3.2)) however, they are presented here separately such that the same values for the

coefficients are applicable in Equations (3.1) to (3.3).

Table 3.3: Depth- and Vs30-dependent model coefficients (Equation (3.2)).

Layer grouping a b c d

Fine Grained Sediments 144 0.228 0.0966 0.425

Gravels 238 0.197 0.138 0.351

3.4.2.3 Tapering of Vs30-dependence with depth

The Vs30-dependency developed in Section 3.4.2.2, and given by Equation (3.2), is

constant with depth. However, its physical importance should diminish with increasing

depth because Vs30 should not be predictive of velocities at depth z >> 30m. Further
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Figure 3.7: Correlation between Vs30 and grouping-specific between-site residual, δbs.

modification is therefore necessary to ensure that the influence of Vs30 appropriately di-

minishes with depth. Equation (3.3) introduces an exponential decay term for tapering of

the Vs30 effect, where the parameters e and f are defined to scale the spatial length and

rate of transition over which the taper is applied. Larger values of e are associated with

the tapering being applied over a larger depth range, while increasing the f coefficient

increases the rate at which the effect of the taper reduces to zero. There were two primary

considerations in the adoption of these coefficients; first the length over which the taper is

applied should seek to minimise the misfit with observed data; and second is minimising

the amount of unintended velocity reversals that could occur at the modelled Gravel -

Tertiary layer interface - these reversals typically occur as this interface tends toward

the ground surface (z < 50m), where the Tertiary equation for velocity is unconstrained

by observed data (i.e. Figure 3.5b for Vs < 600m/s). Velocity reversals are not always
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non-physical, for example, the transition from Gravels to Fine Grained Sediments often

has a reversal (e.g. Figure 3.2).

A minimum velocity for the Tertiary layers can be enforced to reduce non-physical

velocity reversals at the Gravel-Tertiary interface, and to prevent excessive extrapolation

beyond the depths of velocity observations. Therefore Vs,min = 600m/s was implemented

for the Tertiary layers to reduce undesirable velocity reversals, this value is based on the

lowest observed velocity for the Tertiary layers.

Using a regional Vs30 model (Foster, 2017) in combination with the geologic surface

model for the Gravel-Tertiary interface (Lee et al., 2017a), a parametric analysis was

conducted to determine the optimal values for e and f considering the number of non-

physical velocity reversals in Canterbury and the total misfit (i.e. the sum of the absolute

value of the total residual for all observed velocities). This lead to e = 40 and f = 2

being adopted as the tapering coefficients for both the Gravel and Fine Grained Sediment

models. Figure 3.8 illustrates the velocity ratio contrast at the Gravel-Tertiary interface

across Canterbury. It can be seen that some regions (approximately 5.6% of the total area)

exhibit velocity reversals for the adopted tapering coefficients, however, the magnitude of

these reversals are insignificant (< 2.5%).

Figure 3.9 presents how the adopted Vs30 tapering affects the Gravel and Fine Grained

Sediment velocities in the near surface region for different Vs30 values.

3.4.3 Adopted models

The depth-dependent parametric function was adopted to prescribe velocities in the

Tertiary layers, because it was deemed that a Vs30-dependence was not justified. Addi-

tionally a minimum velocity was enforced for the Tertiary layers. The adopted function

to prescribe velocities to the Tertiary layers is

ln (Vs) =


ln 600 for z < 119.1m

ln 150 + 0.290 ln (z) for z > 119.1m
(3.7)
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Figure 3.8: Velocity ratio at the Gravel-Tertiary interface in Canterbury. Values < 1 indicate a
velocity increase from the Gravel to the Tertiary layer while values > 1 indicate a decrease in
velocity from Gravel to Tertiary deposits (i.e. velocity reversal).

where z is the depth in meters and 600m/s represents the minimum shear-wave velocity

prescribed to the Tertiary layers.

The depth with tapered Vs30-dependency functional form Equation (3.3) was adopted

for the Fine Grained Sediment and Gravel layer groupings as these velocities in these

layers were found to be correlated with Vs30. The adopted parametric models for the Fine

Grained Sediment and Gravel layer groupings are

ln(Vs) = 4.97 + 0.228 ln(z) + exp[−(z/40)2][0.425 ln(Vs30) − 2.33] (3.8)

and

ln(Vs) = 5.47 + 0.197 ln(z) + exp[−(z/40)2][0.351 ln(Vs30) − 1.98] (3.9)
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Figure 3.9: Effect of Vs30 tapering for the Gravels and Fine Grained Sediments for different Vs30
conditions.

respectively. Equations (3.7) to (3.9) provide the median prediction of ln(Vs), which has

a normal distribution, and Table 3.4 presents the standard deviations for each of the

adopted models.

Table 3.4: Standard deviations of adopted parametric models.

Layer grouping σlnVs

Fine Grained Sediments 0.132

Gravels 0.176

Tertiary 0.062
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3.5 Spatial correlations

The between- and within-site residuals (δbs and δw, respectively) are correlated spa-

tially, and this section examines these correlations in the horizontal and vertical planes,

assuming anisotropy, using the models presented in Section 3.4.3. δbs was analysed in

the horizontal direction as it represents the mean difference between the parametric fit

and observed velocity profile. As δw represents the unexplained velocity variation for a

single velocity observation, analysing the vertical dependence of δw allows for vertical

variability to be characterised and vertical correlations to be developed. Development of

horizontal correlations for δw directly was not possible due to data paucity. Combining the

independently-developed vertical and horizontal correlations allows for correlated velocity

perturbations to be added to the parametric velocity models (discussed in Section 3.6.2).

3.5.1 Geostatistics theory

The geostatistical method of variogram analysis (Goovaerts, 1997) was used to charac-

terise the spatial variability of the residuals (details of the variogram analysis are presented

in the Appendix for this chapter). Correlations are developed here by fitting theoretical

variograms to empirical variograms for δbs and δw.

As a summary of the results to follow, Table 3.5 presents parameters for fitted var-

iograms. Empirical variograms were generated by calculating the semivariance (γ) for

pairwise observations separated by lag distance (h). Two parameters are required to fit a

theoretical variogram, c and a, the sill and range, respectively (a exponential variogram

was adopted). Adopting a realistic value for the sill is paramount when fitting a theoretical

variogram. The theoretical properties of a variogram dictate that the sill is the variance

of the dataset. The variance (i.e. the square of the standard deviations, Table 3.4) was

calculated for the different geologic groupings and these values were in agreement with

the sills of the theoretical fitted variograms indicating valid variogram parameters.
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Table 3.5: Theoretical variogram parameters for the horizontal and vertical directions.

Direction Sill, c Range, a

Horizontal (δbs) 0.00918 3.89 (km)

Vertical (δw, Interbedded) 0.0210 1.02

Vertical (δw, Tertiary) 0.00758 2.15

3.5.2 Between-site (horizontal) correlation

Figure 3.10a illustrates empirical and theoretical variograms for δbs. Logarithmic

binning of data was utilised for the horizontal variogram to ensure a consistent number

of observations within each bin. Table 3.5 presents the theoretical exponential variogram

parameters. Trial variograms were fitted independently for δbs to the Interbedded (Gravel

and Fine Grained Sediment) and Tertiary groupings, however, a single variogram model

was adopted as there was no clear distinction between the variograms from Interbedded

and Tertiary groupings.
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Figure 3.10: Empirical and theoretical variograms: (a) between-site residual (δbs), in the hori-
zontal direction; and (b) within-site residual (δw) in the vertical direction.
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3.5.2.1 Spatial analysis

Analysing δbs allows the regional horizontal velocity variability to be investigated in

addition to generating horizontally correlated velocity perturbations. The spatial vari-

ability of δbs was investigated by generating a surface to illustrate its regional trend

within Canterbury, which can be utilised to incorporate regional variability within the

parametric velocity prescriptions. Figure 3.11 presents a Kriged surface of δbs based on

the horizontal theoretical semivariogram (Figure 3.10a). Within urban Christchurch δbs

is negative, indicative of the ‘baseline’ parametric models (Equations (3.7) to (3.9)) over-

predicting velocities in this interbedded region, while in West Canterbury, outside of the

interbedded boundary, δbs is positive, indicating a underprediction in this region. The

uncertainty associated with the Kriged surface, σδbs , is zero at observation locations and

increases exponentially as the distance to nearby observations increases.

Figure 3.11: Spatially-interpolated Kriged surface for the mean estimate of δbs.
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3.5.3 Within-site (vertical) correlation

Lag distance (h) is commonly defined as the arithmetic difference between a pair of

points. This definition works well in the horizontal direction, however, in the vertical

direction, separation distances between observed velocities differ significantly for the In-

terbedded layers (0−500m) and the Tertiary layers (150−1800m). Trial variograms were

independently fitted to δw for the shallow Interbedded and deep Tertiary layer, due to the

differences in the depths of the observed velocities the ranges of the resulting variograms

differed by an order of magnitude. Using an arithmetic definition for h it was therefore

not possible to fit a single variogram that characterised all vertical layers adequately. An

alternative definition for lag distance was developed Equation (3.10), which utilises a ratio

between the depths of the pair of points, where z1 ≥ z2 and h∗ = 0 when z1 = z2.

h∗ = z1

z2
− 1 (3.10)

The benefit of such a formulation is that variability is a fractal function of depth (i.e.

the variability for two points with the same vertical separation decreases with depth).

Figure 3.10b illustrates empirical and theoretical variograms for δw. Two variograms

are generated in the vertical direction, for the Interbedded and Tertiary layer groupings,

respectively. The sill for the Tertiary layer groupings is lower than that of the Interbedded

layers. An explanation for this is the inversion methodology utilised in the generation of

the original velocity profiles. At shallow depths, the inversion is sensitive to the velocity

structure, however, this sensitivity decreases with depth (Park et al., 1999; Roberts and

Asten, 2004).

Additionally, the array geometry used to collect the surface wave data inherently

limits the maximum reliable wavelength (or, lowest frequency) that can be extracted

from the dispersion data. Hence, the maximum depth of reliable profiling is related

to the largest array aperture used during testing. At some sites where low frequency

dispersion data appeared to be coherent, Deschenes et al. (2018) and Teague et al. (2017)

knowingly relaxed commonly assumed maximum wavelength-to-array aperture criteria
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in order to extend the inverted Vs profiles as deep as possible in an attempt to locate

basement rock. This could be one reason why Vs for the Tertiary layers may be biased

low. Additionally, it is inherently difficult to estimate bedrock/half-space velocities using

surface wave methods. Lower-bound velocities for the half-space are well-constrained, but

upper-bound velocities are not. Therefore, the variogram model for δw was adopted to

characterise the deeper Tertiary layers.

δw varies in three-dimensions, however, due to data paucity and the relative horizon-

tal distances between velocity observations it was not possible to constrain a horizontal

variogram for δw. Therefore the range from the δbs variogram (Table 3.5) was adopted

to constrain the horizontal correlation of δw, allowing random realisations of δw to be

simulated in up to three-dimensions (see Section 3.6.2).

Fitted variograms can be utilised to calculate correlations. For a exponential vari-

ogram, the correlation between two points is given by

ρi,j = exp
(−hi,j

a

)
(3.11)

where ρi,j is the correlation between points i and j, and hi,j is the lag distance. A

comparison of the correlations from variogram models for δw using the ratio definition

for lag (h∗, Equation (3.10)) and the arithmetic definition was conducted. It was found

that the correlations agree over a range of depths and therefore, the ratio formulation

for lag distance achieves its goal of unifying all layers under one variogram model, while

maintaining spatial correlations that are consistent with the arithmetic lag formulation

(a figure illustrating the correlations from different variogram models is presented in the

Appendix for this chapter).
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3.6 Stochastic velocity model generation and valida-

tion

This section details the applications of the parametric functions to prescribe velocities

and generation of correlated velocity perturbations which are validated via comparisons

with dispersion characteristics of observed velocity profiles.

3.6.1 Parametric velocity profiles

Based on Equations (3.4) and (3.5), and noting that by definition the zero mean of

δw and (zero) variance of ln(Vpred), at all locations (lat, lon) the mean of the parametric

model is

µln Vs(lat, lon, z) = ln Vs,parametric(lat, lon, z) + E[δbs(lat, lon)] (3.12)

where µln Vs is the mean velocity estimate, ln Vs,parametric is the velocity estimate from the

appropriate parametric function (i.e. Equations (3.7) to (3.9)) and E[δbs] is the expected

value of δbs (e.g. as depicted graphically in Figure 3.11). The variance of the velocity

estimate can be derived from Equation (3.6).

Equation (3.12) is applicable in prescribing mean velocities in one-, two- or three-

dimensions throughout the Canterbury sedimentary basin. The appropriate velocity pa-

rameterisation (Equations (3.7) to (3.9)) is selected by interpolating the geologic surface

models for the Canterbury deposits of Lee et al. (2017b) and Lee et al. (2017a) to de-

termine the geologic category (Gravel, Fine Grained Sediments or Tertiary) in which

the point (in 3D space) is located. If the parametrisation requires a Vs30 and no direct

observation exists, a regional Vs30 model, can be used (e.g. Foster, 2017).

3.6.1.1 Illustrative mean parametric 1D profiles

As an example, Figure 3.12 presents the parametric velocity profile at site LINC

(velocity profiles for all 22 sites can be found in the Appendix for this chapter). The
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original median profile from inversion (Deschenes et al., 2018) is presented in addition

to the parametric velocity profile without E[δbs] (see Equation (3.12)). It can be seen

that the addition of the E[δbs] term has the general effect of improving the prediction

in the near surface (z < 120m) Interbedded layers, while the prediction within the deep

(z > 120m) Tertiary layers worsens. This arises from the least squares regime utilised

in developing the parametric velocity functions, which decreases the overall misfit at the

expense of individual velocity variations with depth.
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Figure 3.12: Comparison of parametric velocity profile with the original profile from inversion
for site LINC showing: (a) velocity profile to the geologic basement and (b) the Interbedded
layering in the top 120m and (b). Dashed lines delineate between geologic units. (Velocity
profiles for all 22 sites can be found in the Appendix for this chapter).

Undesirable velocity reversals occur at the transition between the Gravel-Tertiary

interface at z = 120m (previously discussed in Section 3.4.2.3) for the site LINC as shown

in Figure 3.12, and a number of other sites exhibit a similar behaviour. No physical

evidence exists to support this reversal, although as previously noted, the magnitude of

this reversal is small (< 2.5% for all profiles) relative to the other uncertainties associated

with velocity modelling.

3.6.2 Correlated velocity perturbations

Modelling of crustal heterogeneity is important for ground motion and site response

simulations (Hartzell et al., 2010). Scattering due to small-scale heterogeneities can have
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a significant effect on seismic waveforms as they generate coda waves (Sato et al., 2012).

Frankel and Clayton (1986) determined that small scale velocity heterogeneities with a

standard deviation of approximately 10 percent (depending on the correlation model used)

were required to reproduce high frequency (>30Hz) coda from observed earthquakes. Ad-

ditionally Thompson et al. (2009) investigated the effect of heterogeneities on shallow

(Z<250m) site response and determined that heterogeneous media reduced the wave co-

herency over laterally homogeneous material, however it was also found that there was a

frequency-specific amplification or de-amplification depending on the original layering of

the media.

δbs and δw are random variables, with zero mean, which have values for observations.

However, in lieu of observations, random values can be simulated and incorporated within

the parametric velocity predictions to yield correlated velocity perturbations. For the case

of three-dimensional random field simulations: δbs is simulated in two-dimensions in the

latitude-longitude plane to incorporate regional variability; and δw is simulated in three-

dimensions to incorporate unexplained velocity variations. The dimension of the field

being generated can be reduced to a two-dimensional cross section or a one-dimensional

profile which reduces the dimensions that δbs and δw are simulated in correspondingly.

Random realisations of δbs and δw can be incorporated into velocity realisations via

Equations (3.4) and (3.5):

ln Vperturbed = µln Vs + δb∗
s + δw (3.13)

where ln Vperturbed is the natural log of the perturbed velocity, µln Vs is the natural log of

the predicted velocity from Equation (3.12), and δb∗
s is conditional on measurements (e.g.

as shown in Figure 3.11).

The covariance simulation method (e.g. Goovaerts, 1997; Remy et al., 2009) was

utilised to generate spatially correlated random fields for the illustrative examples pre-

sented here. This method has a simple computational implementation compared with

other common simulation methods (e.g. sequential, spectral, turning bands or circulant

embedding simulation methods, Remy et al., 2009) but comes at the expense of com-
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putational effort. The covariance simulation method has four core steps: first an n by

n covariance matrix (Σ) is constructed (utilising the semivariograms developed in Sec-

tion 3.5), second a Cholesky decomposition is used to obtain the lower triangular matrix

(L) of the covariance matrix (where Σ = LL>), third a vector (u) of length n of indepen-

dent standard normal random variables (with zero mean and unit variance) is generated,

finally the random field realisation (V) is calculated as V = Lu.

Realisations of δb∗
s and δw are simulated independently using the covariance simula-

tion method. The entries in the covariance matrix are given by

Σi,j = ρi,jσiσj (3.14)

where σi and σj are the standard deviations of the variable being simulated, at points i and

j, and ρi,j is the correlation (from Equation (3.11)). In the vertical plane when simulating

δw, σ is constant and is the square-root of the variogram sill. However, in the horizontal

plane, for simulating δb∗
s, σ varies by proximity to observations (see Section 3.5.2).

Figure 3.13 presents one realisiation of δb∗
s in the latitude-longitude plane in Canter-

bury incorporating the mean estimate of δbs (Figure 3.11) with a random field simulation

component. At the locations of observed velocity profiles, the random field component is

zero and δb∗
s equals the median estimate for δbs.

Figure 3.14 presents two realisations of δw in the vertical plane. Figure 3.14a illus-

trates the near surface (z < 100m) structure, while Figure 3.14b includes deeper maximum

depths. In Figure 3.14a horizontal ‘banding’ can be seen as a result of anisotropy. Fig-

ure 3.14b illustrates the deep (Z = 2km) structure over a larger horizontal distance, and

at this length scale the horizontal ‘banding’ is less apparent. However, in the vertical

direction the effect of the ratio formulation for lag distance (Equation (3.10)) can be seen

as the correlation length, the distance over which perturbations are correlated, increases

with depth.

Figure 3.15 presents a three-dimensional velocity model for Canterbury (from Lee

et al., 2017a) with correlated velocity perturbations. The large velocity contrast evident
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Figure 3.13: Correlated δb∗
s realisation in the latitude-longitude plane.
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Figure 3.14: Random field simulations of δw showing: (a) the near surface region (z < 100m)
and (b) deep (z = 2km) perturbations. (Note the z-axis has been exaggerated by factors of 100
and 12.5 in (a) and (b), respectively).

between 200m and 500m is the Gravel-Tertiary interface: above this interface gravel

velocities are prescribed (Equation (3.9)), while below this interface the Tertiary model
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(Equation (3.7)) is used. Consideration of bathymetry was omitted in plotting. Multiple

realisations of correlated velocity perturbations can be simulated to incorporate velocity

uncertainty within ground motion and site response simulations (Hartzell et al., 2010).
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Figure 3.15: Cross section of a 3D velocity model of the Canterbury with correlated velocity
perturbations. (Note the z-axis has been exaggerated by a factor of 50).

3.6.2.1 Examination of perturbed profile dispersion curves

Figure 3.16 presents the median parametric velocity profile at the site BSP and

1000 perturbed velocity profiles. Velocity perturbations were generated by simulating

correlated δw realisations in the vertical direction. As perturbations are correlated with

depth for a single realisation, profiles do not rapidly oscillate about the median profile.

Velocities exhibit only small variations over small depths ranges ( 10m), while velocities

can vary significantly over large depth ranges ( 500m).
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Figure 3.16: Parametric velocity profile for the site BSP and 1000 realisations of correlated
perturbations (four of these realisations are coloured to distinguish them from the 1000). The
standard deviation was calculated directly from the 1000 velocity realisations.

When attempting to account for velocity uncertainty, the varied velocity profiles

should be consistent with the dispersion curves of the reference velocity profile in order

to match the experimental site signature and for use in meaningful site response simu-

lations (Griffiths et al., 2016b,a; Teague et al., 2018). Therefore, a comparison of the

observed dispersion curves with the dispersion curves from parametric perturbed velocity

profiles allows for the validity of the parametric velocity functions and perturbations to

be investigated.

Figure 3.17 presents a comparison of Rayleigh wave dispersion curves for the 1000

parametric perturbed profiles for site BSP (shown in Figure 3.16) with the 1000 lowest

misfit profiles from inversion (Teague et al., 2017). For a wide frequency range (0.5 −

50Hz) dispersion curves for the fundamental and first higher modes agree however, a
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deviation occurs at low frequencies (< 0.5Hz) which can be attributed to the high velocity

geologic basement being present within the inversion profiles but not in the parametric

perturbed profiles. The close agreement of the dispersion curves indicates the parametric

perturbed velocity profiles replicate the dispersion characteristics of the lowest misfit

inverted profiles and, by proxy, the experimental site signature, which informs realistic

wave propagation estimates beneath the site. As velocity perturbations (and spatial

correlations) were developed without utilising dispersion data directly, the agreement of

the dispersion characteristics gives confidence in the methodology utilised here to develop

spatial correlations and generate velocity perturbations.

100 101 102

Frequency (Hz)

0

500

1000

1500

2000

2500

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

Perturbed profiles
Profiles from inversion

First higher mode

Fundamental mode 

Figure 3.17: Comparison of fundamental and first higher Rayleigh wave dispersion curves at
site BSP for 1000 parametric perturbed profiles with 1000 velocity profiles from inversion (error
bars indicate one standard deviation).
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3.7 Discussion and Conclusions

Parametric velocity equations for sedimentary soils in Canterbury, New Zealand, were

developed using data from 22 deep shear-wave velocity profiles. The equations are able

to prescribe velocities to Fine Grained Sediment, Gravels and Tertiary layer groupings.

The parametric velocity equations, when combined with a regional Vs30 model (Foster,

2017) and geologic surface models (Lee et al., 2017b,a), enable velocity models for the

Canterbury region to be generated in up to three dimensions.

As the aim was to develop a parametric model for Vs spatially over the Canterbury

region which represents the median profile based on the surface wave analysis, the un-

certainty associated with the 1000 lowest misfit profiles was not utilised. Should such

uncertainty wish to be considered in the forward application of the model it can be in-

cluded through a square-root-sum-of-squares combination with the uncertainty explicitly

accounted for in the model development presented here. It is noted that the magnitude

of the standard deviations of the 1000 lowest misfit profiles is σln V s = 0.1 − 0.2, (Teague

et al., 2017; Deschenes et al., 2018) which approximately equals the standard deviations

of the adopted parametric models (Table 3.4).

Geostatistical techniques were utilised to develop spatial correlations which were ap-

plied to simulate random realisations of δbs and δw, which were incorporated with para-

metric velocity functions to yield velocity perturbations. The dispersion characteristics

of parametric perturbed velocity profiles were compared with observations and a good

agreement was found over a wide frequency range. This is indicative that the velocity

perturbations replicate both the velocity variability and the dispersion characteristics at

a site.

The covariance simulation method was utilised to generate random fields. However

although the method has a trivial implementation, it is computationally inefficient (and

prohibitive for simulating large fields) compared to other methods. This is a limitation

alleviated by using an alternative method (e.g. turning bands, sequential simulation) with

a smaller computational burden, enabling very large 3D perturbed velocity models to be
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generated.

The parametric velocity equations are planned for integration into the New Zealand

Velocity Model (Thomson et al., 2019) to characterise velocities within the Canterbury re-

gion for use in ground motion and site response simulations. The parametric prescriptions

are a significant improvement over the previous 1D and constant velocities prescriptions

utilised to characterise velocities in the Interbedded and Tertiary geologic layers, respec-

tively.
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3.9 Data and resources

Detailed inversion summaries and tabulated Vs profiles for the Teague et al. (2017)

sites are available on the DesignSafe Website (https://doi.org/10.17603/DS21D4D). All

other data sources are as listed in the references cited.
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Chapter 4

Ground motion simulations of Hope

Fault earthquakes

E. M. Thomson, R. L. Lee and B. A. Bradley (2019). Ground motion simulations of Hope
Fault earthquakes, Bulletin of the New Zealand Society for Earthquake Engineering 52
(4), 152-171.

4.1 Abstract

This paper examines ground motions for a major potential Mw7.51 rupture of the

Hope Fault using a physics-based simulation methodology and a 3D crustal velocity model

of New Zealand. The simulation methodology was validated for use in the region through

comparison with observations for a suite of historic small magnitude earthquakes located

proximal to the Hope Fault. Simulations are compared with conventionally utilised em-

pirical ground motion models, with simulated peak ground velocities being notably higher

in regions with modelled sedimentary basins. A sensitivity analysis was undertaken where

the source characteristics of magnitude, stress parameter, hypocentre location and kine-

matic slip distribution were varied and an analysis of their effect on ground motion in-

tensities is presented. It was found that the magnitude and stress parameter strongly

influenced long and short period ground motion amplitudes, respectively. Ground motion

intensities for the Hope Fault scenario are compared with the 2016 Kaikōura Mw7.8 earth-
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quake, it was found that the Kaikōura earthquake produced stronger motions along the

eastern South Island, while the Hope Fault scenario resulted in stronger motions immedi-

ately West of the near-fault region and similar levels of ground motion in Canterbury. The

simulated ground motions for this scenario complement prior empirically-based estimates

and are informative for mitigation and emergency planning purposes.

4.2 Introduction

The 2016 Kaikōura Mw7.8 earthquake resulted in significant ground motions and

caused substantial damage to infrastructure throughout the Northern South Island and

as far away as Wellington (Bradley et al., 2017d; Hamling et al., 2017), and provides

motivation for further assessment of the potential impacts from significant ruptures of

faults in this region of New Zealand.

The Hope Fault is generally considered as a collection of contiguous faults in the South

Island of New Zealand and can be traced from the Alpine Fault to offshore northeast of

Kaikōura (Freund, 1971; Langridge et al., 2003). Due to its high slip rate (up to 23mm/yr,

Langridge et al. (2003)), and potential to produce large-to-great earthquake magnitudes,

it poses a significant hazard to critical infrastructure (e.g. telecommunications, electricity,

road) and urban populations in the South Island.

Understanding the South Island-impacts of a major Hope Fault earthquake can be

advanced through improved prediction of earthquake-induced ground motions via recently

developed physics-based methods (e.g. (Graves and Pitarka, 2016)). Such methods are

able to explicitly model directivity-basin coupling, basin-generated surface waves and

near-surface site response, which are implicitly modelled in conventional empirical ground

motion models based on ergodic global averages.

Leveraging physics-based ground motion simulation advancements and validation,

this paper presents physics-based ground motion simulations for a Mw7.51 Hope Fault

scenario. We first present the salient features of the Hope Fault system and scenario

rupture modelled, as well as the 3D crustal model for the region. Secondly, we discuss

80



CHAPTER 4. GROUND MOTION SIMULATIONS OF HOPE FAULT
EARTHQUAKES

the adopted ground motion simulation method, prior validation, as well as as additional

validation we performed for small magnitude earthquakes located proximal to the Hope

Fault system. Thirdly, we discuss simulations of ground motion scenario ruptures, sensi-

tivities, and comparisons to empirical models. Finally, we discuss the simulation results

for the Hope Fault scenarios in the context of the ground shaking from the recent 2016

Kaikōura earthquake.
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Figure 4.1: Study region illustrating mapped faults (Stirling et al., 2012) in New Zealand and
the Hope Fault scenario utilised in this study. The locations of instrumentally-recorded historic
earthquakes and strong motion stations utilised to validate the simulation methodology (see
Validation Using Historic Earthquakes) are also shown.

4.3 The Hope Fault and Regional Setting

4.3.1 Hope Fault Rupture Scenario

As illustrated in Figure 4.1, the Hope Fault system is a set of near-contiguous dextral-

slip faults in the South Island of New Zealand, and can be traced from the Alpine Fault to

offshore Northeast of Kaikōura (Freund, 1971; Langridge et al., 2003). Significant ruptures

have occurred during New Zealand’s historic period (150yr): the 1888 M7 − 7.3 North

Canterbury earthquake ruptured a 30km segment of the Hope Fault (Cowan, 1991), while

the 2016 Kaikōura earthquake is inferred to have potentially involved seaward sections
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of the Hope Fault (Hamling et al., 2017). However, the majority of segments have not

ruptured coseismically within New Zealand’s short historic period (Langridge et al., 2003;

Langridge and Berryman, 2005; Langridge et al., 2010).

Previous studies have detailed the geomorphology of the segments comprising the

Hope Fault system. From West to East, the major segments are named as the Kelly,

Taramakau, Hurunui, Hope River, Conway and Seaward (see (Van Dissen and Yeats,

1991; Cowan and McGlone, 1991; Langridge et al., 2003; Langridge and Berryman, 2005;

Langridge et al., 2010)). Characteristic ruptures of individual Hope Fault segments have

been investigated as part of the New Zealand National Seismic Hazard Model (NSHM)

(Stirling et al., 2012), however, as these discrete fault segments are the result of mod-

elling assumptions, it is unlikely that a rupture on the Hope Fault system will respect

these segment boundaries (e.g. (Field et al., 2014, 2015)). No previous studies have

comprehensively assessed the ground motions resulting from a simultaneous rupture of

multiple Hope Fault segments, therefore, there is a need to investigate ground motions

from a potential large (Mw > 7) Hope Fault earthquake.

Numerous segments of the Hope Fault as represented in the NSHM were combined

to form a composite rupture scenario. Figure 4.1 presents the geometry of the Hope

Hope Fault scenario
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Figure 4.2: Crustal modelling in the region of interest using the NZVM (Thomson et al., 2019),
illustrating the location of the Hope Fault rupture scenario, explicitly modelled basins, and
illustrative S-wave velocity cross sections through basins.
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Fault rupture planes and their location within the South Island of New Zealand. In the

West of the Hope Fault system there is a junction at the segment boundary between

the Hurunui, Taramakau and Kelly segments, the adopted scenario omits the Taramakau

segment in favour of Kelly, which branches onto the Hurunui, as this is expected, from

the perspective of continuity of strike direction, and thus rupture dynamics, to be the

more probable scenario (J. Pettinga, personal communication). At the Western end of

the scenario the rupture terminates on the Kelly Fault and is assumed not to progress

onto the adjacent Alpine Fault.

The rupture scenario consists of two contiguous fault planes separated with a stepover

(which is 6km at the ground surface) at the Hanmer basin. While previous thinking has

conventionally considered that stepovers of this size would cause termination of rupture

propagation (Wesnousky, 2006), numerous international earthquakes indicate significant

‘rupture jumping’ (e.g. (Pagli et al., 2003; Nissen et al., 2016)), notably, the 2016 Kaikōura

earthquake illustrated that ruptures are able to propagate through stepovers which have

a surface separation of 15 − 20km length (albeit less at seismogenic depths). Therefore,

the stepover at the Hanmer basin does not exclude the possibility of a rupture continuing

through this geometrical complexity (J. Pettinga, personal communication), and hence

was considered.

In the East of the Hope Fault system at Kaikōura there is a junction between the

Conway Onshore and Offshore segments and the Jordan Thrust. The Conway Offshore

segment has a relatively low slip rate compared with the Onshore segment, partially due to

the slip transfer onto the Jordan Thrust. This indicates that the Conway offshore segment

is unlikely to participate in the majority of large Hope Fault earthquakes and therefore

was not included in the rupture scenario generated. Some segments of the Jordan Thrust

are inferred to have participated in the 2016 Kaikōura earthquake (Hamling et al., 2017;

Litchfield et al., 2016). Given the recent stress release, combined with the difference in

faulting mechanism, it was deemed unlikely that rupture would propagate onto the Jordan

Thrust in the next event and therefore, the constructed scenario terminates at the Eastern

end of the Conway segment.
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In summary, the adopted scenario involves four fault planes for a total along-strike

length of 219km with dip varying between 80 and 90 degrees for the various planes (as

noted in (Stirling et al., 2012)). Stirling et al. (2012) considers the seismogenic depth of

these segments to be 12km, based on background seismicity, however research (e.g. (King

and Wesnousky, 2007)) indicates that ruptures beyond the seismogenic depth are probable

for large earthquakes. On this basis, prior ground motion studies (e.g. (Graves and

Pitarka, 2015; Bradley et al., 2017b)) have adopted a lower seismogenic depth of 15km,

in which the mean slip amplitudes linearly taper toward zero over the lower 3km depth

(the tapering ensures the appropriate amount of seismic moment is released according

to the Mw scaling relationship used). The total rupture area of the modelled faults is

therefore 3323km2 yielding a mean characteristic magnitude of Mw = 7.51 using the

preferred Leonard (2014) magnitude scaling relation. Further details of the kinematic

rupture prescription are presented in Rupture Kinematics. Only characteristic ruptures

of the adopted geometry were considered as this study intends to present ground motions

from a major Hope Fault scenario, and not to exhaustively investigate ground motions

from all potential scenarios involving different segments of the Hope Fault system, or all

other potential ruptures in the region. In this regard we refer readers to Tarbali et al.

(2018b) and Graves et al. (2011a) for the use of ground motion simulations in probabilistic

seismic hazard analysis.

4.3.2 3D Crustal Model of the Region

In order to perform realistic ground motion simulations it is critical to utilise a 3D

crustal model that provides an accurate representation of the regional velocity (P-wave, S-

wave) and density structure. A critical component in such models is the characterisation of

low-velocity sedimentary basins (e.g. the sediment thickness, 3D basin structure, velocity

contrasts with crystalline basement rock) which are known to control the propagation and

amplification of seismic waves in these regions (Graves, 1996; Olsen et al., 2006, 2008; Day

et al., 2008).

A critical component in such models is the characterisation of sedimentary basins
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which are a controlling factor in modelling ground motion amplitudes and basin-generated

surface waves of engineering interest. The recently developed New Zealand Velocity Model

(NZVM) of Thomson et al. (2019) explicitly models numerous sedimentary basins in the

region of interest, and was adopted for this study. Note that the NZVM does not charac-

terise all of New Zealand’s sedimentary basins, as priority was given to modelling basins

with greater population density, or locations with strong motion instruments (impor-

tant for validation). As a result, simulated ground motion amplitudes have a spatially-

variable accuracy and precision. Figure 4.2 presents S-wave velocity transects through

the NZVM illustrating the relatively low velocities within the characterised sedimentary

basins (Canterbury, Waiau, Cheviot, Hanmer, Kaikōura, Nelson / Tasman, Marlborough

and Wellington).

The NZVM has been extensively utilised to perform ground motion simulations of

historical and potential future earthquakes in New Zealand. Lee et al. (2019) conducted

ground motion simulations of 148 historic small-to-moderate magnitude 3.5 ≤ Mw ≤ 5

earthquakes in an extensive validation exercise. Bradley et al. (2015) simulated 10 events

from the 2010-2011 Canterbury earthquakes sequence while Razafindrakoto et al. (2018)

focussed on simulating the 2011 Mw6.2 Christchurch earthquake from the same sequence

and Bradley et al. (2017d) simulated motions for the 2016 Mw7.8 Kaikōura earthquake.

Bradley et al. (2017b) simulated a Mw7.9 scenario rupture of Alpine Fault, while Tarbali

et al. (2018b) simulated characteristic ruptures of seismic sources in the NSHM to perform

a New Zealand-wide probabilistic seismic hazard analysis with the NZVM.

4.4 Ground motion simulation methodology and val-

idation

4.4.1 Methodology

The Graves and Pitarka (2010, 2015, 2016) hybrid broadband ground motion simu-

lation methodology was used to simulate scenario Hope Fault ruptures.
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The low frequency (LF, f < 1Hz) portion of the methodology utilises 3D crustal

model and a comprehensive physics-based finite-difference algorithm which solve the wave-

equation in 3D using a time-stepping method which is 4th order ins space and 2nd order

in time. The high frequency (HF, f > 1Hz) portion of the methodology uses a simplified

physics-based approach which constructs a time-series from the summation of multiple

stochastic source sub-faults and a simple 1D velocity model, to which a Vs30-based site

amplification is then applied (Campbell and Bozorgnia, 2014). For this study, the New

Zealand-specific Vs30 model of Foster et al. (2019) was adopted. The LF and HF sim-

ulations are then merged (Graves and Pitarka, 2016) to form a site-specific broadband

(f = 0 − 50Hz) time-series, from which spectral ordinates over the range T = 0 − 10s

can be reliably derived (Douglas and Boore, 2011). The methodology has significant con-

ceptual advantages over conventional empirical modelling techniques as discussed further

in Bradley (2019). The transition frequency from LF to HF methods is in-part governed

by computational restrictions (e.g increasing the transition from 1Hz to 2Hz involves de-

creasing the grid-spacing of the crustal model to 50m and increasing frequency of the

finite-difference the solver to 2Hz which combine for a 16 times increase in computation

which can be prohibitive).

The method utilised a kinematic rupture description which prescribes slip amplitude,

rake, and rise time and a 3D crustal velocity model (Thomson et al., 2019) with 100m grid-

spacing and a minimum shear-wave velocity of 500m/s. As the rupture model is stochas-

tically generated and involves setting a number of parameters manually, different source

realisations can yield different ground motion intensity for the same source geometry. The

effect of different source realisations on simulations is investigated in Section 4.5.2. The

3D crustal model utilised is deterministic and therefore does not incorporate any stochas-

tic variability. Previous research has characterised spatial correlations in Canterbury and

has investigated adding 3D perturbations to the velocity model (Thomson et al., 2020).

However, integrating velocity model variability was outside the scope of this research as

our focus is primary on source variability.

The Graves and Pitarka (2016) ground motion simulation methodology has been

extensively applied internationally to simulate historic (e.g. the 1989 Loma Prieta earth-

86



CHAPTER 4. GROUND MOTION SIMULATIONS OF HOPE FAULT
EARTHQUAKES

quake in Northern California (Aagaard et al., 2008)) and scenario earthquakes (e.g. a

San Andreas rupture scenario in Southern California Graves et al. (2011b)). In addition

to international applications, the methodology has been utilised to simulate scenario and

historic earthquakes in New Zealand (as presented in 3D Crustal Model of the Region).

The recent applications of the methodology to simulating ground motions in New Zealand

enable the methodology to be applied with confidence in simulation scenario ruptures of

the Hope Fault.

4.4.2 Validation Using Historic Earthquakes

Validation of ground motion simulation methods is critical to develop confidence in

their predictive capabilities before they are used in forward prediction of future events

(Bradley, 2019). It is also important to note that region-specific validation is required

in order to ascertain the appropriateness of the simulation methodology and 3D crustal

velocity model (Bradley et al., 2017c). Ideally, the validation would consist of compar-

ing simulations against observations for earthquakes that have similar characteristics to

the prospective earthquake and have occurred in the same geographic region of inter-

est. However, large magnitude earthquakes similar to the Hope Fault rupture scenario

considered in this study have not been observed in the instrumented period. Therefore

small-to-moderate magnitude historic earthquakes records are utilised to validate the re-

gion specific application, and the findings extrapolated for larger magnitude earthquakes.

It is noted that the ground motion amplitudes from such small magnitude validation

events will not induce non-linear site effects that will manifest at some locations during

strong ground motions in larger magnitude events.

Several recent validation studies have used small magnitude earthquakes (e.g. (Taborda

et al., 2016; Lee et al., 2019)) to validate ground motion simulation methodologies and

crustal velocity models. The obvious advantage of small magnitude earthquakes is that

they occur much more frequently than large magnitude earthquakes. Furthermore, since

kinematic simulations of finite faults are essentially a summation of subfault ruptures, the

validation of small magnitude events provides some merit for large magnitude events as
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well. Therefore, region-specific validation using small magnitude earthquakes in the Hope

Fault region was conducted.

In addition to the comparison between simulations and observations, a parallel com-

parison between empirically predicted intensity measures and observations is also carried

out to provide a benchmark corresponding to conventional ground motion estimation tech-

niques. This study considers the following intensity measures: peak ground acceleration,

PGA; pseudo-spectral accelerations, pSA; peak ground velocity, PGV; Arias intensity, AI;

and 5 − 75% and 5 − 95% significant durations, Ds5−75 and Ds5−95 , respectively. The

empirical prediction models considered in this study are the Bradley (2013) New Zealand-

specific ground motion model (GMM) for PGA, pSA and PGV; Campbell and Bozorgnia

(2012) for AI; and Afshari and Stewart (2016) for Ds5−75 and Ds5−95. For all intensity

measures the geometric mean was used.

A dataset of nine small magnitude (4.0 ≤ Mw ≤ 5.0) historic earthquakes located

proximal to the Hope Fault (as shown in Figure 4.1) were considered for this validation

study. From these earthquakes, 53 high-quality ground motions were recorded across 25

different strong motion stations throughout the region. The quality of the observed ground

motions were determined using a ground motion quality classification neural network

(Bellagamba et al., 2019). Recorded ground motions were processed with a low-pass

causal Butterworth filter of 50Hz, with a corner frequency of 0.05Hz for high-pass filter.

This filtering yields a groundmotion that can produce spectral ordinates over the range

T = 0.01 − 10s.

The ground motion predictions are compared against observations through natural

logarithm residuals of intensity measures:

∆ = ln(IMobs) − ln(IMpred)

where ∆ is the total residual, IMobs is the observed intensity measure, and IMpred is the

predicted IM , either from simulation or empirical prediction. A positive total residual

would indicate underprediction while a negative total residual would indicate overpre-

diction. The model bias is subsequently calculated as the average of all total residuals

associated with each ground motion record and represents the systematic difference be-

88



CHAPTER 4. GROUND MOTION SIMULATIONS OF HOPE FAULT
EARTHQUAKES

tween observation and prediction.

Figure 4.3 presents the total residuals for the physics-based simulations and empirical

GMMs. Sites are separated into two groups: soil sites in modelled basins; and rock and

non-basin sites. At short vibration periods (T < 0.2s) the simulation has less bias than

the empirical prediction for both site groupings; at moderate periods (T = 0.3 − 1.0s) the

empirical prediction has less bias; and at longer periods (T = 1 − 5s) the predictions (for

both empirical and simulation) are approximately unbiased for basin sites, but biased for

non-basin sites to a similar extent for both empirical and simulation predictions. Across all

intensity measures considered, the total residual standard deviations are similar for both

methods. Overall, the size of the model biases for simulation and empirical prediction are

relatively similar where they are less than 1 for all spectral intensity measures considered.

Figure 4.3: Total residuals between observed and predicted (simulated and empirical) intensity
measures for 53 ground motion records, from nine validation events, recorded at 25 unique strong
motion stations. Residuals are grouped into stations located in basin or non-basin sites. Lines
indicate the mean residual and the shaded regions plus or minus one standard deviation range.

Ultimately, this validation exercise indicates that the physics-based simulations are

generally comparable to empirical ground motion models for small magnitude earthquakes

in the Hope Fault region. Although the number of ground motion records considered and

number of historic events utilised limits robust statistical inferences, the goal was not

to present a comprehensive validation of the simulations. The purpose of the validation

was to assess how the simulation methodology performed relative to the empirical predic-

tion. Therefore, the comparable performance suggests that the simulation methodology
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Figure 4.4: Illustration of slip amplitude (top row), rise time (middle) and rake direction (bottom
row) of the Hope Fault reference rupture scenario. The four segments are discussed in Hope Fault
Rupture Scenario. The numbers above each segment represent the minimium/mean/maximum
of the quantity depicted.

and crustal velocity model employed are appropriate for Hope Fault scenario rupture

simulations and provide predictive insight.

Physics based methods can be advantageous as they as they extrapolate by modelling

physical phenomena, while empirical methods extrapolate using parametric functions.

Modelling small magnitude events using physics gives us confidence in the simulation of

larger events. More validation work is necessary, however given the limited data used to

generate empirical and physics-based models, the physics based methods have a significant

advantage.

4.5 Simulated ground motion intensities

To investigate ground motion intensities which can occur from a Hope Fault rupture,

several realisations of the kinematic source model are simulated. However, to quantify the

effect of each realisation, a reference simulation needs to be established corresponding to

a baseline ‘median’ scenario. This section firstly provides details of the reference scenario

simulation and associated intensity measures, followed by a subsequent examination of

simulation sensitivity to modelling parameter uncertainty. Finally, the spatial variation of

ground motion intensity from a Hope Fault scenario is compared with the 2016 Kaikōura

earthquake.
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4.5.1 Reference Simulation

4.5.1.1 Simulation Computational Details

The reference simulation utilised a 3D finite difference grid with horizontal dimensions

of 296.3×475.5km (shown in Figure 4.1) adopted to capture ground motion intensities in

urban regions at large source-to-site distances, extending to a depth of Zmax = 47km with

a 0.1km grid spacing (thus a total of 6.60 billion spatial grid points in the domain) with

material properties from the NZVM (Thomson et al., 2019). A squashed topographic

representation (see (Thomson et al., 2019)) was utilised and is illustrated in Figure 4.2.

The simulation duration was set at tend = 180s with a timestep of ∆t = 0.005s (i.e.

36,000 time steps) and a minimum shear-wave velocity of Vs,min = 500m/s enabling

the LF simulation to accurately resolve f ≤ 1Hz. Simulations were conducted on the

NeSI Maui HPC (see Data and Resources) utilising 1840 compute cores with a typical

simulation taking 7.5 − 8.0 hours of wall clock time. To reduce storage requirements,

surficial ground motion time-series were only stored on a uniform grid with 500m spacing

for post processing.

4.5.1.2 Rupture Kinematics

The kinematic source model used for the reference scenario adopts the fault geometry

previously discussed in Hope Fault Rupture Scenario. The kinematic source representation

for the Hope Fault reference scenario was generated utilising the Graves and Pitarka

(2016) methodology, which uses a spatial field model to develop representations of slip,

rake and rise time. Figure 4.4 illustrates the variation of slip amplitude, rise time and

rake direction over the rupture. Where the slip amplitude is maximum amount of slip on

the fault, the rake is the direction of the displacement and the and rise time is the time

required to reach the maximum slip.

The four fault planes were specified for rupture generation and appropriate delays

were set such that a rupture propagating to the end of a segment will kinematically ‘trig-

ger’ rupture on the next. Kinematic triggering seeks to delay rupture initiation on a given
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segment until the rupture of an immediately adjacent fault reaches the (approximate) lo-

cation of the segment initiation point. The delay ensures rupture continuity (i.e. as one

fault rupture ceases the next continues). The same method was used to trigger ruptures

on the adjacent segments at Hanmer Basin step over (see (Bradley et al., 2017d) as an-

other example of this assumption). The hypocentre location is denoted by a red star in

the slip amplitude panel (top row of Figure 4.4), with the bilateral rupture propagation

illustrated by contours indicating the temporal evolution of slip.

4.5.1.3 Ground Motion Intensities for the Reference Simulation

Figure 4.5 presents instantaneous particle velocities at the ground surface for three

time instances (t = 15s, 30s and 50s) for the Hope Fault reference simulation. The bilat-

eral rupture and wave propagation associated with the central location of the hypocentre

can be clearly seen as the wavefronts propagate both East and West along the fault trace.

In Figure 4.5c large velocity amplitudes resulting from basin amplification can be iden-

tified in the some of the NZVM sedimentary basins (see Figure 4.2). (A link to the 3D

visualisation of the Hope Fault reference simulation can found in Data and Resources).

Figure 4.6 presents intensity measure plots for the Hope Fault reference scenario for

(a) (b) (c)

Figure 4.5: Instantaneous particle velocities (vector maximum in the horizontal plane) for the
Hope Fault reference scenario: (a) t=15s; (b) t=30s; and (c) t=50s. The figures collectively
illustrate bilateral rupture propagation, wave propagation and reverberation within the Han-
mer, Cheviot, Waiau and Canterbury sedimentary basins. (A link to a 3D visualisation of the
simulation can found in Data and Resources)
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PGV, Ds5−95, pSA(0.5s) and pSA(3.0s). It can be seen that the peak ground velocity

(PGV; Figure 4.6a) is relatively high in the sedimentary basins (see Figure 4.2) with

small source-to-site distances (e.g. Hanmer, Waiau, Cheviot and Kaikōura) while basin

amplification is less prominent, although still evident, in the basins with relatively large

source-to-site distances (e.g. Nelson, Marlborough and Christchurch). The nature of

the bilateral rupture (Figure 4.5) leads to smaller relative 5 − 95% significant durations

(Ds5−95; Figure 4.6b) (for a given source-to-site distance) as a result of rupture directivity.

Locations perpendicular to the rupture strike direction, in regions of neutral directivity,

have a longer significant duration, which are further increased if they lie within deep

sedimentary basins (e.g. Canterbury).

The spatial distribution of pSA(0.5s) and pSA(3.0s) amplitudes in Figure 4.6c and

Figure 4.6d, respectively, both show general reductions with source-to-site distance. The

effect of sedimentary basins is larger for pSA(3.0s) amplitudes relative to pSA(0.5s) am-

plitudes. It is also worth noting that given the LF to HF transition frequency of f = 1Hz,

the pSA(0.5s) amplitudes are dominated by the (simplified-physics) HF component which

doesn’t comprehensively model the basins as opposed to the pSA(3.0s) being dominated

by the (comprehensive physics) LF component. (PGA for the reference simulation can be

viewed in the appendix).

4.5.1.4 Comparison with Empirical Ground Motion Estimates

Figure 4.7 presents empirical estimates for PGV, Ds5−95, pSA(0.5s) and pSA(3.0s)

using the Afshari and Stewart (2016) (for Ds5−95) and Bradley (2013) (for PGV, pSA(0.5s)

and pSA(3.0s)) models (in combination with the Foster et al. (2019) New Zealand Vs30

model and correlations to derive other necessary inputs, e.g. Z1.0) (Using the models

empirical models introduced in Section 4.4.2). As the empirical models vary primarily

with source-to-site distance (Rrup) for a given rupture (in a similar way to the HF sim-

ulation methodology), the predicted intensity measures from empirical models exhibit a

near-elliptical variation about the rupture plane. The principal reason for the localised

deviations from a simple source-to-site distance decay is the local site response associ-
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ated with the spatial variation in Vs30 (via the New Zealand-specific model of Foster

et al. (2019) as noted in Methodology). This is in contrast to simulation-derived intensity

measures (see Figure 4.6), that exhibit a more complex spatial variation.

Figure 4.8 presents ratios of empirical and simulation intensity measures for the

(a) (b)

(c) (d)

Figure 4.6: Simulated intensity measures for the Hope Fault reference scenario: (a) PGV; (b)
Ds5−95; (c) pSA(0.5s); and (d) pSA(3.0s).
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(a) (b)

(c) (d)

Figure 4.7: Empirical intensity measure estimates for the Hope Fault reference scenario: (a)
PGV; (b) Ds5−95; (c) pSA(0.5s); and (d) pSA(3.0s). Note that a spatially-variable Vs30 model
impacts predicted values over short length scales.

Hope Fault reference scenario. The ratio metric is RIM = ln (IMemp/IMsim) (or R =

ln (emp/sim) for brevity) such that R > 0 indicates empirical predictions greater than the

reference simulation and vice versa for R < 0. As the simulation pSA(0.5s) is dominated
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by the HF component, and this is similar to empirical models in terms of source-to-

site distance, attenuation and Vs30-based site effects, the similarities are apparent in the

pSA(0.5s) ratio shown in Figure 4.8c. Figure 4.8b clearly show the directivity related

influence on Ds5−95, as forward directivity dominated areas have RDs5−95 > 0 and neutral

directivity areas have RDs5−95 < 0. Figure 4.8a and Figure 4.8d illustrate the significant

impact of sedimentary basins on simulation derived PGV and pSA(3.0s), respectively.

In order to provide further insight into the spatial trends in Figure 4.8, Figure 4.9

presents a comparison of simulation and empirical estimates for PGV, Ds5−95, pSA(0.5s)

and pSA(3.0s) as a function of source-to-site distance (Rrup). The errorbars for the

simulation were derived from the binned average value of all sites within the simulation

domain and the height of the bar represents one standard deviation, while the empirical

median was similarly derived from the binned average value of empirical estimates at the

locations predicted. Figure 4.9c illustrates the pSA(0.5s) for the simulation is generally

higher for 10 < Rrup < 100km, a trend that is spatially apparent in Figure 4.8c. In

Figure 4.9b the spatial directivity trend that was apparent in Figure 4.8b is removed

and the median simulation and empirical significant duration is broadly consistent for

10 < Rrup < 80km. For PGV, and pSA(3.0s) (Figure 4.9a, and Figure 4.9d, respectively)

the effect of sedimentary basins becomes apparent (due to basin sites in simulations

generally having higher intensity measures than their empirical counterparts) as most

near-source locations (Rrup < 10km) are not in modelled basins (hence simulations have

lower intensities at these distances) whereas at larger distances an increasing proportion

of the data are in basins and therefore, generally have higher intensities.

Table 4.1: Source variations explored and adopted values for sensitivity analysis.

Quantity Variation Values

Magnitude (Mw) ±σMw [7.25, 7.77]

Stress parameter (∆τ) (bars) ±σln∆τ [32.9, 76.1]

Hypocentre position along strike (km) Eastern and Western hypocentres [0, 219]

Slip distribution Two realisations -
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(a) (b)

(c) (d)

Figure 4.8: Ratios of simulated intensity measures for the Hope Fault reference simulation and
empirical ground motion estimates: (a) PGV; (b) Ds5−95; (c) pSA(0.5s); and (d) pSA(3.0s).

4.5.2 Sensitivity Analysis

4.5.2.1 Method and Variables

A sensitivity analysis was conducted to investigate the effect of source variations on

simulated ground motions. Specific focus is given to source variability and not to path
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(a) (b)

(c) (d)

Figure 4.9: Comparison of empirical and simulated intensity measures as a function of Rrup

for (a) PGV; (b) Ds5−95; (c) pSA(0.5s); and (d) pSA(3.0s) (error bars represent one standard
deviation).

or site effects, which are by their nature, more localised in terms of influence. Only a

limited number of source uncertainties are investigated, however, the specific parameters

were selected because of the expectation that they have the greatest effect on simulated

ground motions over the region of interest. Table 4.1 presents the four source quantities

analysed: magnitude, stress parameter, hypocentre location and slip distribution (which

incorporates rake and rise time variations, herein referred to as simply slip for brevity), and

the values used for each quantity. Delays in rupture initiation and kinematic triggering

between fault segments were not investigated. Only two variations considered for each

parameter were investigated here as this sensitivity analysis is not intended to provide
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(a) (b)

Figure 4.10: Effect of magnitude variability on pSA(3.0s) for: (a) upper (Mw7.77); and (b) lower
(Mw7.25) magnitude estimates.

(a) (b)

Figure 4.11: Effect of stress parameter variability on pSA(0.5s) for: (a) upper (∆τ = 76.1bar);
and (b) lower (∆τ = 32.9bar) estimates.

a comprehensive investigation of all possible rupture scenarios, instead it is intended to

give insights into how the main source parameters influence simulated ground motion
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(a) (b)

Figure 4.12: Effect of hypocentre location on Ds5−95: (a) Eastern hypocentre; and (b) Western
hypocentre.

(a) (b)

Figure 4.13: Effect of hypocentre location of pSA(5.0s): (a) Eastern hypocentre; and (b) Western
hypocentre.

intensities. The general effect of varying the four source characteristics on simulations

is presented in subsequent subsections (with a focus on intensity measures that best
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illustrate the sensitivity to each source characteristic) followed by a detailed analysis into

their effect in select urban regions.

As previously noted, the magnitude estimate for the Hope Fault reference scenario

was obtained via the magnitude-scaling relation of Leonard (2014) which yields a median

magnitude estimate of Mw = 7.51 and a standard deviation of 0.26. Magnitude estimates

of Mw = 7.77 and Mw = 7.25 were thus utilised as representing the median plus and

minus one standard deviation, respectively. Magnitude directly influences the average

slip amplitude and rise time in the kinematic rupture generation. For the two magnitude

variations explored, the upper estimate leads to an increase in average slip on the fault

surface from 108cm to 256cm, while the lower magnitude estimate decreases the average

slip from 108cm to 42cm. The effect of these magnitude estimates on ground motions

intensities is presented in Effect of Magnitude Variability.

In the reference Hope Fault scenario the stress parameter (also known as Brune

stress drop, or static stress drop) (∆τ) was set to 50bars. This parameter only influences

the HF component of the simulation methodology (Graves and Pitarka, 2016). Recent

research (e.g. (Cotton et al., 2013)) has investigated the standard deviation of the stress

parameter and the inferred variability (σln∆τ ), which based on the Abrahamson and Silva

(2008) empirical ground motion model, for a Mw7 earthquake is σln∆τ = 0.42. Simulations

were conducted with the stress parameter set as 76.1bars and 32.9bars, representing the

value utilised in the reference scenario plus and minus σln∆τ , respectively. Simulations

varying the stress parameter are presented in Effect of Stress Parameter.

Hypocentre location is an important parameter as it highly influences ground motion

directivity. The reference scenario placed the hypocentre at the midpoint (109.5km) along

the strike of the 219km rupture at a depth of 9km. For this analysis hypocentre locations

at the Eastern and Southern extents, 0km and 219km along strike, respectively, at a

depth of 9km were adopted. Simulations of these ruptures and their effect on ground

motions are presented in Effect of Hypocentre Location. The depth of the hypocentre

was not deemed an important factor for this sensitivity analysis relative to the effect of

location along strike and therefore was not investigated.
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The sensitivity to slip is investigated by considering different random realisations of

the slip distribution produced by the Graves and Pitarka (2016) rupture generator. As

the slip on the rupture is stochastically generated, and fractal in nature, the concept of

a minimum and maximum case do not fundamentally exist, although simulated intensity

measures will vary between realisations. Two different slip realisations were generated

and their effect on ground motions is presented in Effect of Kinematic Slip Distribution.

4.5.2.2 Effect of Magnitude Variability

Figure 4.10 illustrates the effect of magnitude variability (see Table 4.1) on pSA(3.0s).

The effect is the upper magnitude estimate scenario (Mw7.77) has a higher pSA(3.0s)

over the region than the lower magnitude estimate scenario (Mw7.25), as expected given

an identical slip distribution pattern (albeit with a higher amplitude) and hypocentre

location. Varying the magnitude in broad terms has a similar effect on all waveform

amplitude intensity measures, with an increase in magnitude increasing the intensity

measure and vice versa (rupture models for two magnitudes explored can be found in the

appendix).

Figure 4.14: pSA(1.0s) ratio for two simulations with different slip realisations, with the mean
(µ) and the standard deviation (σ) of the pSA(1.0s) ratio.
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Figure 4.15: Effect of source variability on PGV in urban regions due to parameter variability:
(a) Magnitude; (b) Stress parameter; (c) Hypocentre location; and (d) Slip distribution.

4.5.2.3 Effect of Stress Parameter

Figure 4.11 presents the effect of the upper (∆τ = 76.1bar) and lower (∆τ = 32.9bar)

stress parameter estimates on pSA(0.5s). Varying the stress parameter only influences the

HF portion of the Graves and Pitarka (2016) simulation methodology and therefore, only

has an effect on intensity measures dominated by HF (f > 1Hz) ground motion. Varying

the stress parameter broadly influences all HF-based intensity measures in a similar way,

with increasing stress parameter increasing the intensity measure and vice versa.

4.5.2.4 Effect of Hypocentre Location

Figure 4.12 presents the effect of hypocentre location on Ds5−95 for the two hypocen-

tres considered (rupture models for the two hypocentre locations considered can be found
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Figure 4.16: Effect of source variability on PGA in urban regions due to parameter variability:
(a) Magnitude; (b) Stress parameter; (c) Hypocentre location; and (d) Slip distribution.

in the appendix). It can be seen that the Eastern hypocentre generally results in a lower

duration in sedimentary basins with the exception of Canterbury, compared with the

Western hypocentre scenario. Figure 4.13 illustrates the pSA(5.0s), for the two hypocen-

tre cases investigated. Here the effect of rupture directivity is highly visible, as trends

in pSA(5.0s) replicate the direction and spread of seismic waves propagating away from

the hypocentre along the strike of the fault, with the exception of sedimentary basins

which generally have a high pSA(5.0s) due to basin reverberations. (PGA for the two

hypocentre locations investigated can be viewed in the appendix).

4.5.2.5 Effect of Kinematic Slip Distribution

Simulations using two sources with different slip realisations were performed (rupture

models for these realisations can be found in the appendix) and Figure 4.14 presents
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pSA(1.0s) ratio of one of these simulations with the Hope Fault reference simulation.

While there are local variations in the spatial distribution of pSA(1.0s) ratios (where

there is roughly an equal amount of positive and negative patches), there are no significant

regional trends apparent. The mean and standard deviation of the pSA(1.0s) ratios at

all locations in the uniform output grid (as shown in Figure 4.14) are 0.019 and 0.279,

respectively. The mean is effectively zero, which indicates that varying the slip can result

in a local change in ground motion intensity, while over the entire simulation domain the

ground motion intensity remains unchanged on average. Examination of the standard

deviations of PGA, pSA(1.0s) and pSA(3.0s), which have values of 0.21, 0.27 and 0.37,

respectively, suggest that standard deviation increases with vibration period (i.e. slip

variability has a greater effect on longer period intensity measures). This is potentially

due to the slip correlation length increasing with period, which leads to increased slip

coherency at low frequencies.

4.5.2.6 Comparison of Parameter Sensitivities on Ground Motion Intensities

in Urban Locations

Figures 4.15 and 4.16 present the effect of source variations on PGV and PGA,

respectivley, at select urban regions (the locations of the specific urban regions are an-

notated in Figure 4.1). Bars were calculated as R = ln(IMi/IMref ) where IMi is the

intensity measure for variation of source considered and IMref is the intensity measure

for the reference simulation. Therefore, these bars represent the increase or decrease in

the intensity measure with respect to the reference simulations for the source parameter

considered (see Table 4.1). For slip and hypocentre variability the reference scenario does

not necessarily produce median intensity measures. In this case, the reference intensity

measure for the calculation of R is taken to be the median value.

In Figure 4.15 it can be seen that the effect of source parameter variations influ-

ence PGV by varying amounts at different urban regions. In broad terms, varying the

magnitude estimate has the largest effect on PGV while varying the stress parameter

has a relatively small effect on PGV (as expected due to PGV being a LF-dominated
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intensity measure). Hypocentre has the largest effect for regions in forward / backward

directivity zones (e.g. Kaikōura, Blenheim, Wellington; see Figure 4.1) while the effect

of hypocentre is relatively small for regions at large distances (> 50km) perpendicular to

the rupture strike direction (e.g. Nelson, Westport) and for urban regions at small source-

to-site-distances (e.g. Hanmer, Waiau, Cheviot). Slip variability Influences intensities at

all locations, but systematically influences locations with small source-to-site distances

(e.g. Hanmer and Kaikōura), due to the random locations of asperities for different slip

realisations.

Figure 4.16 illustrates the effect of source variability on PGA. Magnitude has a less

consistent influence on PGA compared with PGV, as Mw controls the corner frequency of

the source spectrum in the HF method, and so has some systematic effect. However, the

results show that this is less than the effect of Mw on PGV due to the spatial variation

of slip amplitude (which affects the seismic moment for each subfault that comprise the

total rupture). It can be seen that the stress parameter sensitivity has, on average, the

largest and most consistent influence on PGA.

4.5.3 Comparisons with the 2016 Kaikōura Earthquake

The 2016 Mw7.8 Kaikōura earthquake was a large earthquake in the North-East of the

South Island. Shaking was felt throughout the country with extensive damage observed

throughout the Northern South Island and as far away as Wellington (Hamling et al.,

2017; Kaiser et al., 2017; Bradley et al., 2017f,d). Given the comparable magnitude of

the Kaikōura earthquake (Mw7.8) with the Hope Fault scenario (Mw7.51) examined here

and their close geographic locations, comparisons of ground motions with the Kaikōura

earthquake can provide context to a Hope Fault scenario rupture with regard to ground

motion intensities and regional impacts.

Figure 4.17 presents the PGV for a simulation of the 2016 Kaikōura earthquake (e.g.

(Bradley et al., 2017d)), and the ratio of PGV of form ln(PGVKaikoura/PGVHope) from

the Kaikōura earthquake and the Hope Fault reference scenario previously presented in

Reference Simulation. As discussed in Sensitivity Analysis, ground motions from a Hope
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Fault scenario vary appreciably with changes in source characteristics, here the Hope

Fault reference scenario was utilised for this comparison. For the PGV ratio between

these two events (Figure 4.17b), it can be seen that for the Northern South Island and

the lower North Island that the PGV ratio is positive and we expect the shaking on

average to be larger for the Kaikōura earthquake than in the Hope Fault scenario, in

Canterbury and urban Christchurch the PGA is approximately the same and in the South-

West of the simulation domain the PGV is larger for the Hope Fault scenario. Table 4.2

presents simulated PGVs and a ratio for the 2016 Kaikōura earthquake with the Hope

Fault reference scenario. For the urban regions considered: Greymouth and Hanmer have

significantly higher PGVs for the Kaikoura earthquake; Christchurch, Cheviot, Waiau,

Kaikōura and Westport have similar PGVs for both events; while Wellington, Blenheim

and Nelson have significantly lower PGVs for the Hope Fault Scenario.

Significant uncertainties regarding a Hope Fault rupture exist. There are geometric

uncertainties associated with modelling the fault dimensions in addition to uncertainties

Table 4.2: Comparison of simulated PGV values in urban regions for the Hope Fault reference
scenario and 2016 Kaikōura Earthquake.

Urban region PGV (cm/s)

Hope reference Kaikōura Ratio

Christchurch 15.7 16.9 0.93

Cheviot 30.9 32.1 0.96

Blenheim 13.4 58.8 0.22

Kaikōura 67.7 90.4 0.75

Waiau 75.3 69.6 1.08

Hanmer 75.8 32.3 2.35

Nelson 5.1 16.8 0.30

Greymouth 21.3 5.2 4.13

Westport 5.4 5.6 0.98

Wellington 2.3 20.8 0.11
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(a) (b)

Figure 4.17: (a) Simulated PGV for the 2016 Kaikōura earthquake (Bradley et al., 2017d); and
(b) PGV ratio between the Kaikōura earthquake and Hope Fault reference scenario.

regarding source modelling aspects, as explored in Sensitivity Analysis, which indicated

that the ground motion amplitudes can vary appreciably due to changes in the magnitude,

stress parameter, hypocentre and slip. Therefore, although the ground motion amplitudes

are generally smaller in urban regions for the Hope Fault scenario presented here than

the 2016 Kaikōura earthquake, additional scenarios exist where this may not be the case.

4.6 Discussion and Conclusions

This paper examined ground motions for a major rupture of the Hope Fault using a

physics-based simulation methodology and a 3D crustal velocity model of New Zealand.

Comparisons of simulations with conventionally utilised empirical ground motion models

illustrated appreciable differences in the resulting intensity measures, particular in sedi-

mentary basins. These basins are generally the locations of significant population centres,

which are of particular interest in modelling ground motions and assessing seismic haz-

ard. Significant validation efforts are currently underway (e.g. (Lee et al., 2019)) and
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are expected to provide greater confidence in the simulation-derived long-period ground

motions in sedimentary basins.

The National Seismic Hazard Model (Stirling et al., 2012) does not permit mul-

tisegment ruptures due to the fault segmentation assumption used in its construction.

Therefore the rupture scenario presented here cannot be directly incorporated within the

NZ PSHA framework as it is not possible to calculate a rate for this type of rupture.

Researchers in California have developed Earthquake Rupture Forecasts that relax the

fault segment assumption (e.g. Richards-Dinger and Dieterich (2012); Field et al. (2014))

and the development of a similar model for NZ will allow for multisegiment ruptures to be

assigned rates (such as the one simulated here) and allow them to be directly incorporated

within PSHA models.

The sensitivity analysis which analysed the effect of variations in the source mod-

elling parameters of magnitude, stress parameter, hypocentre location and kinematic slip

distribution illustrated that simulated ground motion intensities can vary appreciably for

different source modelling assumptions. It was found that the magnitude and stress pa-

rameter strongly influenced long and short period ground motion amplitudes, respectively.

Future assessments should examine the sensitivity of ground motions to rupture geometry

and variability in the 3D crustal velocity model.

The comparisons of the Hope Fault reference simulation with the 2016 Kaikōura

earthquake illustrated that the PGV is expected to be lower for the Hope Fault than

inferred for the Kaikōura earthquake for the majority of urban regions. However, con-

sidering the variations in source modelling explored here, in addition to other model

uncertainties (e.g. fault geometry), there is the potential for the ground motions from a

Hope Fault earthquake to exceed those from the 2016 Kaikōura earthquake over a wider

region.
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4.7 Data and Resources

The NeSI Maui HPC cluster was utilised to conduce ground motion simulations. The

repositories with simulation workflows can be viewed on Github (https://github.com/

ucgmsim) and the source code for the New Zealand Velocity Model can also be viewed on

Github (https://github.com/ucgmsim/Velocity-Model).

Earthquake source descriptions used in this study were obtained from the GeoNet

New Zealand earthquake catalogue (https://github.com/GeoNet/data/tree/master/

moment-tensor/) recorded ground motions were obtained from the GeoNet file transfer

protocol (ftp://ftp.geonet.org.nz/strong/).

Figures were prepared using Generic Mapping Tools http://gmt.soest.hawaii.edu/

(Wessel and Smith, 1998), Python (https://www.python.org/); and Matplotlib (https:

//matplotlib.org/), (Hunter, 2007).

A 3D ground motion simulation visualtion of the Hope Fault reference rutpure sce-

nario can be viewed on YouTube (https://youtu.be/VcLldPxVcN8).
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Chapter 5

Conclusions

In this dissertation, several aspects related to ground motion simulation for New

Zealand have been addressed. The objectives achieved enable broadband ground motion

simulations to be used in future applications within New Zealand, detail the seismic veloc-

ities in the geologic units of the Canterbury sedimentary basin, and investigate the ground

motions from a scenario rupture on the Hope Fault. The following sections summarise

the key contributions of this dissertation, their limitations, implications, and recommen-

dations for potential future work.

5.1 Key contributions

5.1.1 Methodology and computational implementation of a New

Zealand Velocity Model for broadband ground motion

simulation

Chapter Two presented a generalised and extensible methodology and computational

framework for crustal velocity modelling, and the development of the New Zealand Ve-

locity Model. The methodology utilises modular subregions which are embedded within

a tomographic model covering New Zealand in its entirety, with the flexibility and ex-
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tensibility to add and change subregions and velocity parametrisations in future model

versions. The NZVM has a variety of use cases and can be used in ground motion sim-

ulation, site response analysis, precise earthquake relocation and for improving seismic

hazard analysis.

The modularity of the NZVM allows for surfaces, subregions and velocity param-

eterisations to be modified or added in the future. Numerous regions are intended to

be added in future NZVM versions and these regions are currently characterised by the

regional travel time tomographical model hence, the addition of subregion models to the

NZVM has the potential to improve the quality of simulated ground motions within these

regions.

5.1.2 Generalised parametric functions and spatial correlations

for seismic velocities in the Canterbury, New Zealand re-

gion from surface-wave-based site characterisation

Chapter Three presented the development of parametric velocity equations for sedi-

mentary soils in Canterbury, New Zealand. The equations are able to prescribe velocities

to Fine Grained Sediment, Gravels and Tertiary layer groupings. The parametric velocity

equations, when combined with a regional Vs30 model (Foster, 2017) and geologic sur-

face models (Lee et al., 2017b,a), enable velocity models for the Canterbury region to be

generated in up to three dimensions.

The velocity parametrisations for the Tertiary layers are planned for integration into

the NZVM (Chapter 2) and will be rigorously assessed as part of ongoing ground motion

validation and uncertainty studies (Lee et al., 2019; Neill et al., 2019). Currently the

structure for the shallow (<250m) Interbedded Quaternary layers are not adequately

represented by the 100m grid spacing used in a typical simulation, which is performed with

a 1Hz transition frequency from LF to HF methodologies (discussed further in Chapter

4, Simulation methodology). Future increases in computational availability will allow

for the comprehensive physics LF portion simulation to be pushed to higher frequencies
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(increasing the transition frequency to 2Hz, using a 50m gridspacing, results in a 16

times increase in the computational cost, which is currently prohibitive) allowing for the

structure of the quaternary layers to be represented in the simulations and the velocity

parameterisations and small-scale spatial correlation models to be directly applied

Geostatistics were utilised to develop spatial correlations which were applied to sim-

ulate random realisations of velocity residuals, which were incorporated with parametric

velocity functions to yield velocity perturbations. The dispersion characteristics of para-

metric perturbed velocity profiles were compared with observations and a good agreement

was found over a wide frequency range. This is indicative that the velocity perturbations

replicate both the velocity variability at a site and the dispersion characteristics at a site.

The covariance simulation method was utilised to generate random fields, this method

has a trivial implementation however, it is computationally inefficient (and prohibitive for

simulating large fields) compared to other methods. An alternative method (e.g. turning

bands, sequential simulation) with a smaller computational burden could be utilised,

enabling very large 3D perturbed velocity models to be generated.

5.1.3 Ground motion simulations of Hope Fault earthquakes

Chapter Four presented ground motions for a major rupture of the Hope Fault using

physics-based simulation methodology and a 3D crustal velocity model of New Zealand.

It was found that simulated ground motion intensities can vary appreciably for varia-

tions in source modelling and that magnitude, stress parameter, hypocentre location and

kinematic slip distribution influence simulated intensity measures in different ways. With

the hypocentre location having the largest influence on the spatial variation in ground

motion amplitudes. Future assessments should examine the sensitivity of ground motions

to rupture geometry and variability in the 3D crustal velocity model.

Comparisons of simulations with conventionally utilised empirical ground motion

models illustrated significant differences in the resulting intensity measures, particular

in sedimentary basins. These basins are generally the locations of significant population
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centres, which are of particular interest in modelling ground motions and assessing seismic

hazard. Significant validation efforts are currently under-way and are expected to provide

greater confidence in the simulation-derived long-period ground motions in sedimentary

basins.

The comparisons of the Hope Fault reference simulation with the 2016 Kaikōura

earthquake illustrated that the PGV is expected to be lower for the Hope Fault than

inferred for the Kaikōura earthquake. However, given the large uncertainties associated

with modelling a Hope Fault scenario, although the scenario presented results in generally

lower PGVs in urban regions, there exist other scenarios where this may not be the case.

5.2 Recommendations for future work

5.2.1 Improvements to the New Zealand Velocity Model

The NZVM characterises a number of sedimentary basins within New Zealand, typi-

cally in regions with significant populations or regions with strong motion stations (which

prove useful for validation). There are still a significant number of sedimentary basins

which are not characterised as part of the NZVM, and future research should seek to

construct models of these basins to better assess ground motion impacts in these regions.

The travel-time time derived tomographic model utilised in the NZVM is of rela-

tively low resolution and contains relatively high velocities (compared with those from

sedimentary basins). Recently developed full waveform three dimensional tomographic

inversion (F3DT) techniques can be utilised to identify and constrain velocities within

low velocity regions and thus, improve the overall model quality. Full waveform 3D to-

mography F3DT (Lee et al., 2014) utilises full ground motion records in an inversion to

constrain the velocity structure in a region. This technique differs to previous methods

which utilise only traveltimes, e.g the NZ Tomography model of Eberhart-Phillips et al.

(2010). As full waveforms contain a significantly more information that traveltimes alone

F3DT has significant potential increase the tomography resolution and characterise pre-
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viously unidentified low velocity structures (Lee et al., 2014). Ongoing research seeks

to apply F3DT to improve tomography in the Canterbury region (Nguyen et al., 2019)

before application to improving the full NZ tomography model.

5.2.2 Investigation of small-scale velocity heterogeneities on

ground motion simulations

The spatial correlations developed in Chapter Three enable small scale velocity het-

erogeneities to be generated. The impact of these heterogeneities and their influence on

scattering is yet to be fully quantified, partially due to the computational requirements

to perform simulations at high-frequencies. Currently the comprehensive physics portion

of ground motion simulations in New Zealand are performed at 1Hz, however, as compu-

tational processing power becomes more readily available in the future, this frequency is

expected to increase. As small scale heterogeneities are important in modelling scatter-

ing at higher frequencies, in the future it will be computationally possible to thoroughly

investigated the effect of heterogeneities.

5.2.3 Incorporating multi-segment ruptures within the New

Zealand seismic hazard model

The Hope Fault rupture scenario presented in Chapter Four is comprised of four

segments from the NSHM (Stirling et al., 2012), the seismic hazard from these segments

are currently assessed via characteristic ruptures which excludes the possibility of rupture

involving multiple segments (such as the one simulated in Chapter 4) from occurring.

Recent international research has relaxed the discrete fault assumption previously utilised

to assess seismic hazard, in favour of allowing ruptures to trigger subsequent ruptures on

nearby faults (e.g. Richards-Dinger and Dieterich (2012); Field et al. (2014)). This

methodology allows contiguous fault segments to rupture simultaneously and allows for

rates to be assigned to all faults. It was found that relaxing the fault segmentation

assumption had a significant effect on the resulting PSHA in some regions in California
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relative to the previous segment models (Field et al., 2014). Developing an Earthquake

Rupture Forecast that relaxes the fault segmentation assumption is a critical step to

allow for multisegment ruptures (such as the one presented in Chapter Four) from being

incorporated within New Zealand PSHA models.

5.3 Concluding remarks

The summaries presented in this chapter reflect the outcomes of this dissertation’s

objectives and present areas of potential future research. This dissertation has made

contributions to the fields of physics-based ground motion simulation and velocity mod-

elling. As these fields are continuously developing, the objectives achieved as part of

this dissertation, contribute to this development and the broader objective of improving

earthquake science and the assessment of seismic hazards both within New Zealand and

Internationally.
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Appendix to Chapter 3

A.1 Summary

This section details the appendices to Chapter 3: Generalised parametric functions

and spatial correlations for seismic velocities in the Canterbury, New Zealand region from

surface-wave-based site characterisation.

A overview of surface wave methods and variogram analysis are presented in addition

to parametric velocity profiles for all sites utilised in this study.

A.2 Surface wave methodology

A.2.1 Testing methodology

Surface-wave analysis was employed to generate velocity profiles. This technique

utilises the dispersive nature of surface waves, the property whereby the velocity at which

surface waves propagate through a medium varies as function of frequency, to generate

site-specific dispersion curves which are then inverted to obtain a velocity profile. Details

of the inversion process are discussed in Section A.2.2.

Previous studies have utilised a combination of active and passive surface wave analy-
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sis techniques to generate dispersion curves. Active source techniques: (e.g. multi-channel

anaysis of surface waves (MASW) Park et al. (1999)), generate surface waves using a seis-

mic source. Alternatively passive source techniques (e.g. micro tremor array method

(MAM) Roberts and Asten (2004)), measure ambient surface waves such as those pro-

duced by wave action in coastal regions. Together active and passive techniques are able

to measure surface wave dispersion across a wide frequency band such that the velocity

structure at a site is able to be characterised to large depths (z > 1000m).

Active source MASW utilises a linear array of horizontal and vertical geophones to

measure Love and Rayleigh waves respectively. A typical MASW array involves a line of

24 or 48 geophones spaced at 2 meter intervals, a sledge hammer and steel plate are then

used to generate surface waves in the same plane as the array at offsets between 5 and

40 meters. The geophones record the surface waves generated from sledgehammer blows

and the signals are stacked to improve the signal to noise ratio of the waveforms (Park

et al., 1999). The active source vibroesis surface wave method utilised in Teague et al.

(2017) employs T-Rex, a vibroesis truck, to provide dynamically loading to induce surface

waves. Vibroesis utilises a similar linear array topology to MASW, however geophones

are spaced at larger intervals to capture lower frequencies (with longer wavelengths).

Passive source MAM surface wave analysis method utilises broadband seismometers

embedded in the ground at nine equispaced locations on the perimeter of each array

with one instrumented located at the origin. The aperture of these arrays is varied

to capture different frequencies. Teague et al. (2017) employs arrays of 60, 200, and

400 meters while Deschenes et al. (2018) utilises arrays of 50, 200, 500 and 1000 meter

arrays. Figure A.1 presents the layout of various array geometries from Teague et al.

(2017) in central Christchurch. Seismometers are set to record ambient surface waves for

a duration proportional to the frequencies they are intended to capture, this duration

ranges from less than an hour to over three hours depending on the number of cycles of

the frequency of interest. In addition to being used to generate dispersion curves, MAM

seismometer recordings are able to be used to compute the horizontal to vertical spectral

ratios which can be used to provide additional constraint in the surface wave inversion

process, discussed further in Section A.2.2.
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Figure A.1: Layout of active source: MASW and vibroesis; and passive source: MAM at Hagley
Park site in central Christchurch.(After Teague et al., 2017)

A.2.2 Inversion methodology

A joint inversion utilising dispersion data in combination with an HVSR peak was

utilised, these inversions were constrained with apriori geologic information to yield real-

istic site-specific velocity profiles.

Rayleigh and Love dispersion curves are obtained for active and passive surface wave

techniques using different approaches. MASW and vibrosis data is processed using the

frequency domain beamformer (FDBF) method in combination with the multiple-source

offest technique (Wood et al., 2011). Dispersion curves for MAM circular arrays are com-

puted utilising two techniques: high resolution frequency-wavenumber spectrum analy-

sis (HRFK) (Capon, 1969) and the modified spatial auto correlation method (MSPAC)

(Bettig et al., 2001). The processing techniques for obtaining dispersion curves for the

Christchurch and wider Canterbury sites are detailed in Teague et al. (2017) and De-

schenes et al. (2018) respectively. Figure A.3 presents dispersion curves with associated

uncertainty generated from different surface wave analysis techniques for the site LINC

located to the West of Christchurch (See the main chapter for the location of testing

sites).
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Recorded waveforms from passive-source MAM array testing were utilised to gen-

erate HVSR curves, these curves of the horizontal-vertical spectral ratio can be used to

identify the frequencies corresponding to large impedance contrasts (Teague et al., 2017),

such as those that occur at the transition from soft to stiff deposits. The recorded wave-

forms from each MAM array were individually processed to yield three HVSR curves with

similar characteristics, an HVSR curve can be generated by using the waveform from one

instrument alone however combining curves from multiple instruments ensures a more con-

sistent result. Figure A.2 illustrates HVSR curves for QEII in the North of Christchurch

(See the main chapter for the location of testing sites). Two HVSR peaks can be identified

at 0.21Hz and 2.8Hz which correspond to two different impedance contrasts, the lower of

which corresponds to the fundamental Rayleigh wave ellipticity peak (Malischewsky and

Scherbaum, 2004; Poggi and Fäh, 2010) (which identifies the depth to bedrock) while the

higher peak corresponds to the impedance contrast nearer to the ground surface (most

likely the Christchurch formation - Riccarton gravel transition) (Teague et al., 2017).

Figure A.2: Processed HVSR curves for three different MAM array apertures at a site, the peak
occurring at approximately 2.8 seconds (After Teague et al., 2017)

The geology in the Canterbury region is complex and in shallow depths (z < 200m)

consists of a number of interbedded gravel and fine grained sediments deposed during

cyclic marine transgressions and regressions. Geologic surface models, 3D models that

delineate between differing geologic units, of the interbedded and deeper geologic struc-
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Figure A.3: Dispersion curves for LINC obtained through different processing methods. Curves
from MAM and MASW combine to span low and high frequencies of the dispersion curve
respectively.

ture have been developed in Lee et al. (2017b,a) respectively. These geologic surfaces

were constructed utilising: seismic reflection lines, petroleum wells, water wells and CPT

tests. The depths of eight interbedded gravel and fine-grained-sediment layers (where

applicable), and three deeper tertiary layers are used to constrain inversions.

Joint inversions of dispersion curves and HVSR peaks were conducted using the

open-source software Dinver (Wathelet, 2008). This package solves the forward problem

using a pre-defined parametrisation, a misfit between the theoretical and experimental

dispersion curve and ellipticity peak is then calculated. The neighbourhood algorithm

(Wathelet et al., 2004) is used to optimise the layered earth model to minimise this

misfit. This process results with non-unique solutions which are highly dependent on the

initial user-defined parametrisation which is specified to constrain the inversion to use

realistic velocities and layer depths. Parametrisations are developed from the geologic

surface depths (Lee et al., 2017b,a) in combination with velocity estimates from different

soil types using equations presented in Lin et al. (2010).

Multiple modes for both Rayleigh and Love waves in addition to effective modes may

121



APPENDIX A. SEISMIC VELOCITIES IN CANTERBURY

be present within the processed dispersion curves (Teague et al., 2017; Deschenes et al.,

2018). Selecting portions of dispersion curves for use in the inversions is an iterative

process in which sections of curves are incrementally added after each inversion run. This

results in the rejection of erroneous effective mode and some higher mode data.

A.2.3 Surface wave inversion results

Multiple inversion runs were conducted for each site and the sections of dispersion

curves and parametrisations were iteratively adjusted using the results of previous inver-

sions. Each inversion typically explores 1-2 million layered earth models, the lowest 1000

of which are selected and these are used to generate a single ’median’ profile representative

of the shear wave velocity structure at a site. This median Vs profile is constructed as

the median velocity within each layer and the median depth of the bottom of each layer.

Therefore, this median profile is not one output directly from the inversion however, the

theoretical dispersion curve for this profile is consistent with the observed data. Therefore

the median Vs profile is both statistically representative of the 1000 lowest misfit data

while accurately fitting the observed dispersion curves. Figure A.4 presents dispersion

curve targets with the theoretical dispersion curves from the 1000 lowest misfit profiles

for an inversion. The theoretical dispersion curve for the median profile is also shown, it

can be seen that the dispersion characteristics of the median profile match the observed

data.

A.3 Variogram analysis

Variogram analysis is a two-step procedure in which an emprical variogram is calcu-

lated from the observed data, then a theoretical variogram is fitted to this data. Theoret-

ical variograms can then be utilised to calculate spatial correlations and in the horizontal

direction aid in Kriging a surface to represent regional velocity trends throughout Can-

terbury.

Empirical variograms are calculated by comparing the variance between data sepa-
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Figure A.4: Dispersion curve targets with theoretical curves for the 1000 minimium misfit Vs
profiles and the median profile. kmin/2 is a metric used to characterise the frequecies which the
largest MAM arrays are able to accurately capture (Wathelet et al., 2008)), below this limit
confidence in the accuracy of the measured dispersion curves decreases. (After Teague et al.,
2017)

rated by a given distance. As the observed data is irregularly distributed, data within

specific intervals is binned and averaged to create a smooth empirical semivariogram.

The distance between intervals is referred to as the lag distance (h) while the interval

is the lag tolerance. Equation (A.1) presents the mathematical formulation for the em-

pirical variogram. Where u is a vector of spatial coordinates, z(u) is the variable under

consideration (in this case the velocity residuals) and h is the vector of lag distances.

Empirical variograms were generated by optimising the bin widths and lag distances such

that each bin had a sufficient number of observations to ensure a representative mean.

Theoretical variograms were fitted using a the maximum likelihood technique, with the

sill equalling the variance of the dataset (as for sufficiently large lag distances observations

are uncorrelated therefore the sill equals the product of the standard deviations of the

two variates).

γ(h) = 1
2N(h)

N(h)∑
i=1

[z(ui + h) − z(ui)]2 (A.1)

Equation (A.2) presents the functional form of the exponential variogram model
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adopted for the theoretical variograms, where γ is the semivariance, h is the lag distance,

c is the sill, and a is the range. The sill and range of a variogram characterise the

maximum variance and length over which correlations exist, respectively. The exponential

variogram model was adopted as it was found to provide the best fit amongst conventional

theoretical variogram models. A zero nugget (the semivariance at zero lag distance) was

also adopted as discontinuities in velocities are not expected in the horizontal or vertical

directions within a given geologic layer at the spatial scale considered in this study.

γ(h) = c
(

1 − exp
(−h

a

))
(A.2)

A.4 Vertical correlations

Using the conventional arithmetic definition for lag distance it was not possible to fit a

single variogram that constrained all depths adequately, therefore an alternative definition

(Equation 3.10) was developed. This formulation unifies all layers under a single variogram

model while replicating the correlations from variogram models fitted independently to

the Interbedded and Tertiary layers. Figure A.5 presents a comparison of the correlations

derived from the arithmetic definition and the definition developed in Chapter 3 (Equation

3.10) for two points separated vertically. The correlations for the independent Interbedded

and Tertiary variograms are only a function of depth (that is all points separated by the

same vertical distance have the same correlation), while for the unified variogram model

the correlation is additional a function of the depth of the shallower point (i.e. the

correlation for two points with the same vertical separation decreases with depth). It

can be seen that the correlations from the unified variogram model (using the alternative

lag distance definition) replicate the correlations from the independent variogram models

utilising the arithmetic definition therefore, we have confidence that the unified variogram

model replicates the correlations observed from fitting variograms to the Interbedded and

Tertiary layers independently.
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Figure A.5: Comparison of correlations for δw using the arithmetic and ratio definitions for
lag distance. Correlations for the arithmetic lag formulation (dashed black lines) are shown for
example variograms fitted to the Interbedded and Tertiary layer groupings; correlations using the
ratio lag formulation are shown for a range of vertical separation distances. It can be seen that
the correlations using the ratio lag formulation replicate those of the arithmetic lag definition.

A.5 Mean parametric profiles
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Figure A.6: Velocity profile at LINC

Figure A.7: Velocity profile at SLRC

Figure A.8: Velocity profile at ROLC
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Figure A.9: Velocity profile at TPLC

Figure A.10: Velocity profile at SWNC

Figure A.11: Velocity profile at HORC
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Figure A.12: Velocity profile at RKAC

Figure A.13: Velocity profile at GDLC

Figure A.14: Velocity profile at DFHS
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Figure A.15: Velocity profile at SNBP

Figure A.16: Velocity profile at RHS

Figure A.17: Velocity profile at RWP
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Figure A.18: Velocity profile at QEII

Figure A.19: Velocity profile at PP

Figure A.20: Velocity profile at LS
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Figure A.21: Velocity profile at IF

Figure A.22: Velocity profile at HP

Figure A.23: Velocity profile at GRY
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Figure A.24: Velocity profile at GP

Figure A.25: Velocity profile at FTG

Figure A.26: Velocity profile at CCP
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Figure A.27: Velocity profile at BSP
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Appendix to Chapter 4

B.1 Summary

This section presents the appendix to Chapter 4: Ground motion simulations of Hope

Fault earthquakes.

Rupture models utilised in the sensitivity analysis are presented, in addition to a

table detailing the events utilised in the validation presented.
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B.3 Validation events

Table B.1: Validation event characteristics and number of high quality ground motion records
utilised.

GeoNet Event ID Magnitude (Mw) Number of records utilised

2017p124453 4.0 2

2016p861251 4.7 11

2017p029455 4.1 2

2252479 4.7 8

2016p872063 4.4 8

2016p859336 4.8 9

2017p795065 5.0 13

B.4 Hope Fault Scenario PGA Maps
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Figure B.7: PGA for the Hope Fault reference scenario (units in g).

Figure B.8: PGA for the Western hypocentre Hope Fault scenario (units in g).
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Figure B.9: PGA for the Eastern hypocentre Hope Fault scenario (units in g).
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