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Broadband ground motion simulations for the Canterbury earthquakes with nonlinear effective-
stress modelling of surficial soils 
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PI: Brendon A Bradley, Department of Civil and Natural Resources Engineering, University of 
Canterbury, New Zealand 

 

Abstract 

This SCEC funding provided travel support for the PI to attend the 2014 SCEC annual meeting to 
present on-going work related to broadband ground motion simulations of the 2010-2011 Canterbury 
earthquakes.  This project is a multi-institutional effort with researchers from New Zealand and the USA 
(Rob Graves, USGS, and Brady Cox, UTexas, Austin), and has benefited greatly from interaction with 
SCEC researchers. 

Technical Report 

To date this project has led to the development of a new 3D seismic velocity model of Canterbury, 
New Zealand.  The model explicitly represents the Canterbury sedimentary basin, and other significant 
geologic horizons, which are expected to have important implications on observed ground motions.  The 
model utilizes numerous sources of data, including 3D regional tomography with a variable-depth inferred 
Moho, seismic reflection survey lines, geotechnical boreholes and well logs, spectral analysis of surface 
waves, and CPT logs which provide velocity constraints over their respective ranges of application.  The 
model provides P- and S-wave velocity and density (i.e. !!, !! and !) over a grid of input points, and is 
presently being utilized in broadband ground motion simulations of the 2010-2011 Canterbury earthquakes.  
Comparison of simulated ground motions with those observed in the 2010-2011 Canterbury earthquakes will 
help provide a better understanding of the salient physical processes which characterized the unique set of 
strong ground motions recorded in this sequence of earthquake events 

Exemplary Figure 

See following posters and conference paper summarizing research results. 

Interlectural merits and broader impacts 

The developed 3D velocity model makes use of numerous high quality datasets, and is the first such 
model developed for the region, and in fact NZ.  This project is part of on-going work to simulate ground 
motions from the 2010-2011 Canterbury earthquakes, and addresses the GMSV and EERI SCEC objectives. 

Publications 

In addition to a posters at the 2014 SCEC annual meeting, the project results to date have also been 
published as: 
Lee RL, Bradley BA, Pettinga J, Hughes M, Graves RW. Ongoing development of a 3D seismic velocity 
model of Canterbury, New Zealand for broadband ground motion simulation, in NZSEE Annual Conference: 
Auckland, New Zealand. 2014; 8pp. 
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2. Source rupture generation 
The four largest events (4 Sept 2010, 22 Feb 2011, 13 June 2011 2:20pm, 23 Dec 2011 2:18pm) use source 
geometry informed from the source inversion studies of Beavan et al. (2010, 2012), while the remaining six 
events (Mw4.7-5.8) use source geometry based on magnitude-geometry scaling relationships (as well as 
being alternatively modeled as point sources).  Even in the case of ruptures with finite fault inversions, 
comparisons were made with predicted source dimensions from empirical scaling relationships, because the 
magnitude-geometry coupling has a significant affect on the implied average slip amplitude, and hence ground 
motion intensity.   

The slip distribution from finite fault inversions were not utilized (i.e. the 'scenario EQ' method of GP10 was 
utilized) in order to avoid circular reasoning in the predicted ground motions. 

The kinematic rupture description of the finite sources is based on an updated version of the Graves and 
Pitarka (2010) rupture generator (GP14.3; Graves and Pitarka 2014) currently implemented on version 14.3 
of the SCEC Broadband Platform.  Figure 2 illustrates examples of the slip distributions for four events.  

Low frequency (f≤ 1Hz) ground motion simulations of 10 events in the 
2010-2011 Canterbury earthquake sequence   
Brendon A. Bradley, Robert W Graves   
University of Canterbury, New Zealand. brendon.bradley@canterbury.ac.nz 
USGS, Pasedena. rwgraves@usgs.gov 

1. Background and Objective  3. Velocity time series 

Figure 2: Examples of simulated seismic sources using the GP14.3 rupture generator 
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4. Intensity measures – PGV and low frequency SA 
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2:18pm (Mw5.9)! 12:58pm (Mw5.8)!

23 Dec 2011!

Figure 1: (a) The Canterbury, New Zealand region with the 10 events considered and regional 
distribution of strong motion stations; and (b) the 1D velocity model considered for Christchurch 

Figure 5: Ratio of observed and simulated response spectra: (a) 4 Sept 2010 (Mw7.1); 
and 22 Feb 2011 (Mw6.2) earthquakes 

Figure 4: Comparison of observed and predicted peak ground velocity: (a) 4 Sept 2010 
(Mw7.1); and (b) 22 Feb 2011 (Mw6.2) earthquakes 

Figure 3: Comparison of observed and predicted velocity time series: (a) 4 Sept 2010 
(Mw7.1); and (b) 22 Feb 2011 (Mw6.2) earthquakes 

This poster presents initial results from low frequency (f≤1Hz) ground motion simulations of the 2010-2011 
Canterbury, New Zealand earthquakes.  The 10 most significant earthquake events in the sequence, based on 
magnitude (Mw4.7-7.1) and proximity to the Christchurch urban area were considered as shown in Figure 1a. 

A 3D velocity model is currently under development for the Canterbury region (Lee et al. 2014), however in 
these set of analyses a 1D velocity structure was considered, as shown in Figure 1b.  Ground motions were 
simulated using staggered grid finite differences (Graves 1996). 

Figure 3 illustrates comparisons between observed and simulated velocity time series at a set of 5 stations for 
the 4 Sept 2010 and 22 Feb 2011 earthquakes.  Despite the simplicity of the 1D velocity model, it can be seen 
that at a resonable proportion of strong motions that amplitude and duration of ground motion is well 
captured.  At several stations there is a clear under-prediction of surface waves amplitudes in the 2-5sec 
period range.  

Figures 4 and 5 illustrate the simulated vs. observed PGA and response spectra (SA) intensity measures for 
the 4 Sept 2010 and 22 Feb 2011 earthquakes. Broadly speaking the PGV amplitudes are well predicted, 
although the under-prediction at larger Rrup values is evident in the 22 Feb 2011 event (and also apparent for 
other events not shown here).  Figure 5 clearly illustrates a trend of decreasing ln(obs/sim) ratio as vibration 
period increases.  We expect this is a result of the use of a 1D velocity model, as 3D basin-effects are 
expected to lead to an increase in simulated ground motion amplitudes for T<5s. 



A 3D seismic velocity model of Canterbury, New Zealand for broadband 
ground motion simulation 
Robin L. Lee1, Brendon A. Bradley1, Francesca Ghisetti2, Jarg R. Pettinga1, Matthew W. Hughes1, Ethan Thomson1 

1University of Canterbury, 2TerraGeoLogica  
brendon.bradley@canterbury.ac.nz 

1. Background and Objective  

2. Modelled geologic surfaces 

Table 1: Modeled geologic units in the Canterbury Velocity Model (CVM) 
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Figure 1: (a) The Canterbury region in the context of the 10 major events (Mw4.7-7.1) in the 
2010-2011 Canterbury earthquake sequence and strong motion stations; (b) Data sources used 

in the development of the Canterbury Velocity Model (CVM). 

This poster presents the on-going development of a new 3D seismic velocity model of Canterbury, New 
Zealand.  The intention of the model is to provide the 3D crustal structure in the region at multiple length 
scales for seismic wave propagation simulations, both broadband ground motion and more localized shallow 
site response analyses. 

Figure 1a illustrates the 10 major earthquake events (Mw4.7-7.1) in the region which were recorded over a 
dense array of strong motion stations. 

Multiple datasets were used to develop geologic surfaces and material velocities, as depicted in Figure 1b. 

The 3D velocity model adopts a surface-based methodology in which velocity variations are individually 
prescribed within different geologic units.  Table 1 illustrates the various geologic surfaces considered, and the 
regional units that comprise them.  A total of 8 different units are considered (column 1), and the Quaternary 
unit is further differentiated into 10 different units for high-resolution representation of the shallow structure. 

The shallow Quaternary structure in the 
model of the urban Christchurch area is 
particularly detailed with 10 different 
units, 9 of which comprise the top 150m 
of surficial sediments.   

Figure 1b illustrates the 1,700 water 
wells in the region used to constrain the 
complex inter-bedded stratigraphy in 
Figure 3 (gravels, sands, silts, organics 
etc) near the coastline, including beneath 
urban Christchurch, which has resulted 
from fluvial deposition and marine 
regression and transgression in the 
Quaternary.  

Five different datasets are uti l ized for 
representing seismic velocities within each of 
the various geologic surfaces 

3. Seismic velocities 

Figure 2: Interpreted seismic reflection lines 
used in the development of geologic surfaces 
shown in Table 1.  Several additional 
reflection profiles (dashed lines in Figure 1b) 
have yet to be included. 

Seismic reflection profiles and petroleum well logs over the past 50 years (Figure 1b) are the principal 
means by which the considered units were developed over the Canterbury region. 

Existing reflection profiles were reinterpreted to identify the critical seismic facies representing 
important lithological changes, e.g. using 3 units for the Miocene because of the strong impedance 
constrasts for the Miocene volcanics, yet only a single unit for the Paleogene. 

Figure 2 illustrates the currently incorporated reflection profiles.  Several offshore profiles (dashed 
lines in Figure 1b) are yet to be incorporated.  The weakest coverage is in the urban Christchurch area. 

For the near-surface Springston and Christchurch Formations in the 
Christchurch urban area (z<50m), high-spatial resolution seismic 
velocities (including Vs30) were obtained from over 15,000 cone 
penetration tests combined with a recently developed CPT-Vs 
correlation. Figure 4 illustrates the Vs30 model which was derived 
from this CPT-based dataset (McGann et al. 2014).!

Figure 3: Geologic surfaces of the shallow inter-bedded 
Quaternary structure beneath Christchurch developed 

from water well logs (Figure 1b). 

P-wave velocities in all units were obtained from seismic reflection profiles via a combination of: (1) sonic 
well logs; (2) reflection stacking velocities; and (3) the combination of well lithology and interpreted 
reflection TWTT's where sonic logs and stacking velocities were not available/documented (principally for 
older wells/profiles). 

Basement properties (Vp, Vs, ρ) are 
controlled by 3D regional tomographic data 
(Eberhart-Phillips et al. 2010). 

In deep (z>1km) geologic units, Vs is obtained from the empirical 
correlation of Brocher (2005).  This correlation was validated for 
New Zealand conditions based on the 3D tomographic model data of 
Eberhart-Phillips et al. (2010).  The ρ-Vp of Brocher (2005) is also 
adopted throughout the model domain. 

In shallow (z<1km) geologic units, Vs is obtained directly from 
active- and passive-surface-wave data (Cox et al. 2013). Active data 
includes that obtained with the NSF TRex vibroseis. Active data was 
processed using MASW, while passive data was processed using both 
HFK and MSPAC method.  Geopsy was used for velocity inversion of 
the dispersion data allowing for velocity reversals in the interbedded 
Quaternary stratigraphy.  The geologic surfaces (Figure 3) were 
utilized as constraints in the velocity inversion of disperson data. 

Figure 4: Vs30 model based on 
over 15,000 CPT logs 
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Shallow (z < 30 m) Shear Wave Velocity Characterization of the Urban 
Christchurch New Zealand Region using High-Density CPT Dataset 
Christopher R. McGann1, Brendon A. Bradley2, and Misko Cubrinovski3   
1Postdoctoral fellow; 2Senior Lecturer; 3Professor; Department of Civil and Natural Resources Engineering 

1christopher.mcgann@canterbury.ac.nz; 2brendon.bradley@canterbury.ac.nz; 3misko.cubrinovski@canterbury.ac.nz 
University of Canterbury, Christchurch, New Zealand 

A detailed characterization of the near-surface shear wave velocity (𝑉 ) profile of the greater Christchurch urban area is an 
essential tool for understanding and identifying the processes resulting in the strong ground motions observed due to the events 
of the 2010-2011 Canterbury earthquake sequence.  

1. Background and Objective  

This model depends on the raw cone tip and frictional resistances, 𝑞  and 𝑓  (in units of kPa), as functions of the depth, 𝑧 (in units 
of metres), and returns 𝑉   as a function of depth in units of m/s. The model uses non-constant depth variance to account for the 
greater uncertainty at shallow depths. Figs. 2 and 3 demonstrate the performance of the model through comparison to an SCPTu-
based 𝑉  profile and an independent 𝑉  profile obtained from surface-wave testing and analysis.  

2. Christchurch-specific CPT-𝑽𝒔 Model 

3. Regional 𝑽𝒔 Surface Models  
Data processing criteria were established to evaluate the CPT data for suitability by ensuring consistency in the first 1-2 m below 
the surface (pre-drill zone), and removing all questionable, or non-useful, sites and data points. A total of 10550 CPT sites were 
retained (out of 15364 available) in the processed dataset. The Christchurch-specific CPT-𝑉  model is applied to the processed CPT 
dataset to determine estimated  𝑉  profiles at the CPT. These 𝑉  profiles are used to compute travel time-averaged shear wave 
velocities, 𝑉 , for various target profiles depths, 𝑧, from which smooth surfaces are generated using spatial interpolation. The 
surface models are fit to 200m x 200m grids where each grid point is within 300 m of a CPT site to ensure the surfaces focus only 
on well-constrained estimates. Fig. 4 shows the distributions of 𝑉  (i.e. target depth = 5 m) for the CPT sites and interpolated 
surface. Aspects of the 𝑉  surface can be linked to known geological and historical features; the region of higher 𝑉  near Bryndwr 
corresponds to an overbank gravel deposit, and the regions of very low 𝑉  (e.g. near Papanui) are correlated with in-filled 
swamps as indicated in the 1856 ‘black maps’ of Christchurch. Areas without data correspond to regions of surficial gravel 
deposits (primarily in western Christchurch) or uninhabited zones. 

  

The large, high-spatial-density database of approximately 15550 individual 
cone penetration test (CPT) logs from sites throughout Christchurch (see 
Fig. 1) made available through the Canterbury Geotechnical database 
presents a unique opportunity for such a detailed characterization of the 
near-surface 𝑉  model of the region. 

The current development of this near-surface 𝑉  model for Christchurch 
can be divided into three main phases: 

Fig. 1: Available CPT records in Christchurch showing 
depth to top of Riccarton Gravel. 

The development of a Christchurch-specific empirical 
model to predict 𝑉  from CPT data using seismic 
piezocone data compiled from sites throughout the 
Christchurch area.   

The application of this model to the available CPT 
dataset to create a regional shear wave velocity model 
that can be used for region-wide applications such as 
site site classification (e.g. NEHRP site classes based 
on 𝑉 ). 

The development of typical shear wave velocity and 
soil behaviour type profiles for various subregions of  
Christchurch that can be used for site-specific 
applications such as the evaluation of site effects 
related to the typical near-surface stratigraphy of these 
subregions.  

Seismic piezocone (SCPTu) data obtained from 86 sites in the greater Christchurch, New Zealand area are used with multiple 
linear regression to develop an empirical correlation for predicting soil shear wave velocities from CPT data. An appropriate 
regression functional form was selected through consideration for various possible model functions and predictor variables. The 
final CPT- 𝑉  model has the form:                                       

 

Fig. 3: Comparison of estimated CPT- 𝑉  profile 
(black line) with measured surface-wave 
analysis 𝑉  profile (red line). 

Fig. 2: Comparison of estimated and measured shear wave velocity 
profiles at an SCPTu database site. 

Fig. 6: Regional 𝑉  surface model. 

Fig. 4: 𝑉   at CPT sites and associated regional 𝑉  surface model. 

Fig. 7: 30 m 𝑉  profiles for 8 Christchurch 
subregions with median (solid) and +\- 
standard deviation (dashed) profiles. 

Fig. 8: Transfer functions 
for Christchurch subregions. 

The soil profiles in Christchurch are highly stratified, therefore, as shown in Fig. 5, 
there is little correlation between 𝑉  and 𝑉  for shallow 𝑧 values. A primary reason 
for this is the presence of the Riccarton Gravel (uppermost gravel layer underlying 
current post-glacial soils) in the near-surface zone. An estimated Riccarton Gravel 
surface developed from well log data is used to compute 𝑉  values at the CPT 
locations. Fig. 6 shows the regional 𝑉  surface developed from the CPT-based 
data. With the exception of gravel deposits in the west, the 𝑉   surface reveals a 
general trend of increasing 𝑉  for CPT-penetrable soils moving from west to east, 
with a distinct increase in stiffness for the marine/dune sand deposits in the east as 
compared to the alluvial soils in the west. Despite the apparent variability in 𝑉  
shown in Fig. 6, the considered soils can be characterized as either NEHRP site 
class D (180 < 𝑉 < 360 m/s) or site class E (𝑉 < 180 m/s). 

The observed lack of correlation between 𝑉  and 𝑉  for 𝑧 = 5, 10 m shown in Fig. 5 
suggests that expected seismic site response cannot be well represented by a single 
metric such as 𝑉 . Typical 𝑉  profiles are developed for a series of subregions of 
Christchurch (see boxed areas in Fig. 6) to investigate this further. The selected 
subregions encompass areas of nearly constant 𝑉  and were selected to represent a 
variety of site conditions and soil types. Fig. 7 shows the 𝑉  profiles for all of the CPT 
records in each  subregion  (grey lines)  along  with 
characterizations of the median profiles and the 
variance in each dataset. Median profiles were 
computed as the average of the 𝑉  values for all 
CPT logs with data at each depth. Velocities within 
the Riccarton Gravel (portions of profiles without 
variance) were assumed.   

As shown in Fig. 7, there is a significant amount of 
variability in terms of 𝑉  values and depth to the 
top of the Riccarton Gravel. The uncertainties in 
the median profiles are relatively small, indicating 
that these typical profiles are reasonable 
representations of the considered subregions. 
Transfer functions were computed for the median 
𝑉  profiles to assess the differences in low 
amplitude site response for the subregions. As 
shown in Fig. 8, there is a high degree of 
variability in the transfer functions for subregions 
with nominally identical 𝑉  values, indicating that 
similar 𝑉  does not necessarily correspond to 
similar seismic site response.   

CPT sites model surface 

Fig. 5: Comparison of 𝑉  with 𝑉  for 
𝒛 = 𝟓, 𝟏𝟎, 𝟏𝟓, 𝟐𝟎, 𝟐𝟓 m. 

4. 𝑽𝒔 Profiles for Subregions of Christchurch 



Characterization of dynamic soil properties and stratigraphy at Heathcote 
Valley, New Zealand, for simulation of 3D valley effects
Seokho Jeong1, Brendon A. Bradley1, Christopher R. Mcgann1, and Gregory P. De Pascale2
1Department of Civil and Natural Resources Engineering, University of Canterbury
2Fugro Geotechnical NZ 

1. Motivation and Objective

Figure 2 illustrates the topography of Heathcote
valley and locations of sCPT test sites. It is a V-
shaped valley facing north, surrounded by volcanic
foothills located at Port Hills, Christchurch.

Loess is predominant in surficial soils in the Port
Hills area, and it has shear wave velocity
Vs≈350m/s. Thickness of surficial soil varies from
a few meters to 35 meters at Heathcote valley.

HVSC is located near the edge of the valley, as
shown in Figure 2, and is just 50 meters behind a
8 meter high steep cut slope, formed during a rail
tunnel construction. A 2D schematic of the valley
cross section at HVSC is shown in Figure 3.

2. Site Overview and Test Locations

Figure 4: Shear wave velocity profiles, its 
mean, and standard deviation, obtained 
from sCPT tests. Red dashed line shows a 
power law equation fitted to data4. Seismic Refraction and MASW

Figure 2: Maps showing the Lidar based digital elevation model 
(DEM, left) and the gradient (right) of the Heathcote valley. sCPT 
test sites are located with black circles. Location of HVSC is shown 
with a red triangle.

Figure 1: Ground motions recorded at Heathcote valley station (HVSC), compared with records at Lyttelton port 
company station (LPCC). LPCC is approximately 4km away from HVSC and is located on volcanic bedrock. 
Ground motions recorded at HVSC exhibited consistently higher intensities compared with LPCC and other 
nearby strong motion stations. 

Figure 7: A contour map showing the sediment depth obtained 
by spatial interpolation of test data. Subplots on top and on the 
left of the main plot show cross sections of the valley and the 
velocity approximated by a power law equation.

We performed seismic refraction surveys
and multi-mode MASW at multiple sites in
Heathcote valley, using 24 horizontal and
24 vertical geophones and a 5kg sledge
hammer.

Figure 5 shows a typical Rayleigh wave
dispersion curve. Most surveys exhibited
multiple modes in the dispersion curve
with strong contributions from higher
modes, requiring simultaneous inversion
of multiple modes.

Figure 6 shows a comparison of the shear
wave velocity profiles obtained from sCPT,
seismic refraction, and MASW. Velocity
profiles from different test methods
generally agreed well. Most importantly,
MASW was able to identify the thickness of
the surficial soils, whereas it was difficult
to resolve deeper than 15 meters with the
seismic refraction survey due to the rapid
increase of shear wave velocity as a
function of depth.

HVSC

Horizontal                                                    Vertical

The 2011 Christchurch earthquake exhibited unusually intense ground motions. Peak ground acceleration recorded at Heathcote
Valley School station (HVSC) exceeded 2g in vertical component, and 1.4g in horizontal component. Ground motions recorded at
HVSC during the 2010-2011 Canterbury earthquake sequence also exhibited consistently higher intensities compared with nearby
strong motion stations (see Figure 1). HVSC is located close to the edge of Heathcote valley, where the sediment thickness is
approximately 10~20m, with shear wave velocity Vs≈350m/s.

Figure 3: A 2D schematic of valley cross 
section at HVSC.

3. Seismic CPT
Fugro Geotechnical (NZ) performed 15 sCPT soundings at Heathcote valley.
Locations of the soundings are plotted with black circles in Figure 2. During the
survey, we continued the penetration until refusal, at which point the tip
resistance (qc) usually exceeded 40MPa.

Thickness of sedimentary layers obtained from sCPT ranged from a few meters
near the edge of valley to 35 meters at the deepest location. The thickness of
sediments obtained from CPT, corroborated by MASW survey is spatially
interpolated using a Kriging algorithm to estimate the surface of the weathered
rock (Vs=800~1500m/s), which underlies the surficial sediments.

Figure 4 shows the shear wave velocity profiles obtained from sCPT, along with
the mean and standard deviation of all profiles. We found that the velocity of
the loess in this area strongly depends on the confining pressure, a typical
characteristic of granular material. This pressure dependence can be
approximated by a power law equation shown as a red dashed line in Figure 4.

We synthesized data obtained from sCPT, seismic refraction
and MASW, for developing a 3D representation of dynamic soil
properties and the rock topography at Heathcote valley.

Figure 7 shows a contour plot of sediment depth, determined
by spatial interpolation (Kriging) of discrete datapoints,
obtained by sCPT and MASW. Subplots on top and on the left
of the main plot show cross sections of the valley with filled
contours of shear wave velocity. Currently, the shear wave
velocity of soil is approximated by a simple power law
equation shown in Figure 4. The boundary of rock outcrop is
delineated utilizing the DEM and satellite imagery, as shown in
black solid line in Figure 7.

We have planned additional seismic refraction and MASW, to
improve the spatial coverage of our data. We plan to
approximate inelastic constitutive behavior of soil based on its
elastic properties, obtained from seismic testings, and shear
strength estimated from CPT resistance readings.

While currently the velocity is approximated by a simple power
law equation, we plan to improve our model by considering
the spatial variability of observed velocities.

We suspect basin-diffracted Rayleigh waves played a significant role in amplifying the intensity of ground motions at Heathcote
valley.

It is also likely that the ground motion intensity was affected by topography effects; the station is located very close to the
Heathcote portal of Lyttelton rail tunnel, which has very steep cut slopes about 8 meters high on each side.

The objective of this study is to develop a complete 3D representation of dynamic soil properties at Heathcote valley, necessary
for detailed numerical simulation of 3D site effects observed in Heathcote valley.

Shear wave velocities of surficial soils are characterized by synthesizing data from Seismic CPT (sCPT), seismic refraction, and
multichannel analyses of surface wave (MASW).

Sediment thickness is determined from CPT refusal depth and MASW survey result.

5. Current State and Work in Progress

Figure 5: A typical Rayleigh wave dispersion 
curve at Heathcote valley. Most survey 
exhibit multi-mode dispersion with strong 
higher modes.

Figure 6: Comparison of shear 
wave velocity profiles from 
various tests. Rock depth 
estimated from MASW agrees 
well with CPT refusal depth.
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ABSTRACT: This paper presents a seismic velocity model of Canterbury, New Zealand 
based on 3D geologic surfaces and velocities from a range of data sources.  The model 
provides the 3D crustal structure in the region at multiple length scales for seismic wave 
propagation simulations, such as broadband ground motion and shallow site response 
analyses related to understanding the ground motions and site responses during the 2010-
2011 Canterbury earthquakes.  Pre-Quaternary geologic horizons are calculated based on 
the reinterpretation of a comprehensive network of seismic reflection surveys from seven 
different campaigns over the past 50 years, as well as point constraints across an array of 
petroleum industry drill holes.  Particular attention is given to a detailed representation of 
Quaternary stratigraphy, representing shallow (z<250m) near-surface layers in the model.  
Seismic velocities are obtained from seismic reflection processing (for Vp) and also 
recently performed active and passive surface wave analyses (for Vs).  Over 1,700 water 
wells in the region are used to constrain the complex inter-bedded Quaternary 
stratigraphy (gravels, sands, silts, organics etc.) near the coastline, including beneath 
urban Christchurch, which has resulted from fluvial deposition and marine regression and 
transgression.  For the near-surface Springston and Christchurch Formations in the 
Christchurch urban area (z<50m), high-spatial resolution seismic velocities (including 
Vs30) were obtained from over 13,000 cone penetration tests combined with a recently 
developed CPT-Vs correlation. 

1 INTRODUCTION 

The 2010-2011 Canterbury earthquake sequence produced severe ground motions which caused 
significant ground failure and structural damage in Christchurch city and its surrounding suburbs.  A 
large number of ground motions from these earthquakes were recorded due to a dense array of strong 
motion instruments over the Canterbury plains, producing a dataset which exhibits numerous ground 
motion phenomena such as rupture directivity, basin-generated waves, basin edge effects, and 
nonlinear surficial soil response (Bradley, 2012; Bradley & Cubrinovski, 2011).  Such observations 
provide an unparalleled opportunity for new ground motion understanding.  However, although 
empirical ground motion prediction equations (GMPEs) allow for a comparison of these ground 
motions, they provide little insight into the underlying physics of these observations.  Hybrid 
broadband ground motion simulation (e.g. Graves & Pitarka, 2010) is a physics-based approach which 
can produce synthetic ground motions that properly represent the complex geology within a region 
providing an opportunity to fundamentally understand the salient features of the ground motion 
phenomena.  Such simulations require a realistic 3D seismic velocity model as a domain for the 
numerical solution of the seismic wave propagation equations. 

In this paper, a seismic velocity model for hybrid broadband ground motion simulation of the 2010-
2011 Canterbury earthquakes is presented based on 3D geologic surfaces and velocities.  The 
Canterbury Velocity Model (CVM) represents the 3D variation of P- and S-wave velocity and density 
(!!, !! and  ) of the Canterbury region and hence must sufficiently represent the critical aspects of the 
crustal structure over multiple length scales.  As a result, numerous sources of data are utilized in the 
model formulation to provide adequate resolution where necessary. 
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An overview of the velocity model data sources and geologic units considered is firstly presented.  
The development of geologic surfaces for the pre- and post-Quaternary are then discussed separately.  
Finally, the specification of velocity variations within each geologic unit is then discussed. 

2 VELOCITY MODEL OVERVIEW 

The velocity model adopts a geologic surface-based methodology in which 3D surfaces are utilized to 
define the boundaries of different geological units which subsequently have different geophysical (e.g. 
P-, S-wave velocities and densities) and geotechnical properties.  The geologic units considered are 
shown in Figure 1.  The Quaternary geology is characterized in finer detail to ensure the spatial 
complexities and inter-bedded nature, which are expected to be important in high-frequency ground 
motion simulation are adequately modelled.  Rules used to prescribe material properties include linear 
and 3D interpolation in space as guided by the experimental data relevant to the grid point in the 
velocity model.  Thus, for each (Lat,Lon,Depth) point at which the model properties are required, the 
relevant bounding 3D surfaces are first determined, and then the appropriate rule-based model utilized 
to compute !!, !! and !.  The model domain is currently a rectangular area between  
Lat = [-43.2˚,-44.0˚], and Lon = [171.5˚,173.0˚], and extends to a depth of 50km below sea level.  This 
essentially spans the area between the foot of the Southern Alps in the North West to Banks Peninsula 
in the East as shown in subsequent figures. 

 

Figure 1. Modelled geologic units in the Canterbury Velocity Model (CVM) 

The velocity model is intended to provide the 3D crustal structure in the region at multiple length 
scales for seismic wave propagation simulations, both broadband ground motion and more localized 
shallow site response analyses.  Therefore numerous sources of data are required to adequately 
constrain the model at different depths and length scales of interest.  Figure 2 shows the distribution of 
numerous data sets across the Canterbury region used for the velocity model.  Water wells, surface 
wave testing and geotechnical investigations constrain the shallow depths of the model (generally 
Quaternary materials) while seismic reflection surveys and petroleum wells constrain the moderate to 
large depths (generally pre-Quaternary materials).  Basement geophysical properties are constrained 
by regional tomography data (Eberhart-Phillips et al., 2010) not shown in Figure 2. 

3 PRE-QUATERNARY GEOLOGIC SURFACES 

The characterisation and representation of the deeper, pre-Quaternary geology is a significant 
component of the velocity model.  The deeper geology corresponds to the stratigraphy between the 
Quaternary geology and geologic basement (as shown in Figure 1).  As with the Quaternary geology, 
the horizons between geologic units are capable of producing large velocity contrasts due to their 
depositional history and different material properties. 
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Figure 2. Data sources used in the development of the Canterbury Velocity Model (CVM) 

The primary constraint for the pre-Quaternary geology is a dense and comprehensive network of 
seismic reflection surveys, shown in Figure 3 (as well as Figure 2), originating from seven different 
campaigns over the past 50 years; primarily for petroleum exploration and post-earthquake 
reconnaissance (Pettinga et al., pers comm; Barnes et al., 2011; Dorn et al., 2010; Schlumberger Geco-
Prakla, 1998, 1999, 2000).  The majority of the seismic reflection lines have been reinterpreted due to 
recent developments providing better understanding and constraints than in previous interpretations.  
This has resulted in better identification and consistency of critical seismic facies representing 
important lithological changes.  The depth conversion of the reflection lines has been carried out with 
two way travel times (TWTT) velocities that were principally constrained by petrol well logs, and 
migration velocities.  Both onshore and offshore seismic reflection lines are used to constrain the 
deeper geology of the velocity model to ensure a consistent and representative model across the entire 
model domain.  The Barnes et al. (2011) lines in the Pegasus basin and SIGHT lines (University of 
Texas Institute for Geophysics, UTIG) in the South Canterbury basin constrain the offshore areas. The 
IndoPacific (IP) (Schlumberger Geco-Prakla, 1998, 1999, 2000) lines, Pettinga et al. (pers comm) and 
Dorn et al. (2010) lines are used to constrain the onshore areas.  The reflection lines were 
complimented with other constraints such as petroleum industry drill holes, documented geologic 
outcrops and cross sections.  Based on these constraints, regression Kriging was utilized to produce 
the geologic surfaces over the model domain.  

Figure 4 illustrates, as an example of the several pre-Quaternary surfaces, a contour plot of the 
basement surface (elevation relative to mean sea level) along with the reflection lines used in the 
kriging process and a digital elevation model for areas where basement is considered as outcropping.  
This plot illustrates many features characteristic of the geologic basement.  The Banks Peninsula 
region has a pronounced local high which is a consequence of the historic volcanic activity.  The 
saddle structure between Darfield and Rolleston is produced as a geologic consequence of the local 
high at Banks Peninsula and the outcrop at the foot of the Southern Alps.  Along the Southern Alps 
range front there are steep gradients present which correspond to extensive faulting, such as the 
Hororata fault and Montalto fault.  The contour plot also explicitly highlights the Rakaia and Pegasus 
sedimentary basins to the south and east of Darfield, respectively, which are well constrained from 
reflection lines.  The Pegasus basin, in particular, consists of a very complex structure due to severe 
offshore faulting.  It is highly likely that the complexity seen in regions of high constraint also exists 
elsewhere in the Canterbury plains, but in the absence of direct physical constraints the adopted 
surfaces provide a relatively smooth surface. 
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Figure 3. Perspective view of interpreted seismic reflection lines used in the development of deeper 
geologic surfaces. 

 

Figure 4. Contour plot of the basement surface including reflection line constraints (grey lines). 
Outcropped areas are shown as existing topography in the form of a digital elevation model. 
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4 QUATERNARY GEOLOGIC SURFACES 

As already noted, the detailed representation and characterisation of the Quaternary units (as shown in 
Figure 1), is a major component of this velocity model.  The horizons between these Quaternary units 
often produce large velocity contrasts due to material and depositional differences, which are capable 
of significantly altering seismic waves, and leading to numerous wave phenomena relevant to the 
Canterbury earthquake sequence such as basin effects and nonlinear soil behaviour. 

Over 1700 water well logs (as shown in Figure 2) from Environment Canterbury (ECan) across the 
Canterbury region were the primary constraints used in the development of the Quaternary surfaces.  
The well log data were inspected, and lower quality logs removed, to obtain depths to the 
aforementioned Quaternary horizons at numerous locations.  Information of maximum inland extents 
of paleo-coastlines were utilized to specify the domain of which inter-bedded (marine and terrestrial) 
Quaternary units were expected (red boundary in Figure 5).  To the west of this inter-bedded region, 
the Quaternary is generally gravel dominated, and a single (undifferentiated gravels) geologic unit is 
sufficient. 

Figure 5 shows the seven Quaternary surfaces which are recognised to comprise the top ~150m of 
surficial sediments below the urban Christchurch area.  The complex, inter-bedded (gravels, sands, 
silts, organics etc.) stratigraphy near the coastline which has resulted from fluvial deposition from the 
mountains and marine regression and transgression due to sea level changes which occurred in the 
Quaternary age can be seen.  Figure 6 provides an illustration of the thickness of the Christchurch 
Formation (i.e. depth from the ground surface to the top of the Riccarton Gravels).  This figure 
illustrates the detailed representation of the spatial variation in unit thicknesses, with the numerous 
marine formations generally increasing in thickness on the eastern, coastal sides, and tapering to zero 
thickness on the western side at their maximum inland extents. 

 

Figure 5. Geologic surfaces of the inter-bedded Quaternary structure beneath Christchurch. 
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Within the Quaternary surfaces, the younger surfaces are better constrained as more wells penetrate 
their respective horizons.  Thus the top of the Riccarton Gravels horizon is the most well constrained 
of the Quaternary surfaces, with over 1500 wells penetrating its top, while the top of the Wainoni 
Gravels surface is the least well constrained with only 222 wells penetrating its top.  There is little 
constraint and documentation of the Quaternary stratigraphy and structure below the Wainoni gravels 
which results in the top of the Wainoni gravels being the deepest of the Quaternary surfaces explicitly 
modelled.  The Quaternary structure below the Wainoni Gravels is consequently categorized as 
undifferentiated gravels. 

 

Figure 6. Contour plot of the Christchurch Formation thickness. 

5 SEISMIC VELOCITIES 

The prescription of seismic velocities is also a significant component of the velocity model.  
Currently, five different datasets are utilized for representing seismic velocities within each of the 
various geologic surfaces.  The basement properties are controlled by 3D regional tomographic data 
(Eberhart-Phillips et al., 2010).  P-wave velocities in all geologic units were obtained from seismic 
reflection profiles via a combination of: (1) sonic well logs; (2) reflection stacking velocities; and (3) 
the combination of well lithology and interpreted reflection TWTT’s where sonic logs and stacking 
velocities were not available or documented (principally for older wells/profiles). 

In deep (z>1km) geologic units, S-wave velocity is obtained from the empirical correlation of Brocher 
(2005).  This correlation was validated for New Zealand conditions based on the 3D tomographic 
model data of Eberhart-Phillips et al. (2010).  The density-P-wave velocity correlation of Brocher 
(2005) is also adopted throughout the model domain.  In shallow (z<1km) geologic units, !! is 
obtained directly from shear wave profiles derived from forward modelling of active- and passive-
wave data (Cox et al., 2013).  Active data includes that obtained with the United States National 
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Science Foundation’s (NSF) TRex vibroseis.  The Quaternary surfaces (Figure 5) were utilized as 
depth constraints in the velocity inversion of surface wave dispersion data. 

For the near-surface Springston and Christchurch Formations in the Christchurch urban area (z<50m), 
high-spatial resolution seismic velocities (including !!!") were obtained from over 13,000 cone 
penetration tests combined with a recently developed CPT-!! correlation.  Figure 7 illustrates the !!!" 
model which was derived from this CPT-based dataset (McGann et al., 2015). 

 

Figure 7. !!"# model based on over 13,000 CPT logs (after McGann et al., 2015). 

6 CONCLUSION 

A seismic velocity model of the Canterbury region was developed based on 3D geologic surfaces and 
velocities.  The model follows a rule-based approach which prescribes P- and S-wave velocities, and 
density values to a point in 3D space from the appropriate data set depending on which geologic 
surfaces the point lies between.  Data sets such as regional seismic tomography, seismic reflection 
surveys, well logs and shear wave profiles from surface wave analysis were employed to ensure that 
the velocity model represents the critical aspects of the crustal structure of the region.  Numerous 
geologic surfaces have been produced, with particular attention given to the detailed characterization 
of the interbedded Quaternary geologic structure.  The 3D seismic velocity model of the Canterbury 
region will enable synthetic ground motions to be computed using hybrid broadband ground motion 
simulations and site response analyses which will provide a means to understand the salient physical 
processes which resulted in the ground motions observed in the 2010-2011 earthquakes as well as 
predict future seismic scenarios of interest in this region. 
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