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ABSTRACT

The Hikurangi Subduction Zone in New Zealand can produce very large megathrust earthquakes similar to the 2004 Sumatra
M,9.2, 2010 Maule M,8.8, and 2011 Tohoku My9.0 earthquakes. Although the associated ground motions would pose
significant seismic hazard to much of New Zealand, the last known large earthquake of this type in New Zealand occurred
around 1855 and therefore no observed ground-motion records are available. In this study, we present progress towards
simulation of realistic ground motions from megathrust earthquakes along the Hikurangi Subduction Zone using physics-based
hybrid broadband ground-motion simulation. Although ground-motion simulations have been previously performed for
megathrust earthquakes on the Hikurangi Subduction Zone, this study is the first to incorporate simulation models validated
using observed ground motions from subduction interface earthquakes in New Zealand. Ground-motion simulations will be
conducted for probable scenarios to produce a distribution of ground-motion estimates of various intensity metrics for locations
throughout New Zealand. Ground-motion sensitivity to rupture characteristics such as hypocentre location, subevent location,
rupture velocity, and variation of subfault slip will be investigated and quantified. It is hoped that the interface-specific
simulated waveforms and estimated ground-motion intensities will be useful for seismic hazard analysis, risk mitigation, and
disaster preparedness.
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INTRODUCTION

The Hikurangi Subduction Zone in New Zealand (NZ) has been identified as being capable of producing very large magnitude
subduction megathrust earthquakes [1]; however, because this type of earthquake has not occurred in NZ since records began,
likely rupture scenarios are relatively unconstrained and realistic ground motions are poorly quantified. The 2004 Sumatra
M,9.2, 2010 Maule M,8.8, and 2011 Tohoku M9.0 megathrust earthquakes resulted in great loss of life, significant and
widespread destruction of infrastructure, and provide the impetus to assess probable impacts from megathrust earthquake
ground motions in NZ. In this paper, progress towards ground-motion simulation of megathrust earthquake scenarios on the
Hikurangi Subduction Zone using physics-based ground-motion simulation and a compound rupture model is presented.

BACKGROUND
Hybrid Broadband Ground-Motion Simulation

This study uses the hybrid broadband ground-motion simulation approach [2]. Hybrid broadband ground-motion simulation is
a physics-based method which combines a comprehensive 3D wave propagation solution at low frequencies with a simplified
physics solution at high frequencies. The low- and high-frequency components are combined using a perfectly-matched 4™
order Butterworth filter to produce a broadband ground motion.
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Empirical ground-motion models could alternatively be used to provide estimates of earthquake ground-motion intensity
metrics; however, these empirical models are based on global ergodic assumptions, limited datasets (which tend to be
dominated by small-to-moderate magnitudes), and don’t include explicit treatment of important features of megathrust ruptures.
Meanwhile, physics-based ground-motion simulation can leverage improved characterization of salient source, path, and site
characteristics validated on small- and moderate-magnitude earthquake ground motions, making it particularly useful for
megathrust earthquake ground-motion prediction.

Subduction Megathrust Simulations in Published Literature

Both forensic simulation studies, which aim to recreate salient characteristics of past events (e.g., [3,4]), and scenario simulation
studies, which aim to forecast likely characteristics for future events (e.g., [5,6]), have been conducted for global megathrust
earthquakes. These studies generally implement various forms of a compound rupture model wherein the rupture model is
comprised of a typically high-slip background rupture and smaller typically deep subevents with shorter rise times. Background
and subevent rupture model properties for selected examples are summarized in Tables 1 and 2, respectively.

Table 1. Background rupture model properties of selected ground-motion simulation studies using compound rupture
models: 2003 Tokachi-Oki M,,8.3 [4]; 2010 Maule M,,8.8 [3]; 2011 Tohoku M,,9.0 [7]; Cascadia M,,9.0 [6,8]; and
Hikurangi M,,8.6 [5].

Background 2003 2010 2011 Cascadia Hikurangi
Rupture Model Tokachi-Oki Maule Tohoku M.9.0 M.8.6
Property M.8.3 M.8.8 Mw9.0 Scenario Scenario
Dimensions 100x100 km 150x530 km 200x380 km - 120x630 km
Rupture velocity 3.5 km/s 2.5 km/s 2.2-2.8 km/s 2.3 km/s 80% Vs
Slip correlation 40x20 km 100x500 km 15x15 km 200x500 km ds1ip=85%
Slip velocity - 1.3 m/s - 0.65 m/s -
Peak slip - 10 m 60 m - -

Table 2. Subevent rupture model properties of selected ground-motion simulation studies using compound rupture models:
2003 Tokachi-Oki M,,8.3 [4]; 2010 Maule M,,8.8 [3]; 2011 Tohoku M,,9.0 [7]; Cascadia M,,9.0 [6,8], and Hikurangi M,,8.6

[5].

Subevent 2003 2010 2011 Cascadia Hikurangi
Rupture Model Tokachi-Oki Maule Tohoku Mw9.0 Mw8.6
Property Mw8.3 Mw8.8 Mw9.0 Scenario Scenario
Number 3 4 3 5 4
Magnitudes M,7.0-7.2 M,7.9-8.2 M,8.0 M,8.0 M,7.0-7.5
Areas 4-9x10? km? 5-10x103 km? - - 2-6x103 km?
Location Deep Deep - Deep Deep
Slip correlation Smaller 50x50 km 15x15 km 50x50 km ds1ip=85%
Slip velocity Increased 5.4 m/s 15.0 m/s 5.4 m/s -
Relative slip Increased Increased - Increased Increased

PROGRESS TOWARDS HIKURANGI SCENARIO SIMULATIONS
Validated Simulation Models for Interface Ruptures

Subduction-specific simulation models validated for small- and moderate- magnitude subduction interface earthquake ground
motions will be implemented as the median properties for the source rupture models. Stress parameter (bar), Ac, for the
background rupture will be modelled with linear dependence on depth (km), D: Ac = 10 + 1.25D. Kinematic rupture velocity
will be set as 75% of the shear wave velocity, V;, at each subfault. Hypocentre depth will be located 10% of the rupture width
down-dip from mid-depth. The coefficient of variation of slip across subfaults will be specified as 85%. These interface-specific
rupture properties are compared with those validated for crustal [9] and slab earthquakes in Table 3.
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Table 3. Selected median source rupture properties for interface ground-motion simulation compared with reference values
for crustal and slab ground-motions.

Interface Crustal Slab
Stress parameter (bar) 10+1.25D 50 50+2D
Rupture velocity (% of Vs) 75% 80% 90%
Hypocentre depth 10% down-dip Mid-depth Mid-depth
Coefficient of variation of slip (%) 85% 75% 75%

Source Generation for a Cascadia Megathrust Rupture Scenario

Although extensive physics-based ground-motion simulations have been done for earthquakes in New Zealand, these have
generally considered small- to large-magnitude earthquakes. Megathrust earthquakes present several challenges. They need
very large rupture models which require significant computational resources to generate and visualize. They have non-planar
rupture geometries which are not accurately represented with planar fault segments due to their large size. Furthermore, there
are high stress drop asperities which have been shown to have a dominant effect on strong ground motion generation [4] and
require special treatment.

We have utilized a compound source rupture model which has been used previously for megathrust rupture scenarios on the
Cascadia Subduction Zone [6,8]. This rupture model generator can handle very large and non-planar rupture geometries and
includes explicit treatment of asperities by including high stress drop subevents surrounded by a larger background rupture.

We have modified the median properties for this rupture generator to include the interface earthquake ground-motion simulation
models for hypocentre location, stress parameter, and rupture velocity validated on small- and moderate-magnitude interface
earthquakes in NZ. A compound model for a median rupture scenario on the Cascadia Subduction Zone was developed in the
Standard Rupture Format [10] for compatibility with the hybrid broadband simulation approach [2]. An example compound
rupture model for Cascadia, which is comprised of single background rupture and five subevents, is shown in Figures 1 and 2.
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Figure 1. Depth (left), rupture time (centre), and rise time (right) for an example compound rupture model along the
Cascadia Subduction Zone [6,8] in the Standard Rupture Format [10].
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Figure 2. Slip for the background (left), subevent (centre), and combined (right) rupture components for an example
compound rupture model along the Cascadia Subduction Zone [6,8] in the Standard Rupture Format [10].

Hikurangi Source Rupture Model Generation

The next step in this study will be to develop compound source rupture models for megathrust ruptures along the Hikurangi
Subduction Zone. Interface geometry for the Hikurangi interface [11], will be used to generate the rupture surface geometry.
The up- and down-dip rupture extents will be guided by the seismogenic depths determined for the Hikurangi Subduction Zone
[12].

Due to knowledge uncertainty of the on-fault stress and strength distribution, the source characteristics for a megathrust event
are impossible to know in advance. To explore sensitivity of the simulated ground motions to various possible rupture
characteristics, the main features of the rupture, which have been shown to significantly affect simulated ground motions (e.g.,
[4]) will be varied. This will result in a suite of multiple rupture scenarios that will be considered. Important rupture
characteristics which will be explored in sensitive studies, as shown in Table 4, include: hypocentre location, rupture velocity,
stress parameter, subevent location, and subevent magnitude.

Table 4. Rupture characteristics to be investigated in sensitivity studies of multiple rupture scenarios where depths are
relative to top of rupture as a percentage of rupture width, W, and positions are relative to the centre of the top of rupture as
a percentage of rupture length, L.

Property Median Lower Limit Upper Limit
Along-strike position Mid-strike -10% L +10% L
Subevents Along-dip depth 75% W 65% W 85% W
Magnitude, My 7.9 7.7 8.1
H ¢ Along-strike position Mid-strike -50% AS +50% AS
ypocentre Along-dip depth 60% W 0% W 100% W
Rupture Rupture velocity (% of V) 75% 60% 90%
Stress parameter (bar) 10+1.25D 5+0.625D 15+1.875D

Other rupture characteristics, such as lateral extent of the background rupture, number of subevents, and seismogenic depth
have been shown by others (e.g., [4]) to have little effect on strong ground motion; therefore, only a single background rupture
extent will be implemented and all scenarios will have 4 subevents similar to previous Hikurangi megathrust simulations [5].
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The southern rupture extent of the background rupture is likely bounded by the transition zone between the Marlborough fault
system and the Cascadia Subduction Zone due to fault system interactions at this transitional plate boundary [13]. The southern
extent of the region of inter-seismic coupling for the Hikurangi Subduction Zone has been determined to be approximately
along the Cook Straight which separates the North and South Islands [14]. In this study, the southern and eastern extent of the
background rupture is set at the latitude and longitude of Lake Grassmere, respectively; this is a convenient selection which is
close to the Cook Straight and Marlborough fault system transitions. The exact delineation of the southern rupture extent is
expected to have only a small effect on the simulated ground motions [4].

The interface geometry for the Hikurangi Subduction Zone and the rupture extents within the seismogenic zone is shown in
Figure 3 and 4, respectively.
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Figure 3. Interface geometry of the Hikurangi Subduction Zone [11].
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Figure 4. Interface geometry [11] within the seismogenic zone [12,14] for the compound rupture model to be used for
megathrust rupture scenario simulations along the Hikurangi Subduction Zone.

CONCLUSIONS

Following the development of compound rupture models for various rupture scenarios, ground-motion simulations will be
conducted for NZ. Ground motions from the Hikurangi rupture scenarios are expected to produce significant ground motions
throughout New Zealand. This study will offer an opportunity to investigate several important considerations with implications
for NZ and ground-motion prediction for megathrust subduction earthquakes:

e  Comparison of simulated ground motions (median and standard deviation) with maximum historical ground-motion
intensities across NZ.

e  Comparison of median simulated ground motions with predictions from empirical ground-motion models for
subduction earthquakes.

e Investigation of the most severe rupture scenarios for cities across NZ and discussion of the ground-motion-driving
rupture characteristics for each region.
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