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EXECUTIVE SUMMARY 

A simple method has been developed to allow the results of simulations of ground shaking 
for major earthquakes on the Hikurangi interface to be incorporated into seismic hazard 
estimates for Wellington. Carrying through the simulation results into hazard estimates is 
important because the simulations showed that for all feasible stress drops the response 
spectra of large subduction interface earthquakes are likely to be stronger than given by 
previous ground-shaking models for periods longer than 1.5s. For moderate to high stress 
drops (9–15 MPa), the shaking will be stronger than given by previous models at all spectral 
periods. Unfortunately, the simulation results depend strongly on the stress drops of the 
earthquakes, with the likely stress drops poorly known at present. According to the hazard 
estimates performed in the current study, if moderate-to-high stress drops apply, the 
subduction interface is found to be the dominant contributor to the estimated seismic hazard 
for Wellington. This is a major change from the perception that surface rupture of the 
Wellington-Hutt Valley segment of the Wellington Fault between Cook Strait and Kaitoke is 
the main scenario of concern for strong damaging earthquake motions in Wellington and the 
Hutt Valley. 

The results of the simulations have been incorporated into seismic hazard estimates by using 
a ground-motion prediction equation (GMPE) that has been developed to represent the 5% 
damped acceleration response spectra of simulated motions (Holden et al., 2013, 2014) at 
rock sites in Wellington for large earthquakes (magnitude 8.2 to 8.9) on the Hikurangi 
subduction interface. The GMPE has been formed by simple modification of the McVerry 
et al. (2006) GMPE expression for subduction interface earthquakes. By assuming that the 
site response terms are unaltered from the McVerry et al. expression, the modified GMPE 
can be applied to NZS1170.5:2004 Class C Shallow Soil and Class D Deep or Soft Soil sites 
as well as the Class B Rock sites corresponding to the simulated motions. The new GMPE 
has been implemented in probabilistic seismic hazard analyses for Wellington. 

The GMPE has been developed by two simple modifications to the subduction interface 
expression in the McVerry et al. GMPEs that are used in GNS Science’s National Seismic 
Hazard Model (NSHM) (Stirling et al., 2012). The first modification was adjustment of the 
constants b(T) in the McVerry et al. subduction interface expressions for the log of the 5% 
damped spectral acceleration SA(T) at each of the modelled spectral periods T. The 
adjustments of this term correct under-estimates of long-period motions (periods of 1.5s and 
longer) with respect to the simulation results and change the spectral shapes for periods less 
than 0.75s, including adjusting the peak ground accelerations (pgas). The second 
modification accommodates a strong dependence of the simulated motions on the stress-
drop parameter of the Brune source model, which was not accounted for in the original 
McVerry et al. model. Introduction of a simple power-law dependence of SA(T) on the stress-
drop parameter Δσ, according to the expression SA(T) ∝ (Δσ)a(T), was able to account for this 
effect. The exponent a(T), which was allowed to be period-dependent, was found to be 
nearly constant, typically about 0.7. For the period range of about 0.5s to 1.5s, the 
unmodified McVerry et al. subduction interface spectral accelerations are similar to those of 
the low stress-drop (Δσ=3 MPa) simulated motions for a magnitude 8.4 interface earthquake 
at Wellington’s distance of around 23 km from the interface. However, when the Brune 
stress-drop parameter is 15 MPa, the McVerry model under-estimates the peak ground 
acceleration by a factor of about 5 and the 1s value by about 3.2, which is accounted for in  
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the new model with its term depending on stress-drop. The McVerry et al. GMPE covers the 
period range from 0s to 3s. The modified version has been extended out to 10s, by applying 
the modification terms with respect to a constant spectral displacement extension of the 
original GMPE between 3s and 10s period. 

The modified GMPE has then been incorporated into the NSHM software to represent the 
motions from the Hikurangi subduction interface sources, and hazard calculations carried out 
to demonstrate how the new model based on the simulation results affects the hazard 
estimates for Wellington. In line with the difference between the original and modified GMPE, 
the hazard estimates for long spectral periods become greater than those from the standard 
NSHM by increasingly larger factors as the period increases beyond 1.5s for return periods 
longer than about 250 years. At shorter return periods, subduction interface earthquakes 
have little effect on the hazard estimates. For short spectral periods, the results of the 
modified and original models are similar for a Brune stress-drop parameter of 3 MPa for 
periods of 1.5s and less, but differences are apparent at periods longer than 1.5s. For a 
stress-drop parameter of 15 MPa, the 500-year motions from the new model are higher by 
factors of between about 1.3 to 1.8 in the 0s (pga) to 1.5s period range, before becoming 
increasingly stronger at longer spectral periods, by a factor of 2.6 at 3s period. The increase 
is about a factor of 10 at 10s period with respect to the constant spectral displacement 
extension of the original results. The estimated 500-year pga values for a rock site increase 
from 0.39g for the unmodified model to 0.71g for a 15MPa stress drop. 

Currently, the stress-drop parameter expected for large Hikurangi subduction interface 
earthquakes is unknown, but the 3 MPa to 15 MPa range covers that determined from most 
large subduction zone events worldwide (Atkinson & Macias, 2009). Clearly it is important to 
obtain a reliable distribution of the Brune stress-drops for Hikurangi subduction interface 
events to allow accurate estimates of the ground motions. 

This study has made use of a very limited number of spectra of simulated interface motions, 
a total of 10 scenario spectra, but those were averaged over between 100 and 200 
simulations for each scenario. The range in magnitude values considered was very narrow, 
8.2 to 8.9, and as the motions were developed for a single location in Wellington, the shortest 
distances to the modelled rupture areas were virtually the same, from 21.6 km to 23.2 km. 
These small ranges of magnitude and nearly constant distance from the source make it 
difficult to test the distance and magnitude-dependence of the GMPE, so the modified GMPE 
should at this stage be regarded as appropriate only for applications to Wellington. The effect 
of magnitude variation is unlikely to be important, as all the earthquakes associated with 
Hikurangi subduction interface sources included in the current NSHM span a similar limited 
range of magnitudes. However, the effect of source-to-site distance and different propagation 
paths for similar distances may be more important. Once further simulated motions have 
been developed for a grid of points throughout the lower North Island, the appropriateness of 
the current modifiers to the McVerry et al. GMPE for a range of locations across the lower 
North Island with different source-to-site paths and distances can be assessed. 

The modifications to date apply only to the estimated median motions, with the standard 
deviations taken to be the same as for the McVerry et al. model. This is because the 
scenario spectra used in modifying the GMPE were each averages of multiple simulations for 
their scenarios. Also, the limited number of simulated motions is unlikely to reflect the full 
range of conditions that give rise to variability in earthquake motions, particularly because 
they are all for the same site and reflect similar source-to-site travel paths and source-to-site 
distances. 
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The simulations show that stress-drop should be an important parameter in determining 
earthquake ground-motions. As this event effect has now been modelled, while it was not a 
parameter for the McVerry et al. model, it should be expected that the inter-event variability 
between the estimates from the modified GMPEs and the simulated motions should be less 
than for the McVerry et al. model. However, at this stage, the conservative approach of 
retaining the original values of both the inter- and intra-event variances has been adopted, 
until a wider range of simulated motions has been produced and analysed. 
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1.0 INTRODUCTION 

Potentially the largest magnitude earthquakes in the Wellington region are those caused by the 
Pacific Plate spasmodically slipping under the over-thrusting Australian Plate on the shallowly 
dipping Hikurangi subduction interface (Figure 1). Current magnitude estimates of such 
interface earthquakes in the Wellington region are in the range of about 8 to 8.5, or even up to 
magnitude 9 for a megathrust event rupturing the interface from the southern Cook Strait to 
north of East Cape (e.g., Stirling et al., 2012). 

 
Figure 1 A schematic diagram showing the subduction interface underlying Wellington between the Australian 
and Pacific Plates and the crustal Wellington and Wairarapa Faults within the Australian Plate. 

Of fundamental importance for the estimation of earthquake hazard in central New Zealand is 
the ability to accurately estimate the ground-motions that may be associated with these great 
earthquakes. However, there are very few records world-wide of earthquake ground shaking 
from subduction interface events at distances as short as Wellington from the Hikurangi 
interface, let alone for magnitude 8 or larger events. Holden et al. (2013, 2014) have attempted 
to overcome the lack of real-world recorded motions for such large earthquakes by physics-
based synthesis/simulation of strong ground motions resulting from Hikurangi interface rupture 
through the appropriate combination of the motions from much smaller earthquakes. The study 
reported here allows the results of Holden et al. to be incorporated into seismic hazard analyses 
for the Wellington urban area by representing the response spectra of the synthetically-derived 
motions for large interface earthquakes with simple modifications to the McVerry et al. (2006) 
ground-motion prediction equations (GMPEs) that are used in GNS Science’s National Seismic 
Hazard Model (NSHM) for probabilistic seismic hazard analyses (PSHAs). 

The potential importance of large Hikurangi subduction interface earthquakes for the Wellington 
urban area can be appreciated by comparing them with the standard large-magnitude 
earthquake scenario usually considered for strong damaging earthquake motions in Wellington 
and the Hutt Valley, namely surface rupture of the Wellington-Hutt Valley segment of the 
Wellington Fault between Cook Strait and Kaitoke (e.g., Langridge et al., 2011; Rhoades et al., 
2011; Stirling et al., 2012). This scenario is used because the Wellington Fault is identifiable as 
a surface trace traversing the urban region, passing close to the greatest concentration of 
population and structures in the region. Current estimates (Stirling et al., 2012) for rupture of the 
Wellington Fault associate it with earthquakes of moment magnitude Mw 7.5 occurring with an 
average recurrence interval of 840 years. Earthquakes of this magnitude are associated with 
rupture of a ~70–80 km length of the fault, between Kaitoke in the north-east and the middle of 
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Cook Strait to the south-west. The rupture is modelled as extending between a depth of 20 km 
and the surface. The estimated probability of rupture in the next year of this rupture area is 
1/1000, because currently the fault is assessed to be early in its rupture cycle. This corresponds 
to a current equivalent Poisson rupture interval of 1000 years in place of the long-term average 
value of 840 years.  

The Hikurangi subduction interface boundary between the overlying Australian Plate and the 
down-going Pacific Plate gently dips beneath Wellington at an angle of about 10°. The NSHM 
(Stirling et al., 2012) incorporates multiple models for the potential earthquake rupture surfaces 
on the interface under Wellington, based on Wallace et al. (2009, 2012). Two models have 
rupture lengths of 220 km from Cook Strait to southern Hawkes Bay but different along-dip 
rupture widths. A third model accounts for the possibility of a “megathrust” rupture, combining 
the southern (Wellington) segment, central (Hawke’s Bay) and northern (Raukumara) segments 
of the Hikurangi interface in a single rupture of 620 km length, extending from south of 
Wellington to north of East Cape. All the potential rupture surfaces lie under Wellington city at a 
shortest distance of about 23 km, a much greater distance than the Wellington Fault which 
traverses the urban area within about 2 km of the central business district. All of these potential 
Hikurangi interface rupture zones are far larger than that likely to be associated with rupture of 
the Wellington-Hutt Valley fault segment, and consequently have larger magnitudes, in the 
range of 8.1 to 9.0. The average recurrence intervals of rupture on the Wellington portion of the 
interface for these three models are estimated as 550 years for Mw 8.1 events, 1000 years for 
Mw 8.4 events, and about 7000 years for Mw 9.0 megathrust events that rupture all three 
segments in a single earthquake. The first two recurrence intervals bracket that estimated for 
the Wellington Fault, so it is important to have reliable models for estimating the associated 
earthquake ground-shaking motions. It is also important to confirm the derived recurrence 
intervals for interface ruptures, a difficult task because the ruptures are unlikely to extend to the 
ground surface where they can be readily identified in the geological record.  

The New Zealand strong-motion dataset used to derive the McVerry et al. (2006) GMPEs 
lacked both near-source and large magnitude data from subduction interface events. The 
largest subduction interface event included was only magnitude 6.8, and the shortest distance 
for subduction interface records was 31 km. The McVerry et al. subduction interface GMPE was 
modified from that of Youngs et al. (1997), which used data from interface events up to 
magnitude 8.2 and distances as short as 8.5 km, with a shortest distance of 12.9 km for 
earthquakes exceeding magnitude 7.0. The sparcity of subduction interface ground-motion 
records for earthquakes exceeding magnitude 8.0 means that the current estimates of ground 
motions from such events may be unreliable. 

The current project seeks to overcome this lack of data by fitting GMPEs to synthetic motions 
from large magnitude subduction interface earthquakes that had been generated through 
modelling of the source process and travel path effects (Holden et al., 2013, 2014). The 
synthetic motions were produced using the EXSIM code of Motazedian & Atkinson (2005), a 
finite-fault stochastic modelling approach, incorporating the modifications suggested by Boore 
(2009). This method has limitations in modelling very long periods, 5s and longer for the 
simulated motions used here (Holden et al., 2013, 2014). The attenuation structure used the 3D 
attenuation model for the lower North Island developed by Eberhart-Phillips et al. (2005). The 
synthetic motions were produced for rock site conditions. 
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The McVerry GMPE is formulated in terms of producing estimates of spectra for three site 
classes, NZS1170.5:2004 Class B Rock, Class C Shallow Soil, and Class D Deep or Soft Soil. 
The spectra are inter-related through those for the other two site classes bring modified from the 
rock spectra through site-effects terms. The spectra for Class D Deep or Soft Soil allow for 
nonlinear site response through a simple expression that is analogous to the hyperbolic stress-
strain relation used in soil mechanics. This means that although all the simulated motions were 
for rock site conditions, motions can be estimated for the other site conditions subject to the 
assumption that the site-effects for large subduction interface motions are the same as those for 
similar strength motions from other types of earthquakes. This is only an approximation, 
because random vibrations theory shows that the ratio of response spectra for different site 
conditions are more complicated than simply the ratios of the Fourier spectra (i.e., ratios of the 
site transfer functions), depending also on the spectral shapes and durations of the motions 
(e.g., Boore, 2003). The spectral shapes and durations are likely to be different for motions from 
large subduction interface earthquakes than from smaller magnitude crustal earthquakes. 
Nevertheless, the assumption that the same site-effect modification terms can be used for the 
response spectra of crustal and large subduction interface motions is likely to be a reasonable 
first approximation, until appropriate motions for other site conditions become available through 
simulating or recording motions from large subduction interface events. 

The remainder of this report describes the modifications to the McVerry et al. GMPE 
expressions for subduction interface earthquakes to produce close matches to the synthesised 
motions, and the incorporation of the modified GMPE in probabilistic seismic hazard estimates 
for Wellington.  
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2.0 COMPARISON OF SPECTRA FROM GMPE AND SIMULATED MOTIONS 

2.1 HIKURANGI SUBDUCTION INTERFACE EARTHQUAKE SCENARIOS 

Holden et al. (2013, 2014) have generated simulated earthquake ground motions for rock site 
conditions for ten large earthquake scenarios on the Hikurangi subduction interface under 
Wellington, with parameters summarised in Table 1. Multiple simulations (between 100 and 200 
for various scenarios) were performed for each identified scenario, with randomly selected 
hypocentres (except for the four cases where the hypocentre location is specifically noted) and 
slip distributions (except for three cases using slip distributions determined for large historical 
earthquakes), with the resulting spectra being the geometric mean of the multiple simulations. 
The range in magnitude values considered in the simulations was narrow, 8.2 to 8.9, and as the 
motions were developed for a single location in Wellington, the shortest distances to the 
modelled rupture areas were virtually the same, from 21.6 km to 23.2 km. 

Six of the scenarios represent events on the larger of two interface sources (Hikurangi – 
Wellington maximum) for the Wellington portion of the Hikurangi subduction interface in the 
National Seismic Hazard Model (NSHM) (Stirling et al., 2012). This source zone of 220 km 
length and 144 km width across the part of the interface between 5 km and 30 km depth is 
assessed as producing earthquakes of moment magnitude Mw 8.4 with an average recurrence 
interval of 1000 years. In the NSHM, interface earthquakes are also modelled with a smaller 
source zone (Hikurangi – Wellington minimum) of the same length but rupturing only a 58 km 
width between 15 km and 25 km depth, assessed as producing Mw 8.1 events with an average 
recurrence interval of 550 years, and with a mega-thrust source zone rupturing a 620 km length 
along the Wellington, Hawkes Bay and Raukumara segments of the interface in an earthquake 
of Mw 9.0 with a recurrence interval of about 7000 years. These northern and combined larger 
sources were not included in the Wellington-focused simulations of Holden et al. (2013, 2014).  

The slip rates on the plate interface are fast compared to most surface faults, around 25 mm/yr. 
It is unlikely that all the slip will be taken up by large interface earthquakes. Allowing for 70% of 
the slip occurring in such events, their average recurrence intervals on the Wellington portion of 
the interface are estimated as 550 years for Mw 8.1 events, 1000 years for Mw 8.4 events, and 
about 7000 years for Mw 9.0 megathrust events that rupture all three segments in a single 
earthquake. 

Table 1 lists the parameters of these NSHM sources used later in the hazard calculations, along 
with those of the earthquake scenarios for which ground-motion simulations were generated 
(Holden et al., 2013). 
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Table 1 The ten Hikurangi interface ground-motion simulation scenarios and hazard model sources.  

Earthquake Mw 
Rupture 

area 

(km x km) 

Hypocentre 
Stress 

Drop Δσ 

(MPa) 

Centroid 
Depth Hc 

(km) 

Shortest 
distance 

(km) 

Average 
Recurrence 
Interval (RI) 

(yrs) 

No of 
simulations 

Ground-motion simulations 

Low stress-
drop 

8.4 220 x 144 Random 3 18 23 - 200 

High stress-
drop 

8.4 “ Random 15 “ “ - 200 

Medium 
stress-drop 
NE 

8.4 “ NE 9 “ “ - 100 

Medium 
stress-drop 
NW 

8.4 “ NW “ “ “ - 100 

Medium 
stress-drop 
SE 

8.4 “ SE “ “ “ - 100 

Medium 
stress-drop 
SW 

8.4 “ SW “ “ “ - 100 

Asperity 8.2 220 x 144 
(90 x 90 
asperity) 

Middle of 
asperity 

9 (asperity) 

2.3 (overall) 

17 “ - 100 

Sumatra 2004 
(truncated) 

8.9 400 x 180 NW corner 10 15 21.6 - 100 

Tokachi 2003 8.3 120 x 100 NE corner 12 18 23.2 - 100 

Maule, Chile 
2010 

8.6 570 x 180 Middle of 
fault plane 

11 15 21.6 - 100 

Wellington-region Hikurangi subduction Interface sources in the National Seismic Hazard Model (Stirling et al., 2012) 

Hikurangi-
Wellington 
minimum 

8.1 220 x 58 Not a 
parameter 
for hazard 

model  

Specified for 
each run  

(not a 
parameter 
in standard 

GMPE) 

20 23.2 550 - 

Hikurangi-
Wellington 
maximum 

8.4 220 x 144 - - 17.5 23.2 1000 - 

Hikurangi 
megathrust 

9.0 620 x 117 - - 14.5 21.6 7050 - 
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2.2 COMPARISON OF SPECTRA 

Figure 2 shows the geometric mean of the simulated spectra for each of the ten ground-motion 
earthquake scenarios, together with 50-percentile predictions for the magnitude 8.4 and 8.9 
scenarios from the unmodified McVerry et al. (2006) GMPE. The spectra of the simulated 
motions represent the geometric mean of either 100 or 200 individual simulations for each 
earthquake scenario. The unmodified GMPE uses only the magnitude, shortest rupture-to-site 
distance and centroid depth as prediction parameters for a particular site class, excluding the 
stress-drop parameter, so the two GMPE spectra shown represent seven of the ten rupture 
scenarios for which ground motions were simulated, all except the asperity, Tokachi and Maule 
scenarios. An assumption of constant spectral displacement, i.e., a decay with period 
proportional to T-2, is applied in extending the GMPE to periods longer than 3s. Although the 
spectra were calculated and plotted for periods out to 10s, the simulation procedure as used by 
Holden et al. has difficulty in modelling for periods of 5s and longer. 

The main features of Figure 2 are (a) the strong effect of the Brune stress-drop parameter, 
which is not a parameter in the unmodified GMPE, on the simulated motions; and (b) the much 
less rapid reduction with period beyond 2s of the spectra of the simulated motions than those 
from the unmodified GMPE. Note also that the GMPE provides a close match to the low stress-
drop (Brune stress-drop parameter of 3 MPa) spectrum from 0.5s to 1.5s, but departs from the 
low-stress drop simulations at short spectral periods to give more strongly-peaked spectra. At 
very short periods and long periods, the GMPE spectra are considerably reduced from the 
spectra of the simulated motions for periods less than 0.1s and greater than 2s. The simulated 
motions for this Wellington site, which lies directly above the rupture zone, demonstrate a very 
weak dependence on magnitude in this high-magnitude range. The magnitude 8.2 asperity 
model and magnitude 8.9 truncated Sumatra scenarios give similar spectra for periods of 0.5s 
and longer, although the truncated Sumatra spectrum shows stronger motions for periods 
shorter than 0.5s. The GMPE also has a weak magnitude-dependence for the magnitude-
distance combinations covered by the scenario motions, because its functional form includes 
complete magnitude saturation at zero distance for peak ground accelerations (0s period) and 
partial saturation at short distances for response spectral accelerations at other periods. 

The dependence of the spectral accelerations from the ten scenarios on magnitude and Brune 
stress-drop parameter is demonstrated further in Figure 3 for peak ground acceleration (labelled 
as 0.03s) and 5% damped response spectral accelerations for periods of 0.2s, 1s and 3s. 
Figure 3a shows the weak dependence on magnitude. In particular, this is illustrated by the 
values for each of the spectral periods for the six magnitude 8.4 scenarios spanning almost the 
whole range of values for that period given by the ten scenarios with magnitudes ranging from 
8.2 to 8.9. The pgas for the various magnitude 8.4 scenarios span nearly a three-fold difference, 
from 0.25g to 0.74g, with similar factors in the ranges of the 5% damped response spectral 
accelerations for other periods. Clearly, the dependence on magnitude for these spectra is less 
than either their dependence on other parameters or the effects of random variation. Figure 3b 
shows a more obvious systematic dependence on stress-drop, at least for stress-drops up to 
about 10 MPa. The variation for a particular period (i.e., one type of symbol) across the five 
scenarios with stress-drops of 9 MPa are much smaller than the total variation with stress-drop 
for each period. 
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(b) 
Figure 2 Geometric-mean spectra of the ten ground-motion simulation scenarios and 50-percentile estimates 
from the McVerry et al. (2006) GMPE for Mw 8.4 and 8.9 events on (a) linear scales and (b) logarithmic scales.  
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(b) 
Figure 3 The dependence of 5% damped response spectral accelerations for periods of 0s (PGA), 0.2s, 1s and 
3s from the ten scenarios as a function of (a) magnitude and (b) Brune stress-drop parameter. 
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These results indicate shortcomings in the form of the McVerry et al. GMPE for motions from 
large subduction interface earthquakes at locations above the rupture interface. As in most 
GMPEs, spectral accelerations are modelled as being dependent on magnitude, but not on 
stress-drop. These preliminary plots of spectra suggest that modifications are required to the 
period-dependence of the model and that stress-drop needs to be included as a parameter. The 
next section explores these issues further by analysing residuals of the spectra of the simulated 
motions with respect to those of the McVerry et al. model. 

2.3 RESIDUALS OF SIMULATED MOTIONS WITH RESPECT TO MCVERRY ET AL. GMPE 

Figure 4 demonstrates the differences (residuals) in ln(SA(T)) between the simulated motions 
and the median predictions of the McVerry et al. GMPE plotted as a function of spectral period 
T for the ten scenarios.  
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Figure 4 Residuals of lnSA(T) between the simulated motions and the predictions of the McVerry et al. GMPE 
for the ten scenario spectra. 

The figure shows a strong trend in the residuals with spectral period, both in the short-period 
range and again beyond 1.5s period. Also, most of the residuals are strongly positive, indicating 
the GMPE under-predicts the simulated spectra by a large margin. As an exception, the 
residuals are close to zero for the low stress-drop scenario for periods from about 0.5s to 1.5s, 
in line with the similarity of the simulated and GMPE spectra for this scenario in Figure 2. 

The two plots of Figure 5 show the dependence of the residuals on magnitude and stress-drop. 
Although most of the residuals are strongly positive, their variation with magnitude (Figure 5a) is 
slight, as expected from the weak dependence of the spectra on magnitude that was shown in 
Figure 3a. Again, the dependence on stress-drop, as shown by the residual plots in Figure 5b, 
is much stronger than that on magnitude, although the trend is slight for stress-drops greater 
than 10 MPa.  
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(b) 
Figure 5 The dependence of residuals of ln(peak ground accelerations) (0s) and ln(spectral accelerations) for 
periods of 0.2s, 1s and 3s from the ten scenarios on (a) magnitude and (b) Brune stress-drop parameter. 
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3.0 MODIFIED GMPE EXPRESSIONS 

The examination of spectra of the simulated ground motions and comparisons with median 
predictions of the McVerry et al. (2006) GMPE suggested the need for a period-dependent 
adjustment of the overall level of the spectra from the GMPE, and the introduction of a term 
dependent on the stress-drop parameter in the Brune spectral source model. Accordingly, the 
following modified GMPE has been investigated for Hikurangi interface earthquakes. 

ln SAmodGMPE(T) = ln SAMcV(T) + a(T) ln (Δσ / Δσ ref) + b(T) (eq 1) 

SAmodGMPE(T) and SAMcV(T) are the median predictions of the 5% damped response spectral 
acceleration at period T from the modified and McVerry et al. (2006) GMPE. They depend on 
parameters such as magnitude, shortest source-to-site distance, centroid depth and site class. 
The McVerry et al. GMPE covers the period range from 0s to 3s. The modified version has been 
extended out to 10s, by applying the modification terms with respect to a constant spectral 
displacement extension of the original GMPE between 3s and 10s period.  

Δσ and Δσref are the stress-drop and a reference stress-drop in consistent units. The 
coefficients a(T) and b(T) are found by least-squares fitting of the natural logarithms of the 
spectra of the modified GMPE to those of the ground-motion simulations.  

The stress-drop term accommodates a strong dependence of the simulated motions on the 
stress-drop parameter of the Brune source model, which was not accounted for in the original 
model. The modification involves a simple power-law dependence of SA(T) on the stress-drop 
parameter Δσ, corresponding to SA(T) ∝ (Δσ)a(T) . This form of stress-drop modifier was used by 
Atkinson & Boore (2006) for larger magnitudes in a GMPE developed for eastern North 
America, where stress drop has a strong influence on ground-motions. The selection of Δσ ref is 
arbitrary; different values will affect the fitted coefficient b(T), but not the predicted values of 
SA(T). The reference stress drop has been taken as 3 MPa because the spectra of the McVerry 
et al. GMPE gave a reasonable match to the spectra of the simulated motions over the 0.5s–
1.5s period band for this stress drop. 

The coefficients b(T) of the McVerry et al. subduction interface expressions for the log of the 5% 
damped spectral acceleration SA(T) is to correct under-estimates of long-period motions 
(periods exceeding 1.5s) with respect to the simulation results and to change the spectral 
shapes for periods less than 0.75s, including adjusting the peak ground accelerations (pgas). 

No attempt has been made to modify the dependence of the GMPE on magnitude or distance, 
because Table 1 shows that there are only small variations in these parameters for Hikurangi 
subduction interface sources for locations around the Wellington urban area for both the 
simulated motions and for the New Zealand NSHM in which it is intended to apply the modified 
GMPE. Later work may produce simulated motions for a grid of sites across the lower North 
Island, allowing investigation of the distance dependence of the simulated motions compared to 
that of the GMPE. 

Least-squares fitting of the ten scenario spectra of Table 1 produced the coefficients a(T) and 
b(T) listed in Table 2, with standard deviations sigmalnSA(T) of the residuals ln SA(T) – ln 
SAmodifiedGMPE(T). The standard errors SigmaA and SigmaB in the coefficients a(T) and b(T) are 
also listed, indicating by their low values (see Section 3.1) that the estimates are generally well-
constrained.  
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Table 2 Parameters of the modified GMPE (eq 1) for Hikurangi subduction interface spectra. 

Period T(s) a(T) SigmaA b(T) SigmaB 
Factor 
exp(b) 

sigmalnSA(T) 

0.03 0.77 0.12 0.52 0.14 1.68 0.1547 

0.075 0.79 0.14 0.62 0.17 1.85 0.1820 

0.1 0.79 0.15 0.43 0.17 1.54 0.1861 

0.2 0.77 0.11 -0.32 0.13 0.73 0.1372 

0.3 0.73 0.05 -0.14 0.06 0.87 0.0640 

0.4 0.74 0.07 -0.10 0.08 0.91 0.0866 

0.5 0.75 0.07 -0.03 0.08 0.97 0.0840 

0.75 0.70 0.11 0.15 0.13 1.17 0.1397 

1 0.70 0.13 0.18 0.15 1.20 0.1635 

1.5 0.71 0.15 0.18 0.17 1.20 0.1877 

2 0.69 0.16 0.31 0.19 1.37 0.2015 

3 0.69 0.17 0.83 0.20 2.30 0.2142 

4 0.69 0.20 1.21 0.23 3.37 0.2485 

5 0.70 0.18 1.47 0.22 4.36 0.2337 

6 0.69 0.17 1.70 0.20 5.50 0.2174 

7 0.69 0.18 1.90 0.21 6.70 0.2285 

8 0.69 0.19 2.06 0.22 7.81 0.2350 

9 0.72 0.19 2.14 0.22 8.50 0.2431 

10 0.77 0.20 2.18 0.23 8.89 0.2527 

The stress-drop coefficients a(T) show little variation with period, all lying between 0.69 and 
0.79 for the period range from 0s to 10s. This variation is within the +/- standard deviation 
ranges of the individual coefficients (Figure 6), whose standard deviations range from 0.05 to 
0.20, indicating that this coefficient could be taken as a constant across all periods.  

In contrast, the coefficients b(T) vary widely. The coefficients b(T) are best understood in terms 
of the multipliers exp(b(T)) that result from their application to the spectral accelerations of the 
McVerry et al. GMPE at the reference stress-drop of 3 MPa, as shown in Figure 7. These 
indicate variations of less than 20 per cent from the McVerry et al. GMPE for periods from 0.5s 
to 1.5s, to a factor of about 2.3 at 3s period. Figure 7 has been plotted only for the period range 
up to 3s covered by the McVerry et al. GMPE, with even larger multipliers applying if an 
assumption of constant spectral displacement is applied to the McVerry et al. GMPE to extend it 
to longer periods. However, there are limitations in the simulation procedure for periods of 5s 
and longer, so the plot has been limited to the 0–3s range. Figure 7 also shows the multipliers 
exp(b(T)±sigmaB) corresponding to the ± one standard error bounds on b(T).  
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Figure 6 The coefficient a(T) of the stress-drop term in the modified GMPE and its +/- standard error bounds as 
a function of period T, showing little variation with period T . 
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Figure 7 The factors exp(b(T)) of the spectra SA(T) of the modified GMPE for the reference stress-drop of 3 
MPa with respect to the McVerry GMPE, showing strong variation with period T. Also shown are the multipliers using 
+/- the one standard error bounds on b(T).  
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The simulations so far have been performed for rock motions. However, the new GMPEs can 
be applied also for NZS1170 Class C shallow soil and Class D deep or soft soil conditions if it is 
assumed that the site-class terms of the McVerry et al. (2006) GMPE are appropriate. This 
assumption will not be correct if the response spectra site-effect terms in the GMPE were 
developed from motions with significantly different spectral shapes than those of the simulated 
interface motions, because random vibration theory shows that response spectra depend on the 
Fourier spectral shape and duration of the motion, which vary with site conditions, so the 
response spectral ratios will depend on those as well as the Fourier spectra ratios. However, 
GMPEs usually neglect the dependence of site-effect terms on spectral shape, accounting at 
most for nonlinear soil response at high amplitudes of motion. Atkinson & Macias (2009) 
similarly recommended using site terms from other GMPEs for GMPEs fitted to simulated 
motions for a reference site condition for Cascadia subduction interface earthquakes.  

3.1 STANDARD DEVIATIONS OF THE MATCHES TO THE SIMULATED SPECTRA 

The modifications so far apply only to the estimated median motions, with the standard 
deviations taken to be the same as for the McVerry et al. model. This is partly because the 
spectra of the simulations for a given scenario have been averaged, largely removing the 
variation from effects that haven’t been modelled. Also, the limited number of scenarios is 
unlikely to reflect the full range of conditions that give rise to variability in earthquake motions, 
particularly because they are all for the same site and reflect similar source-to-site travel paths 
and distances. Atkinson & Macias (2009) made a similar recommendation for the GMPE that 
they fit to their simulations for Cascadia, suggesting using the variability given for data-based 
regression models rather than that shown by their limited range of simulations. 

The standard deviations of the matches of the modified GMPE to the natural logs of the spectra 
of the simulated motions ranged between 0.0640 and 0.2527 (Table 2). These correspond to 
the median plus standard deviation values of the spectra being larger than the median values 
by factors of 1.06 and 1.29 respectively. The standard deviation values are much lower than 
typical values of the total standard deviations for GMPEs, which are generally in the range of 
0.45 to 0.75, corresponding to spectral factors of about 1.6 to 2.1. The total standard deviations 
of GMPEs are generally the square-root of the sum of the squares of the intra-event and inter-
event standard deviations, with the intra-event values usually being larger. The intra-event 
standard deviation accounts for variability from location-to-location within a single event, 
resulting from factors such as different source-to-site travel paths and different site responses 
for locations with within the same site classes. The inter-event standard deviations account for 
variability between different events. However, as all the simulations have been performed for 
one location, and the shortest paths to the site have been similar for all the simulations, the 
variability included in the modelling has essentially corresponded only to the inter-event 
component. This is generally much smaller than the total standard deviation. For example, the 
inter-event standard deviation τ of the McVerry et al. (2006) GMPE varies between 0.1476 and 
0.3317 for different spectral periods, a range that is much more similar than its total standard 
deviations of 0.45 to 0.75 to the standard deviations of the matches to the simulated motions.  

The simulations show that stress-drop should be an important parameter in determining 
earthquake ground-motions. As this event effect has now been modelled, while it was not a 
parameter for the McVerry et al. model, it should be expected that the inter-event variability 
between the estimates from the modified GMPEs and the simulated motions should be less 
than for the McVerry et al. model. However, at this stage, the conservative approach of retaining 
the original values of both the inter- and intra-event variances is recommended, until a wider 
range of simulated motions has been produced and analysed. 
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3.2 MATCH TO SPECTRA OF SIMULATED MOTIONS 

The previous section mentioned the small standard deviations of the residuals between the 
spectra of the simulated motions and those produced by the modified GMPE, indicating that the 
modified GMPE provided good matches to the simulated spectra. This is confirmed by 
comparing the residuals for the McVerry et al. GMPE (solid curves in Figure 8) with those for the 
modified GMPE (dashed curves). The residuals for the modified GMPE are much reduced from 
those of the original model, and also show that the bias of the original model has been 
eliminated, with errors scattered around zero rather than taking large values for most periods. 

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 1 2 3 4 5 6 7 8 9 10

Re
si

du
al

 L
nS

A

Period T(s)

Residuals of LnSA versus period T for various events

LowSD (g)

HighSD (g)

HypoNE (g)

HypoNW (g)

HypoSE (g)

HypoSW (g)

Asperity 23.2 km

Sumatra (g)

Tokachi (g)

Chile (g)

Modified LowSD

Modified HighSD

Modifired HypoNE

Modified HypoNW

Modified HypoSE

Modified HypoSW

ModifiedAsprity23.2 km

Modified Sumatra

Modified Tokachi

Modified Chile

 
Figure 8 The residuals of the original GMPE (solid lines) and the modified GMPE (dashed lines), showing much 
reduced residuals and the elimination of bias. 

Figure 9 and Figure 10 show the unbiased nature of the residuals of the modified model with 
respect to stress-drop and magnitude. These are very different from the equivalent plots of 
Figure 5 for the unmodified McVerry et al. GMPE. 
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Figure 9 The variation with magnitude of the residuals with respect to the modified GMPE of ln(peak ground 
accelerations) (0s) and ln(spectral accelerations) for periods of 0.2s, 1s and 3s for the ten scenario spectra . Note the 
lack of bias and lack of strong trends. 
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Figure 10 The variation with stress-drop of the residuals with respect to the modified GMPE of ln(peak ground 
accelerations) (0s) and ln(spectral accelerations) for periods of 0.2s, 1s and 3s from the ten scenarios as a function 
of Brune stress-drop. Note the lack of bias and the elimination of the strong trends shown in Figure 5b. 
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4.0 MODIFIED SPECTRA FOR THE SCENARIO MOTIONS 

Figure 11 compares the average spectra from the simulated motions for the high and low 
stress-drop magnitude 8.4 scenario events with the 50-percentile spectra from the original 
unmodified GMPE (which was independent of stress drop) and the modified low (3 MPa) and 
high (15 MPa) stress-drop GMPEs. Also shown are the +/- sigma error bounds on the modified 
GMPE using the estimated sigmaln(T) values, which really indicate the uncertainties in the 
median estimates rather than the overall scatter in the GMPE models, as discussed in 
Section 3.1. 

Both the high and low stress-drop spectra are estimated well by the modified GMPE across the 
whole period range from 0s (plotted at 0.03s) to 10s. The spectrum from the unmodified GMPE 
matches the spectrum of the low stress-drop simulated motions over the period band of about 
0.3s to 2s, but falls away from the scenario spectra at shorter and longer periods. When the 
Brune stress-drop parameter is 15 MPa, the unmodified McVerry model under-estimates the 
peak ground acceleration by a factor of about 5 and the 1s value by about 3.2, but the new 
model with its term depending on stress-drop overcomes these under-predictions. 
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Figure 11 The spectra of the simulated motions for the low- and high stress-drop magnitude 8.4 events (solid 
black and red lines) compared with the median spectra (dashed lines) and their +/- standard deviation bands (dotted 
lines) from the modified GMPE. Also shown is the spectrum (dashed orange line) from the unmodified GMPE, which 
does not depend on stress drop. The PGAs are plotted at 0.03s. 
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Even the poorest matches gave reasonable representations of the overall spectral strength, 
although with moderate differences in spectral shape. This is demonstrated by the worst match 
of the modified GMPE to a scenario spectrum, for the magnitude 8.9 event based on a 
truncated version of the Sumatra (2004) source-displacement distribution (Figure 12). The 
overall level of the spectrum from the modified GMPE is acceptable, and much improved from 
the unmodified GMPE. However, the modified GMPE produces a flatter spectrum that falls 
below the spectrum of the simulated motions for periods up to about 0.5s, and then over-
estimates the simulated motions for longer periods. 
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Figure 12 The spectrum of the simulated motions (solid red line) for the magnitude 8.9 event with a truncated 
version of the Sumatra 2004 source-displacement distribution, compared with the median spectrum (black dashed 
line) and its +/- standard deviation bands (dotted lines) from the modified GMPE. Also shown is the spectrum (dashed 
orange line) from the unmodified GMPE. 
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5.0 COMPARISON WITH WELLINGTON FAULT SPECTRA 

The possible significance for Wellington of the increased ground motions estimated for large 
subduction interface motions can be judged by comparing the original and modified interface 
spectra for the magnitude 8.4 Hikurangi-Wellington maximum interface source (Table 1) with 
those for rupture of the Wellington-Hutt Valley segment of the Wellington Fault for a rock site 
2 km from the fault. The recurrence interval for the Hikurangi-Wellington maximum source in the 
NSHM is estimated to be 1000 years. This is the same as the effective recurrence interval for 
the Wellington Fault using conditional probabilities of rupture over the next 50 years. 

The comparisons are shown in Figure 13 for 50- and 84-percentile motions for the Wellington 
Fault scenario and moment magnitude Mw 8.4 subduction interface (i.e., Hikurangi-Wellington 
maximum) scenarios with stress-drops of 3 and 15 MPa. The Wellington Fault spectra are 
shown only for periods up to 3s, the maximum period for which they are defined by the GMPE. 
The Wellington Fault 50-percentile spectrum is far stronger than the low stress-drop (3 MPa) 
spectrum for the short-period range up to about 0.5s, then falls to cross the low-stress-drop 
subduction interface spectrum at about 2s, before falling away from the 3 MPa spectrum at 
longer periods. The Wellington Fault spectrum is considerably stronger than the original 
McVerry et al. (2006) magnitude 8.4 interface spectrum at all periods. The high stress drop 
(15 MPa) modified interface spectrum exceeds the 50-percentile Wellington Fault spectrum at 
virtually all periods, apart from being of similar strength in the 0.1s-0.2s period range. The 
median high stress-drop spectrum exceeds even the 84-percentile Wellington Fault spectrum 
for periods longer than 0.3s.  

As the Hikurangi-Wellington subduction interface and Wellington Fault sources have similar 
recurrence intervals, the stronger median spectra for moderate to high stress-drop interface 
events than for the Wellington Fault event means that the hazard spectra for Wellington will be 
dominated by contributions from the moderate to high stress-drop interface events rather than 
by Wellington Fault earthquakes, if these stress drops actually do apply for the interface 
earthquakes. This would be a major change from the type of event that dominates the estimated 
earthquake hazard in the current NSHM, for which the Wellington Fault dominates at near-fault 
sites such as those in Wellington City and the Hutt Valley. If low stress drops (around 3 MPa) 
apply for the subduction interface events, the Wellington Fault should continue to dominate 
hazard estimates for Wellington for return periods of 500 years and longer except possibly at 
long spectral periods.  

The next section presents the possible effects of the new GMPEs for Hikurangi subduction 
interface events on hazard estimates for Wellington. 
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Figure 13 The spectra for the low- and high stress-drop magnitude 8.4 subduction interface events (dashed black 
and red lines) from the modified GMPE compared with the 50- and 84-percentile spectra (solid green and purple 
lines) for magnitude 7.5 Wellington Fault motions on a rock site 2 km from the fault. 
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6.0 EFFECTS ON PSHA RESULTS FOR WELLINGTON 

The next stage of the study was to determine the effect of the modified GMPE for the Hikurangi 
subduction interface sources on hazard spectra estimated for Wellington using the National 
Seismic Hazard Model (Stirling et al., 2012). This was undertaken by calculating the hazard 
spectra for NZS1170.5:2004 Class B rock site conditions for a Wellington site using the 
unmodified GMPE, and then with the modified GMPE for the subduction interface sources, 
using stress drops of 3 MPa and 15 MPa, while retaining the unmodified GMPE for crustal 
sources and subduction slab sources. The results are shown in Figure 14 for return periods of 
25 years (blue curves), 500 years (black curves) and 2500 years (red curves). The three 
GMPEs are indicated by solid curves (unmodified standard GMPE), dotted curves (3 MPa 
stress-drop) and large dashed curves (15 MPa stress-drop).  
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Figure 14 Hazard spectra for a Wellington rock site for return periods of 25, 500 and 2500 years, using the 
standard GMPE and the modified GMPE for subduction interface sources for stress drops of 3 and 15 MPa. 

The 25-year spectrum is insensitive to the choice of GMPE for the interface sources, as these 
sources contribute little to the estimated motions for this return period. For return periods of 500 
and 2500 years, the modified GMPE with a 3 MPa stress-drop gives virtually unmodified spectra 
for periods up to 1.5s, with the modified spectra then becoming increasingly stronger as the 
period increases from 1.5s to 10s. This is in line with the difference between the scenario 
spectra from the unmodified GMPE and the low-stress drop GMPE shown in Figure 11. For the 
scenario spectra, the unmodified model considerably underestimates the low stress-drop 
spectra both from the simulated motions and the modified GMPE for periods up to about 0.15s. 
This does not occur in the hazard spectra, as the interface sources are significant contributors 
to the hazard only for longer periods.  
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For a stress-drop parameter of 15 MPa, the 500-year motions from the new model are higher 
than those from the unmodified model by factors of between about 1.3 to 1.8 in the 0s (pga) to 
1.5s period range, before becoming increasingly stronger at longer spectral periods, to a factor 
of 2.6 at 3s period. The increase is about a factor of 10 at 10s period with respect to the 
constant spectral displacement extension of the original results. The estimated 500-year pga 
values for a rock site increase from 0.39g to 0.71g. 

The change in the make-up of the estimated seismic hazard for Wellington if the subduction 
interface events are high stress-drop is further demonstrated by comparing deaggregation 
results for the estimated 500-year motions using the unmodified GMPE for the subduction 
interface events and those for the 3 MPa and 15 MPa stress-drops on the interface.  

Table 3 summarises the percentage contributions to the 500-year exceedance rates of the 5% 
damped response spectral accelerations for several periods from the source corresponding to 
the Wellington-Hutt Valley segment of the Wellington Fault and from the combined interface 
sources. For pga, 0.2s and 0.5s period, the Wellington Fault contributions are considerably 
larger than those from the interface sources for the unmodified GMPE and for a 3 MPa stress 
drop on the interface, but the interface sources dominate for the high 15 MPa stress drop even 
at these short periods. At 1s, the Wellington Fault and interface sources make similar 
contributions for the first two models, but most of the hazard is from the interface for the 15 MPa 
stress-drop model. For periods longer than 1s, the interface contributions are considerably 
larger than those of the Wellington-Hutt Valley segment even for the 3 MPa stress-drop model. 

Table 3 Percentage contributions of the Wellington-Hutt Valley segment of the Wellington Fault and the 
subduction interface to the exceedance rates of the 500-year spectrum at Wellington 

Period T(s) 

Wellington-Hutt Valley segment of the 
Wellington Fault 

Hikurangi subduction interface 

Standard 
GMPE 

3 MPa (low) 
interface 

stress-drop 

15 MPa (high) 
interface 

stress-drop 

Standard 
GMPE 

3 MPa 
interface 

stress-drop 

15 MPa 
interface 

stress-drop 

0 (pga) 39 37 11 1 12 82 

0.2 34 35 25 8 3 44 

0.5 31 31 7 19 17 87 

1.0 33 31 9 19 28 84 

2.0 27 24 6 21 36 87 

3.0 23 15 3 18 53 88 

Figure 15 and Figure 16 show similar behaviour for deaggregations by magnitude and distance 
of the 500-year exceedance rates of SA(0.5s) and SA(3s) for (a) the standard GMPE, (b) the 
3 MPa model and (c) the 15 MPa model. The important comparisons are between contributions 
from crustal faults at distances less than 20 km (shown by the blue bars) and from interface 
sources (purple bars at magnitudes exceeding 8.0). The crustal faults make the bulk of the 
contribution to the SA(0.5s) exceedance rates for the standard GMPE and 3 MPa model, but 
the interface sources are dominant for the 15 MPa model. The increased spectral estimates 
compared to the standard GMPE for the modified interface GMPEs mean that for SA(3s) the 
interface sources are the larger contributors even for 3 MPa stress drop and are again 
overwhelmingly dominant for the 15 MPa model. 
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(c) 
Figure 15 Percentage contributions by magnitude and distance cells to the exceedance rate of the 500-year 5% 
damped 0.5s spectral acceleration SA(0.5s) for (a) the standard GMPE; and for the modified subduction interface 
GMPEs with stress drops of (b) 3 MPa and (c) 15 MPa. The crustal faults within 20 km of the site (blue) make larger 
contributions than the subduction interface sources (purple cells for magnitudes exceeding 8.0) for the unmodified 
and 3 MPa model, which show very similar deaggregations, but the interface sources dominate for the high (15 MPa) 
stress-drop model. 
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(c) 
Figure 16 Percentage contributions by magnitude and distance cells to the exceedance rate of the 500-year 5% 
damped 3s spectral acceleration SA(3s) for (a) the standard GMPE; and for the modified subduction interface 
GMPEs with stress drops of (b) 3MPa and (c) 15 MPa. Note the much increased contributions of the interface 
sources (red) compared to the nearby crustal faults (blue) even for the 3 MPa model. 
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7.0 DISCUSSION 

Simulations by Holden et al. of ground shaking for major earthquakes on the Hikurangi 
subduction interface showed that the response spectral accelerations at periods longer than 
1.5s are likely to be stronger than given by previous ground-shaking models for all feasible 
stress drops. If the stress drops are in the moderate to high range (9 to 15 MPa), the shaking 
will be stronger than given by previous models at all spectral periods. 

The study reported here fitted modified GMPEs to the simulated motions. The range in 
magnitude values considered was very narrow, 8.2 to 8.9, and as the motions were developed 
for a single location in Wellington, the shortest distances to the modelled rupture areas were 
virtually the same, from 21.6 km to 23.2 km. These small ranges of magnitude and nearly 
constant distance from the source make it difficult to test the distance and magnitude-
dependence of the GMPE, so the modified GMPE should at this stage be regarded as 
appropriate only for applications to Wellington. The effect of magnitude variation is unlikely to be 
important, as all the earthquakes associated with Hikurangi subduction interface sources 
included in the current NSHM span a similar limited range of magnitudes. However the effect of 
source-to-site distance and different propagation paths for similar distances may be important. 
Once further simulated motions have been developed for a grid of points throughout the lower 
North Island, the appropriateness of the proposed modifiers to the McVerry et al. GMPE can be 
assessed for a range of locations across the lower North Island with various source-to-site 
paths and distances. 

The representation of the results of the simulations by a modified GMPE made it possible to 
assess the effect of the stronger subduction interface spectra on earthquake hazard spectra for 
Wellington. The hazard spectra estimated using the modified GMPE increase for return periods 
of 500 years and longer for spectral periods longer than 1.5s for the low stress-drop interface 
model, and for all spectral periods for the high stress-drop model. 

For these combinations of return periods and spectral periods, the subduction interface is found 
to be the dominant contributor to the estimated seismic hazard for Wellington. This is a major 
change from the current perception that surface rupture of the Wellington-Hutt Valley segment 
of the Wellington Fault (between Cook Strait and Kaitoke) is the main scenario of concern for 
strong damaging earthquake motions in Wellington and the Hutt Valley.  

A much larger region is likely to be impacted by strong ground shaking, landslide, rockfall and 
liquefaction for major subduction interface earthquakes than for rupture of the Wellington Fault. 
The larger impacted region results primarily from the subduction interface earthquakes being 
associated with much longer rupture lengths (about 220 km for the Wellington portion of the 
Hikurangi subduction interface) than the 70-80 km of the Wellington-Hutt Valley segment of the 
Wellington Fault. The region of high intensity shaking will be further increased by the potential 
rupture surface dipping at a shallow angle so that much of the region is likely to lie above it, 
compared to a nearly vertical rupture plane for the Wellington Fault. Future work extending the 
simulations to a grid of sites across the lower North Island could demonstrate the regional 
extent of strong ground motions for large interface earthquakes. 
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The rupture lengths associated with the subduction interface will produce long-duration motions, 
over 60 seconds according to Holden et al. (2014). The long durations may produce a level of 
damage that is high even for the strength of the spectra. Future work will focus on modelling 
acceleration histories in more rigorous physics-based simulations to be used in dynamic 
analyses of structures to assess the effect of duration combined with the strength of the motions 
in inducing damage. 

There are many uncertainties in the hazard estimates presented here for major Hikurangi 
subduction interface earthquakes, from the source modelling through to the ground motions. 
The simulations of Holden et al. and their effects on the hazard results for Wellington as 
demonstrated in the current report highlight the importance of improving knowledge of at least 
the following three key aspects affecting the hazard estimates associated with the Hikurangi 
subduction interface: (i) the likely sizes of the Hikurangi interface rupture areas and their 
associated magnitudes and recurrence intervals; (ji) the distribution of the stress drops, and 
their likely maximum value; and (iii) verifying and improving the ground-motion simulation 
procedure. All three of these aspects are topics of current or planned research at GNS Science. 

Improved information on the segmentation of the subduction interface source region and the 
down-dip width of the rupture zone, and the associated rupture intervals and magnitudes, is 
likely to be produced, for example, by: 1) ongoing geological field investigations building on 
work presented in Clark et al. (2010, 2011), Berryman et al. (2011), and Pouderoux et al. 
(2014); and 2) continued seismologic, geodetic and kinematic modelling investigations (e.g., 
Reyners & Eberhart-Phillips, 2009; Wallace et al., 2012; Henrys et al., 2013; Williams et al. 2013). 

Stress drop is a key parameter in determining the strength of shaking. The stress-drop range of 
3 to 15 MPa was selected by Atkinson & Macias (2009) for developing simulations for interface 
earthquakes in Cascadia, based on values from earthquakes in Alaska, Chile, Japan and 
Mexico. Holden et al. (2014) state: “With no historical large earthquakes on the Hikurangi 
interface, it is currently difficult to assess stress-drop values for future earthquakes, and 
therefore necessary to entertain all possible values”.  

GNS Science is currently involved in collaborative work with U.S. NSF-funded investigators 
Abercrombie and Doser (e.g., Abercrombie et al., 2012) to obtain corner frequency 
measurements for small-magnitude interface events. By employing a sophisticated analysis 
scheme based on empirical Green's Functions, we believe we can determine statistically 
significant variations in stress drops for interface events. These measurements should be 
scalable to larger earthquakes, thereby limiting the realistic range of possible stress drops in 
megathrust ruptures. The study is limited by a paucity of inter-plate seismicity in the area of the 
strongly coupled Wellington segment of the Hikurangi subduction interface underlying the 
southern North Island. However, measurements of interplate events from the northern part of 
the Hikurangi subduction zone will also be used to assess variability in the earthquake source.  

As well as extending the simulated ground motions to cover a grid across the lower North Island 
rather than a single location in Wellington, future simulations will embrace a wider range of 
modelling methodologies. Ghofrani et al. (2013) have demonstrated that with a good control of 
the source process the EXSIM method is able to reproduce realistic response spectra for mega-
thrust events such as the Tohoku earthquake. However it is essential to expand the modelling 
method to more rigorous and physics-based approaches including a hybrid approach (e.g., 
Hartzell et al., 1999) by combining the stochastic EXSIM method with deterministic approaches 
for long periods. All these developments will improve confidence in the simulated ground 
motions.  
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8.0 CONCLUSIONS 
1. Adding two simple terms to the McVerry et al. (2006) GMPE allowed it to fit the spectra of 

simulated motions for major earthquakes on the Hikurangi subduction interface. 

2. The main modification accounted for stress drop, a key parameter of the simulated 
motions that does not appear in most GMPEs. 

3. The other additional term provided stronger long-period motions as well as adjusting the 
spectra in the short-period range to better match the simulations. 

4. The modified GMPE for the subduction interface allowed the simulated motions to be 
incorporated in probabilistic seismic hazard estimates for a rock site about 2 km from the 
Wellington Fault, using a range of possible Brune stress-drop parameters 

5. The modified GMPE affected the hazard estimates for return periods of 500 years and 
longer. 

6. For low stress drops (3 MPa), the hazard spectra were affected only for periods longer 
than 1.5s. 

7. High stress drops (15 MPa) modified the spectra for all spectral periods. 

8. If the stress drop for subduction interface events is high and Holden et al. (2013) results 
are correct, the subduction interface was found to be the dominant contributor to the 
estimated seismic hazard for Wellington.  

9. This is a major change from the current perception that surface rupture of the Wellington-
Hutt Valley segment of the Wellington Fault between Cook Strait and Kaitoke is the main 
scenario of concern for strong damaging earthquake motions in Wellington and the Hutt 
Valley.  

10. The simulations to date are for a limited magnitude range (8.2–8.9) for sites between 
about 20 and 25 km from the interface. 

11. Extension of the simulations to a grid across the lower North Island will allow further 
refinement of the GMPE to account for attenuation with distance from the source. 

12. Since the values of the key stress-drop parameter are unknown for potential large 
earthquakes on the Hikurangi subduction interface, it is recommended that better 
information is obtained to constrain the plausible range to be considered in future 
simulation modelling, as begun in GNS Science’s work with Abercrombie and Doser. 

13. Source parameters such as segmentation length, down-dip extent of rupture and average 
recurrence interval are poorly constrained for the Hikurangi subduction interface. It is 
further recommended that current research at GNS Science and other research institutes 
is expanded to improve the knowledge of these parameters. 

14. Refinements of the current ground-motion simulation code, its combination with other 
techniques more suitable for long periods, and validation of the simulation procedures 
against recorded data from mega-thrust events such as the 2011 Tohoku earthquake will 
increase confidence in the simulated ground motions.  
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