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1 Abstract11

This paper provide insights into the observed ground motion records from the 14 Novem-12

ber 2016 Mw7.8 Kaikoura earthquake. Specific detail is given to examining observations13

in the near-source and those in the urban Wellington / Lower Hutt regions through a14

combination of time series and response spectra to understand salient source, path and15

site effects. Several ground motions exceeding 1.0g horizontal are recorded, as well as up16

to 2.7g in the vertical direction at one location. The complexity associated with multi-17

fault rupture is clearly evident in several strong motion stations in the near-source region.18

Significant site effect case histories from sedimentary and reclaimed soil deposits and to-19

pographic effects are observed in the Wellington and Lower Hutt regions. To provide20
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further insights, predictions from preliminary broadband ground motion simulations are21

examined to more directly interpret the observations.22

2 Introduction23

On 14 November 2016 at 12:02 AM local time, the Mw7.8 ’Kaikoura’ earthquake occurred24

along the east coast of the upper South Island, New Zealand (USGS, 2016; GeoNet,25

2016a). The earthquake initiated in the Waiau Plains in North Canterbury, and involved26

multiple fault segments as the rupture generally propagated northward over 150km to27

Cape Campbell in Marlborough. It was the largest recorded earthquake in New Zealand28

since the 1855 Mw8.2− 8.3 Wairarapa earthquake (GeoNet, 2016b).29

Given the geographical proximity of the source in a largely rural region of New Zealand,30

the impacts in the near-source region were largely geological and geotechnical in nature,31

namely surface rupture (Litchfield et al., 2016), landslides (Petley, 2016), and localized32

ground failure, resulting in damage to coastal transportation infrastructure (NZTA, 2016)33

and the formation of landslide dams. Significant damage to State Highway 1 (SH1) both34

North and South of Kaikoura and the inland Kaikoura road (SH70) resulted from land-35

slides and slope instability caused significant disruption. SH70 was opened to unrestricted36

traffic volumes on 19 Dec 2016 after several weeks open to restricted traffic (NZTA, 2016);37

SH1 South of Kaikoura was opened to restricted traffic on 21 December (Fairfax Media,38

2016c), and SH1 North of Kaikoura is expected to require up to one year to open (NZTA,39

2016). Relatively significant damage also occurred to numerous structures in the capital40

city of Wellington (located approximately 60km to the North of the causative faults). One41

structure had a partial collapse of precast floor units and is the subject of an on-going42

government enquiry (New Zealand Government, 2016), while another three structures are43

undergoing rapid demolition as a result of earthquake damage (Wellington City Council,44

2016; Fairfax Media, 2016a,b). As of 7 December 2016, 11% of Wellington office space45

has been closed due to damage (Wellington City Council, 2016).46

This paper is intended to provide insights into the observed ground motion records47

from the Kaikoura earthquake as a means to both understand the earthquake-induced48
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demands imposed on the natural and built environment, as well as underlying inferences of49

the spatial and temporal nature of the causative rupture. Salient features of the observed50

strong motions are discussed, as well as compared with preliminary broadband ground51

motion simulations. In the subsequent sections we first summarize the tectonic setting52

and inferred rupture, followed by a discussion of the observed ground motions in various53

contexts, and then finally inferences based on broadband ground motion simulations.54

3 Tectonic setting and inferred causative rupture55

The Marlborough Fault Zone (Figure 1) is one of the most active crustal regions of New56

Zealand with many mapped active faults, in particular the ’major’ Wairau, Awatere,57

Clarence, and Hope faults, as well as several other ’connecting’ faults (see Stirling et al.58

(2012) and references therein). The W-Phase moment tensor solution from the USGS59

is available at: http://earthquake.usgs.gov/earthquakes/eventpage/us1000778i#60

moment-tensor). Observations and multiple geophysical and geodetic methods highlight61

the source complexity of this earthquake with numerous fault segments rupturing.62

We draw on three principal datasets in this paper: (1) geologic mapping of surface63

fault rupture observations1 and measured displacements from Litchfield et al. (2014); (2)64

a preliminary source inversion model based on lnSAR, GPS and surface uplift measure-65

ments (Hamling, 2016); and (3) a heuristic interpretation of the temporal and spatial66

evolution of recorded ground motions. Figure 1 illustrates the rupture segment geome-67

tries of the causative faults that we adopted for ground motion observation and simulation68

interpretations. For reference, the surface trace of fault segments that are considered in69

the InSAR+GPS inversion of Hamling (2016), significant aftershocks, and mapped active70

faults are also shown.71

Litchfield et al. (2016) have so far identified ten fault segments (The Humps, Hundelee,72

Conway-Charwell, Upper Kowai, Fidget, Jordan Thrust, Papatea, Kekerengu, and Nee-73

dles Faults) that have evidence of surface fault rupture. Nine of these faults are located74

onshore with displacements obtained principally from direct field measurement of identi-75

1The first author also examined a significant portion of surface ruptures in the field.
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fiable features; while rupture of the Needless Fault, located offshore at the northern end76

of the ruptured faults, has been identified from seabed uplift (NIWA, 2016). Measured77

fault displacements range up to 9-11m horizontal (Kekerengu Fault) and 6-8m vertical78

(Papatea Fault) on the northern fault segments (Litchfield et al., 2016), while the south-79

ernmost rupturing faults (The Humps, and Hundalee Faults) exhibited maximum surface80

rupture displacements in the range of 1-5m. Most notably, essentially no surface rupture81

of the Hope Fault (the major fault identified apriori in the region (Stirling et al., 2012))82

has been mapped to date (Litchfield et al., 2016).83

The surface trace of the lnSAR+GPS inversion of Hamling (2016) shown in Figure 184

also highlights the source complexity seen from surface rupture (it is noted that an earlier85

version of Litchfield et al. (2016) was used in that inversion). In addition to the faults86

identified as surface rupturing, this model also infers slip on the Hope Fault and the sub-87

parallel Clarence fault to the north. However, it does not model rupture on the Papatea88

Fault, which is considered as a pop-up structure [Hamling, pers. comm.]. Our source89

model utilized for ground motion modelling in Figure 1 started with the model of Hamling90

(2016), and adopted the following modifications: (1) added the Papatea fault as implied91

from surface rupture; (2) ignored the small slip inferred on the Clarence, Grassmere,92

northern end of the Hope, and southern end of the Hundalee faults; (3) considered a93

maximum down-dip width of 19km for (significant) slip, which for fault dips ranging from94

55-80 degrees equates to maximum depths of approximately 15.5-18.5km; and (4) Modified95

the adopted dip in the inversion for the Hope fault as it was considered excessively low96

relative to the apriori value in the national hazard model (Stirling et al., 2012) for this97

well-studied fault. The principal reason for these modifications was to reduce the total98

fault area in the ’starting’ source model, which had an area significantly higher than99

Mw-Area scaling relations would suggest is reasonable, and because this current source100

inversion moment is significantly higher than the seismologically-determined Mw = 7.8.101

Table S1, available in the electronic supplement to this article, provides the key parameters102

of each fault segment2 depicted in Figure 1, and further details of the apportioned seismic103

2Multiple fault segments, each of constant strike, are used for the Humps Fault Zone and Hundalee
Fault
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moment and temporal initiation for each rupture segment are discussed in a subsequent104

section on ground motion simulation.105

Clearly, significant corroborating evidence is needed to truly understand the source106

complexities of this event, but, as subsequent results indicate, we believe that the inter-107

pretation presented above is broadly consistent with observational data and insightful for108

the purpose of understanding ground motion observations.109

4 Ground motion observations110

4.1 Ground motion record processing111

Volume 1 ground motion records were obtained from GeoNet (www.geonet.org.nz/). A112

total of 224 records were obtained for this event, the majority of which were recorded113

on CUSP-3, Kinematrics Etna or Basalt digital strong motion instruments. All ground114

motions were baseline corrected via removal of the mean and linear trend (if any) in115

recorded acceleration. The baseline-corrected records were then processed with a low-116

pass causal four-order Butterworth filter with cutoff frequency, fc=50-100 Hz (depending117

on the sampling rate), and a high-pass filter with fc=0.05 Hz. All figures in this paper118

make use of absolute timing such that t = 0 represents the hypocenter rupture time.119

Subsequently, velocity and displacement signals were obtained. Because of the era of120

these instruments, all processed records following the above process resulted in physically-121

realistic Fourier spectra amplitudes and integrated displacement histories. As a result,122

the processed ground motions can be considered to provide reliable estimates of peak123

ground accelerations (PGA) and response spectral ordinates over the range T = 0.01−10124

seconds (Douglas and Boore, 2011), which are typically of engineering interest. It should125

be noted that the above procedure does not lend itself to the computation of residual126

displacements (from permanent fault displacement or ground failure), which may be non-127

zero for near-source locations and is left for future study.128
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4.2 A regional view129

Figure 2 illustrates the location of the GeoNet ground motion station recordings relative130

to the causative fault, which range in source-to-site distances3 of approximately Rrup=0-131

216 km. Figure S1, available in the electronic supplement to this article, illustrates the132

distribution of recorded geometric mean4 peak ground acceleration, PGA. In total, 47,133

16, and 5 ground motions were observed with PGA > 0.1g, 0.2g, and 0.5g, respectively.134

Figure 2 illustrates the spatial distribution of the GeoNet strong motion stations,135

and representative velocity time series in three orthogonal components. As would be ex-136

pected, the highest velocities are evident in the near-source region. However, the nature137

of the waveforms vary significantly at similar Rrup values depending on the back-azimuth138

from the site to the site - those stations in proximity to the southern end of the rup-139

ture (North Canterbury; stations WTMC, WIGC, CULC, HSES) exhibit high-amplitude140

short-duration ground motions, while those at the north end of the rupture (northern141

Marlborough and Wellington; KEKS, WDFS, BWRS, FKPS) have substantially longer142

duration and also well-defined multiple wave packets indicating ’delayed’ rupture initia-143

tion of several segments. Central South Island stations, such as Molesworth (MOLS) and144

Wairau Valley (WVFS), also exhibit two clear velocity wave packets.145

The subsequent sections discuss specific aspects of observed ground motions in three146

sub-regions of particular interest.147

4.3 The near-fault region148

Figure 3 illustrates four strong motion stations that are located in the immediate region149

of the causative faults. Station WTMC is located immediately near the inferred epicenter150

in Waiau; KIKS in Kaikoura, approximately halfway along the north-south extent of the151

rupturing faults; and KEKS and WDFS are located in Kekerengu and Ward, respectively,152

at the northern end of the rupturing faults.153

Because of its location near the epicenter (see Figure 1), the ground motion observed154

3The source-to-site distance is the closest distance of the site to any of the causative fault segments
4Geometric mean metrics are used throughout unless noted.
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at WTMC (Figure 3a) indicates a short strong motion duration relative to the other155

three near-fault stations. The ground motion accelerations at WTMC exceed 1.0g in156

both horizontal directions, and notably the acceleration in the vertical direction reaches157

2.7g (with a 100Hz high-cut filter). It is worth noting that the vertical accelerations158

exhibit strong asymmetry toward higher amplitudes in the positive direction (e.g. two159

exceedances of +2.0g, while negative accelerations are limited to a little over -1.0g). This160

phenomena has been documented in several ground motions from past earthquakes such161

as the 2011 Christchurch, New Zealand (Bradley and Cubrinovski, 2011; Fry et al., 2011),162

and the 2008 Iwate-Miyagi, Japan (Aoi et al., 2008; Yamada et al., 2009; Tobita et al.,163

2010) earthquakes. As demonstrated by Tobita et al. (2010) and Jeong and Bradley164

(2016), such asymmetry results from the varying near surface soil shear strength during165

induced compression and dilation. Furthermore, independent evidence of the extreme166

vertical accelerations in the vicinity of the WTMC site were seen5 in the form of bearing167

pads significantly moving (and, in one case, coming out from) between bridge abutment168

and girders at two bridges on Inland Road (SH70), within 2km from the WTMC station.169

The KIKS station recorded relatively small levels of ground motion acceleration, given170

its location on a peninsula near the north-south mid-point of the rupturing fault segments,171

with horizontal and vertical peak accelerations of approximately 0.22g and 0.27g, respec-172

tively. The horizontal peak velocities are also a similarly small PGV=41-45cm/s, as173

compared to the other three stations in Figure 3 which generally have PGV >80cm/s174

(velocity time series at all four stations are shown in Figure 2). Relative to the source175

representation shown in Figure 1, this implies that either the offshore rupture of the Hun-176

dalee Fault (which projects to the surface in Kaikoura) had relatively small slip amplitudes177

at its northern end, or largely did not rupture offshore. Surface rupture was observed on178

this fault at the coastline (Litchfield et al., 2016), yet offshore seismic reflection is yet to179

confirm or deny its offshore extent (and InSAR+GPS-based inversions (Hamling, 2016)180

naturally provide limited resolution for such offshore inferences).181

Figure 3c and 3d illustrate the recorded ground motion accelerations at Kekerengu182

5by the first author and others during field reconnaissance.
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(KEKS) and Ward (WDFS) stations, which are located near the northern end of the183

rupturing faults, and are themselves located 16km apart. Both of these stations clearly184

illustrate acceleration records which are dominated by two predominant wave packets, one185

near t = 60s, and the other near t = 80s. Because of the fact that the KEKS station is186

within 2.5km of the mapped surface rupture of the Kekerengu fault (Litchfield et al., 2016)187

(with surface rupture displacements of 5-10m horizontal, and 1-2m vertical in the vicinity)188

it is reasonable to assume that the peak accelerations in the KEKS record correspond to189

the through-going rupture past this location. In contrast to KEKS, at the WDFS station190

the peak accelerations occur near t = 80s, which based on the source model in Figure 1 is191

inferred as the result of rupture of the Needles fault. Hamling (2016) inferred some (small)192

slip on the Grassmere fault located onshore from the Needles fault (and thus closer to the193

WDFS station). While not included in the modelled rupture representation in Figure 1,194

as no surface major rupture was evident on this fault from (Litchfield et al., 2016), the195

large accelerations at WDFS may imply that such rupture occurred (since inspections of196

the site do not indicate any pronounced site effects).197

The time delay between the predominant wave packets, and consequent peak accel-198

erations, at the KEKS and WDFS stations (approximately ∆t = 16s) despite only a199

16km separation distance also imply some rupture delay from termination of rupture on200

the northern end of the Kekerengu fault and initiation of rupture at the southern end201

of the Needles fault. In a similar vein, the through-going rupture seen at KEKS at ap-202

proximately t = 60s implies significant delays in the rupture of the Kekerengu fault (and203

Jordan Thrust; see Litchfield et al. (2016)) from earlier ruptures of the southern-most204

fault segments. While we are not aware of any sufficiently comprehensive kinematic in-205

versions to specifically solve for such initiation times, we utilize the above observations to206

approximate segment initiation times in subsequently discussed kinematic rupture models207

and ground motion simulations.208
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4.4 The epicentral region209

In addition to the observations at the WTMC station near the rupture hypocenter dis-210

cussed in the previous section, several other salient observations were obtained in the211

epicentral region in North Canterbury (see locations in Figure 2) as depicted in the form212

of acceleration time series in Figure 4. The strong motion station at Waiau Gorge, WIGC,213

is located approximately 6km south from the inferred western end of the rupture in The214

Humps fault zone. Like the WTMC record, the shaking at WIGC is punctuated by a215

relatively short duration of high amplitude shaking with horizontal and vertical peak ac-216

celerations in the range of PGA=0.5-0.8g. Interestingly, the Culverden station, CULC, is217

located only a further 6km south of WIGC and exhibits significantly lower horizontal ac-218

celerations of 0.23-0.29g, indicating either some site effect at the WIGC station (although219

both sites are identified by GeoNet as residing on shallow soil) or significant distance220

attenuation.221

The Hanmer Springs (HSES) and Cheviot (CECS) stations in Figure 4 are located222

one basin either side of the Waiau Basin area, at distances of 20-30km from the WTMC223

station. It can be seen that the ground motion acceleration records at these two stations224

are similar, with peak accelerations on the order of 0.25g horizontal and 0.10/0.16g verti-225

cal. Both stations also exhibit recordings with clearly identifiable multiple wave packets226

associated with time delays in the rupture of subsequent fault segments.227

4.5 Urban Wellington228

Beyond the immediate near-fault region, the earthquake caused ground motions with the229

most societal impact in the lower North Island region, in particular, the Wellington re-230

gion. This impact was the result of the northward rupture propagation causing moderate231

levels of ground motion intensity in the region, particularly at longer vibration periods,232

combined with sufficient depths of sedimentary deposits. As a result, these ’long-period233

long-duration’ ground motions were damaging to multi-storey office buildings of compa-234

rable vibration periods, and port structures on deep reclaimed deposits. As an example of235

the ground motions recorded in the region, Figure 5 illustrates the acceleration time series236
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recorded at a typical rock (POTS) and soil (TEPS) station. Similar to the WDFS station237

(Figure 3d), it can be seen that the ground motions at both stations are dominated by two238

wave packets, inferred as a result of rupture along the Jordan Thurst/Kekerengu Faults239

and Needles Fault, respectively. Given its closer location to Wellington, the rupture of240

the Needles fault clearly dominates the strong motions in Wellington at both stations.241

The mono-chromatic nature of the shaking at the TEPS soil site is clearly evident.242

Figure 6a illustrates the specific locations of eight strong motion stations in the cen-243

tral Wellington region relative to the predominant basin edge defined by the Wellington244

Fault (Van Dissen and Berryman, 1996), and the regions of either quarry or hydraulic245

reclamation (Semmens et al., 2011). There are several reference rock stations in the246

Wellington/Hutt Valley region, and the (geometric mean) response spectra at five such247

stations are illustrated in Figure 6b. Stations POTS and PTOS are annotated, in par-248

ticular, because they are considered as reference stations in subsequent figures; however,249

it can be seen that all five stations have very similar response spectral amplitudes across250

the full period range depicted. It is noted that all five stations are located on the hanging251

wall immediately to the west of the Wellington Fault trace. Although not apparent at all252

five rock stations, it can be seen that at the POTS and PTOS stations there are relative253

spectral peaks at approximately T = 1.5s and T = 5− 6s (or conversely, spectral valleys254

at periods in between these, as the sites are located at the base of topography). Because255

of the large source to site distance (approximately 60km to the northern extent of the256

modelled rupture of the Needles Fault), it can be seen that even the rock ground motions257

have relatively weak high frequency ground motion amplitudes (a comparison to the 500yr258

return period rock site design spectra NZS1170.5 (2004) is provided in Figure 6b). As259

a result, the ground motions were not damaging to any short period structures in the260

region.261

As noted in Figure 6a, there is significant commercial, industrial, and social activity in262

reclaimed regions of central Wellington. Figure 6c illustrates the response spectra at the263

three stations on reclaimed land relative to that at the POTS reference rock station. The264

FKPS and TEPS stations are located relatively close to each other (350m apart; 2km from265
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POTS), while PIPS is located closer to the POTS rock reference station (1.0km). Despite266

the proximity of the FKPS and TEPS stations, it can be seen that the response spectra267

are quite different for vibration periods less than T = 2.0s. This can be explained by the268

notably different depths of sedimentary soils between these two sites, which are inferred269

to be approximately 30m at FKPS and 100m at TEPS (Semmens et al., 2011). Based270

on sedimentary soil shear wave velocities near the surface of approximately V s=200m/s,271

increasing gradually with depth, the fundamental period of a soil column of depth H272

subject to shear deformation gives vibration periods which are very similar to the spectral273

peaks of 0.4s and 1.4s seen at FKPS and TEPS, respectively.274

The PIPS station, located on hydraulic fill near the northern end of Wellington City,275

is seen to have substantially higher spectral amplitudes than the other two reclaimed276

sites for vibration periods between T=0.6-6.0s. Although direct constraints are poor,277

Semmens et al. (2011) infer that the soil depth at the location of PIPS is on the order of278

250-300m. The combination of deep sediments, hydraulic fill (i.e. harbour muds/sands279

as opposed to gravelly material in other reclaimed areas), and the location immediately280

beside the Wellington Fault resulting in long period basin-edge effects (Kawase, 1996),281

are the inferred causes of the observed long period amplification.282

Figure 6d illustrates three stations (WEMS, TFSS, VUWS) in the central and north-283

ern portions of Wellington City that are located on alluvial deposits, with the rock and284

hydraulic fill stations of POTS and PIPS for comparative reference. It can be seen that285

all three alluvial sites exhibit amplification for T <4.0s relative to the POTS reference286

station. At long periods (T = 2− 6s) the amplitudes at the TFSS site are slightly larger287

than the other two alluvial sites, consistent with its (poorly constrained) greater sediment288

depth on the order of 100m (Semmens et al., 2011), compared to depths on the order of289

50m for the other two sites. At shorter periods (T = 0.2 − 1.0s) the VUWS site does290

exhibit amplitudes up to 50% larger than the other two sites.291

Figure 6e illustrates the observed spectral amplitudes at several other miscellaneous292

stations in the Wellington suburbs, with the POTS and VUWS stations providing refer-293

ences for rock and alluvial soil conditions in central Wellington. WNKS station is located294
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in Karori, an elevated basin suburb located to the west of central Wellington. It can be295

seen that this site exhibits a strong spectral peak at short periods (T = 0.4s) with no296

amplification relative to the POTS rock reference station for T > 1.0s. This site response297

is indicative of shallow sediments over stiff bedrock. WEL station is located just above298

central Wellington on a relatively small hill near its crest, with what can be seen as con-299

sistently smaller spectral amplitudes than the VUWS alluvial soil reference, but larger300

than the POTS rock reference. Finally, WNKS station is located at Wellington Airport,301

on raised beach deposits that were lifted above sea level as a result of the 1855 Wairarapa302

earthquake (GeoNet, 2016b). Similar to the prior comments, it can be seen that this site303

also exhibits notably smaller amplifications than the VUWS alluvial reference site.304

4.6 Lower Hutt / Petone305

The Hutt Valley is located directly to the north of Central Wellington and is another306

urbanized area. Figure 7a illustrates six strong motion stations that span the mouth of307

the Hutt Valley at its southern end, and provide a nice illustration of site effects in an308

alluvial valley that, on face value, is notably simpler than the site conditions in central309

Wellington. The western edge of the valley is bounded by the Wellington Fault, with310

sediment depths up to 300m, based on Boon et al. (2011). Progressing across to the east311

of the valley along the transect of stations, the basin depth gradually decreases. Figure 7b312

illustrates that, as seen in central Wellington, the four soil sites exhibit amplifications over313

the period range T = 0.4− 4.0s relative to the PTOS rock reference station6. It can also314

be seen that over the period range T = 1.5 − 5.0s there is a greater amplification for315

the two stations (PVCS, PGMS) located in the deeper deposits to the west than those316

shallower stations to the east (LHUS, LRSS). The LIRS station on the eastern boundary317

of the valley can be seen to exhibit mild amplification at short periods (T = 0.2s) from318

its shallow soil depth overlying rock.319

6The higher amplitudes at periods shorter than T = 0.1s are not reflective of any amplification, but a
result of the fact that the peak oscillator response is being driven by longer period ground motions, the
theoretical details of which are discussed in detail by Bora et al. (2016)
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5 Insights from broadband ground motion simula-320

tions321

The previous sections provided a discussion of ground motion observations in an effort322

to implicitly understand seismic source, path, and site effects associated with this event.323

In this section we explore these prior inferences further by supplementing them directly324

with numerical results from preliminary hybrid broadband ground motion simulations.325

5.1 Simulation methodology and inputs326

Ground motion simulation was undertaken using the Graves and Pitarka (2015) methodol-327

ogy, a ’hybrid’ approach in which the low frequency (LF) waveforms are comprehensively328

computed by solving the elastodynamic equation in the 3D crustal model domain (using329

finite differences), while the high frequency (HF) waveforms utilise a phenomenological330

simplified physics approach.331

In the adopted methodology, the seismic source is prescribed in the form of a kinematic332

rupture description. The specific kinematic rupture generator is described by Graves and333

Pitarka (2015), and we use default parameters of that model unless described below.334

We extend the methodology presented in that paper by generating kinematic ruptures335

on the multiple fault segments to produce the rupture shown in Figure 1. The rupture336

description for each fault segment requires the specification of fault geometry (location,337

strike, dip, length, width), moment magnitude, Mw (which implies average slip for a given338

fault area), average rake angle, hypocenter location and hypocenter rupture initiation time339

(even though there is only one real hypocenter, in the rupture generation a hypocenter is340

specified for each fault segment). The high frequency source description utilized a stress341

parameter of ∆σ = 5MPa, anelastic attenuation of κ = 0.045, and generic 1D crustal342

model which have been used for simulations of the 2010-2011 Canterbury earthquakes343

(Bradley et al., 2015) (the stress parameter value is also the same as that recommended344

for California (Graves and Pitarka, 2010, 2015)). Additional modelling specifics for the345

seismic source are provided in a subsequent section.346
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A New Zealand seismic velocity model (NZVM) (Lee et al., 2016; Thomson et al.,347

2016) was utilized to describe the P- and S-wave velocity, and density of the crust over348

the simulation domain. This model contains a 3D travel-time tomography-based crustal349

model from Eberhart-Phillips et al. (2010), a high-resolution representation of sedimentary350

deposits in the Canterbury region (Lee et al., 2016) (which is not present over the wider351

region) related to research on the 2010-2011 Canterbury earthquakes, and near-surface352

estimates of shear wave velocity at strong motion stations based on geology, topography,353

and direct measurements (Foster et al., 2016). Ground motion simulations utilizing this354

NZVM have been validated against observations for events in the 2010-2011 Canterbury355

earthquake sequence (Razafindrakoto et al., 2016, 2015), as well as small magnitude events356

in the Canterbury foothills (Nazer et al., 2016).357

Near-surface site response was modelled following the Vs30-based empirical approach358

discussed in Graves and Pitarka (2010) based on the empirical amplification model of359

Campbell and Bozorgnia (2014). Vs30 values of the stations are provided in Table S2,360

available in the electronic supplement to this article.361

The ground motion simulations were performed within a computational domain of362

640km x 300km x 80km, with a finite difference grid spacing of 0.2km. In the Canterbury363

sedimentary basin a minimum shear wave velocity of Vs=500m/s was considered (yielding364

maximum frequencies of the low frequency waveforms of 0.5Hz), while outside the Canter-365

bury basin the minimum shear wave velocity is generally greater than Vs=1000m/s (giving366

maximum frequencies of 1.0Hz). A time increment of ∆t=0.005s was utilised, resulting in367

50,000 time steps to produce simulated ground motions for a target duration of 250s. The368

ground motion simulations were performed on the NeSI ’Fitzroy’ Power6 cluster (https:369

//www.nesi.org.nz/services/high-performance-computing/platforms). The LF fi-370

nite difference calculation, using 512 compute cores, required approximately 9 hours of371

wall clock compute time, with a subsequent 5 hours for the HF calculation and post-372

processing. Additional computational workflow details are discussed in Bae et al. (2016).373
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5.2 Source model assumptions374

As alluded to earlier, Figure 1 illustrates the kinematic rupture model used in the sub-375

sequently presented ground motion simulations, with the standard rupture format (SRF)376

parameters for each fault segment provided in Table S1, available in the electronic sup-377

plement to this article. The arguments for the adopted source geometry were provided378

in Section 3, so the discussion here focuses on the specified seismic moment and rupture379

initiation time on each fault segment.380

Hamling (2016) provides InSAR+GPS-derived slip estimates, but as already noted,381

such estimates result in a seismic moment release that is notably above Mw7.8. In ad-382

dition, it is now well recognised that the generation of strong ground motion is often383

not directly coincident with inferred location of large static slip. As a result, we draw384

relative inferences from the InSAR+GPS-derived slip across all fault segments, but de-385

termine absolute slip amplitudes (via specification of fault segment Mw values) based on386

consideration of empirical Mw-Area scaling relations. The total fault area in the model387

presented in Figure 1 is 5510km2, which using the inter-plate strike-slip correlation of388

Leonard (2010) yields a median Mw = 7.74 - i.e. consistent with the seismologically-389

derived value of Mw7.8. The application of the Leonard scaling relation to each fault390

segment directly does not work for a multi-fault rupture (as it implies that average slip391

would be independent of fault area and hence magnitude), so we therefore use it in a rela-392

tive sense to apportion the total seismic moment, Mo, across the different segments shown.393

Specific details of the moment magnitude apportioned to each segment are provided in394

Table S1, available in the electronic supplement to this article. It can be seen from the395

distribution of slip amplitudes in Figure 1 that the largest average slip amplitudes occur396

on the northern-most fault segments (i.e. Jordan Thurst, Kekerengu, Papatea, and Nee-397

dles Faults), consistent with both magnitudes of surface rupture displacements, and also398

implied slip amplitudes from InSAR+GPS inversion (Hamling, 2016).399

The rupture initiation time on each fault segment was based on a combination of400

two factors: (1) the time to kinematic triggering, when the rupture of an immediately401

adjacent fault reaches the (approximate) location of the segment initiation point; and (2)402
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any imposed rupture time delay. As noted in Section 3, the observed ground motions do403

indicate several significant rupture initiation delays are present, and therefore we attempt404

to account for this in a heuristic manner (based on the present limited information).405

Given that the considered fault segments are all approximately connected, we performed406

a simulation with a previous, but similar, version of fault geometry without consideration407

of any time delays (i.e. all segments initiated rupture via kinematic triggering). The408

main discrepancy we observed when comparing observed and simulated ground motion409

waveforms, was the substantially later high-amplitude wave packet arrivals in observed410

ground motions at stations such as KEKS and WDFS (see Figure 3 and related text). The411

simplest adjustment we could identify was to delay the initiation of rupture at the southern412

end of the Jordan Thrust (connected to the Hope Fault, see Litchfield et al. (2016)). A413

delay of almost ∆t = 20s was necessary for the Jordan Thurst and subsequently Kekerengu414

Faults to rupture with an approximately correct arrival time of the large amplitude motion415

at KEKS station. In addition, a several second delay was also required between the416

Kekerengu and Needles faults to resemble the nature of the ground motion observed at417

the WDFS station (and also in the lower North Island). Assumed rupture initiation times418

for each of the considered segments are provided in Table S1, available in the electronic419

supplement to this article.420

It should be relatively obvious that there are numerous heuristics in the method by421

which the seismic source has been modelled. We have considered multiple variations422

among different rupture geometries, moment partitioning, and segment initiation, all in423

the climate of rapid acquisition of observational data, and corroborating evidence (or424

otherwise) from third-party analyses using different datasets and/or methodologies. As425

the results in the subsequent sections demonstrate, several minor tweaks can be made426

to obtain simulations which align better with observations, but major improvements will427

require a more systematic understanding of the source, as well as improved representation428

of the crustal structure in the region, and near-surface site effects representation.429
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5.3 High-level simulation results430

Figure 8 illustrates snapshots of the simulated ground motion wavefield (in the form of431

ground motion velocity at the surface) for nine time instants during the simulation (A432

video is available in the electronic supplement to this article and at: https://youtu.433

be/ZbI7rgnZ2U8) 7 During the first 30 seconds of the simulation it can be that the434

’southern’ fault segments (The Humps, Hundalee, Hope) rupture in a northerly direction.435

Approximately at t = 40s the delayed rupture initiation at the southern end of the Jordan436

Thrust starts, and these ’northern’ faults (Jordan, Kekerengu, Papatea, Needles) rupture437

over the following 40 seconds. Finally, after the rupture itself ceases at approximately t =438

80s, the wavefield, with pronounced directivity migrating to the north east, approaches439

the lower North Island.440

Figure 9 provides a summary of the ground motion intensities over the simulation441

domain in the form of the peak ground acceleration, PGV (three-component maximum),442

and the Modified Mercalli Intensity (MMI) values, based on the MMI-to-PGV correlation443

of Worden et al. (2012). As implied by the wavefield snapshots in Figure 8, it can be444

seen that significant directivity occurs to the north east as a result of the fault geometries445

and rupture sequence (fortunately a significant potion of the MMI > 8 region occurs446

offshore, or in low-population density areas). As a result, the ground motion amplitudes447

to the south and west of the causative faults were modest in comparison. It can be seen448

that the Marlborough and Lower North Island was subject to approximately MMI = 7449

ground motion amplitudes with PGV = 20− 40cm/s.450

5.4 Simulation validation451

5.4.1 Waveform comparison452

Figure 10 provides a comparison of the observed and simulated velocity time series at ten453

stations of interest because of their locations in the near-fault, epicentral, and Wellington454

7The waveform anomaly near Lon:174.5◦ Lat:-43.2◦ is the result of a discontinity between the domain-
wide model of Eberhart-Phillips et al. (2010), with the offshore portion of the Canterbury Velocity model
of Lee et al. (2016). It is present only in the offshore region and the resulting localized spurious wavefield
does not have a material effect on the simulated motion onshore
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regions, as discussed in relation to Figures 3-5. It can be seen that the simulated ground455

motions capture the general features of the strong motion arrival time, amplitude, and456

significant duration. A comparison of observed and simulated three-component waveforms457

at all 162 stations is given in Figure S3, available in the electronic supplement to this458

article.459

5.4.2 Ground motion intensity with distance460

Figure 11 illustrates the ground motion spectral amplitudes for four vibration periods461

(T = 0.0, 0.2, 3.0, and 10.0s) as a function of source-to-site distance. The observed and462

simulated ground motion amplitudes for the 162 stations within the simulation domain463

are shown. The stations are also separately annotated based on their location in either464

the North or South Island. In addition to the simulation predictions, for reference, the465

NZ-specific empirical ground motion model of Bradley (2013) is also shown. It can be seen466

that the simulation provides a generally good comparison with the observed amplitudes.467

In particular, the distance attenuation in the observations at short periods (i.e. T = 0.0468

and 0.2s) is consistently predicted by the simulations, while the empirical model predicts469

a slower attenuation; conversely at long periods, the empirical model predicts a faster470

attenuation than exhibited by both the observed and simulated amplitudes. Although,471

not easily evident because of the large number of data points present, the simulations and472

observations are also broadly consistent in the higher-than-average amplitudes of North473

Island ground motions relative to those in the South Island for the same source-to-site474

distance - because of the aforementioned effect of rupture directivity.475

5.4.3 Spectral acceleration bias with period476

Figure 12 provides a summary over all vibration periods of the results noted in Figure 11.477

It can be seen that the broadband simulations have negligible bias for vibration periods478

up to T = 2.0s, with a bias increasing to an average of -0.4 natural log units (negative479

implying an over-prediction of observations) over T = 3− 7s, and then reducing slightly480

for T > 7s. The empirical model; which does not account for rupture features such481
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as partitioning of slip across the various rupture segments, or the temporal evolution of482

rupture, and hence directivity; has a bias of -0.4 to -0.6 units at short vibration periods,483

and then a bias of up to +0.7 units at T = 10s.484

6 Discussion and conclusions485

This paper examined several salient aspects of the observed ground motions from the486

14 November 2016 Mw7.8 Kaikoura earthquake. Particular attention was given to an487

engineering-focused interpretation of the observations, and the causal inferences related488

to source, path, and site effects. In order to aid in such causal inferences, comparison was489

made with hybrid broadband ground motion simulations based on a kinematic rupture490

informed by surface rupture observations and a preliminary InSAR+GPS inversion, with491

several modifications based on the authors’ experience and use of heuristics.492

Overall, the simulations provide a favourable agreement with the observations, and493

thus their further exploration will evidentially enable a more fundamental understanding494

of the salient source, path, and site aspects which contributed in this event, and the495

propensity for repeat occurrences in the future. Some systematic bias was evident in the496

simulations at long vibration periods. Such bias could be addressed through reasonable497

modifications to some of the assumptions regarding the moment partitioning and rupture498

initiation of the various fault segments, as well as the addition/removal of other fault499

segments whose inclusion remains somewhat controversial (i.e. where surface rupture was500

not evident, but are inferred to have ruptured from InSAR+GPS data; and vice-versa501

in the case of the Papatea Fault). In addition, bias in the ground motion simulations at502

individual stations, or subsets of stations in a specific geographical region, are likely to503

be reduced through the use of improved crustal velocity and near-surface site modelling.504

Clearly, progress in these three areas is likely to lead to the most fruitful advancements505

in understanding.506
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7 Data and resources507

Observed ground motions were obtained from GeoNet (www.geonet.org). Dr. Ian Ham-508

ling (GNS Science) provided preliminary unpublished source models. Ground motion sim-509

ulations were performed on the National eScience Infrastructure (NeSI) ’Fitzroy’ Power6510

cluster. The New Zealand seismic velocity model (Lee et al., 2016; Thomson et al.,511

2016) source code is available at: https://github.com/ucgmsim/Velocity-Model. The512

adopted kinematic rupture generator was that of Graves and Pitarka (2015). The513

adopted QuakeCoRE ground motion simulation workflow is available on GitHub (Bae514

et al., 2016). Plotting was performed using GMT http://gmt.soest.hawaii.edu/ and515

python https://www.python.org/.516

8 Acknowledgements517

The authors are particularly thankful to Drs. Nicola Litchfield and Ian Hamling (GNS Sci-518

ence) who shared various preliminary versions of surface rupture maps and InSAR+GPS519

source inversion models during the development of this research. Additional thanks are520

extended to Mr. Kevin Foster (University of Canterbury, UC) and Dr. Liam Wother-521

spoon (University of Auckland) for information and discussions regarding station site522

conditions, and Dr. Ahsan Nazer (UC) who helped prepare several figures for this paper.523

The high performance computing used in this research was provided through a NeSI merit524

allocation. This work was also supported by a Royal Society New Zealand Rutherford525

Discovery Fellowship and QuakeCoRE: The Centre for Earthquake Resilience. This is526

QuakeCoRE publication number 0089.527

References528

Aoi, S., T. Kunugi, and H. Fujiwara (2008). Trampoline Effect in Extreme Ground529

Motion, Science 322(5902), 727–730.530

20

https://github.com/ucgmsim/Velocity-Model
http://gmt.soest.hawaii.edu/
https://www.python.org/


Seismological Research Letters - accepted for publication

Bae, S., V. Polak, R. Clare, B. Bradley, and H. N. T. Razafindrakoto (2016). QuakeCoRE531

ground motion simulation computational workflow, QuakeCoRE Annual Meeting .532

Boon, D., N. Perrin, G. Dellow, R. Van Dissen, and B. Lukovic (2011). NZS1170.5:2004533

Site subsoil classification of Lower Hutt, 9th Pacific Conference on Earthquake Engi-534

neering , 8.535

Bora, S. S., F. Scherbaum, N. Kuehn, and P. Stafford (2016). On the Relationship536

between Fourier and Response Spectra: Implications for the Adjustment of Empirical537

GroundMotion Prediction Equations (GMPEs), Bulletin of the Seismological Society of538

America 106(3), 1235–1253.539

Bradley, B. A. (2013). A New Zealand-Specific Pseudospectral Acceleration Ground-540

Motion Prediction Equation for Active Shallow Crustal Earthquakes Based on Foreign541

Models, Bulletin of the Seismological Society of America 103(3), 1801–1822.542

Bradley, B. A. and M. Cubrinovski (2011). Near-source Strong Ground Motions Ob-543

served in the 22 February 2011 Christchurch Earthquake, Seismological Research Let-544

ters 82(6), 853–865.545

Bradley, B. A., S. Jeong, and H. N. T. Razafindrakoto (2015). Strong ground motions from546

the 2010-2011 Canterbury earthquakes and the predictive capability of empirical and547

physics-based simulation models, 10th Pacific Conference on Earthquake Engineering ,548

16.549

Campbell, K. W. and Y. Bozorgnia (2014). NGA-West2 Ground Motion Model for the550

Average Horizontal Components of PGA, PGV, and 5Earthquake Spectra 30(3), 1087–551

1115.552

Douglas, J. and D. Boore (2011). High-frequency filtering of strong-motion records, Bul-553

letin of Earthquake Engineering 9(2), 395–409.554

Eberhart-Phillips, D., M. Reyners, S. Bannister, M. Chadwick, and S. Ellis (2010). Estab-555

lishing a Versatile 3-D Seismic Velocity Model for New Zealand, Seismological Research556

Letters 81(6), 992–1000.557

21



Seismological Research Letters - accepted for publication

Fairfax Media (2016a). ”Building on Wellington’s Molesworth St being torn down”.558

http://www.stuff.co.nz/dominion-post/news/86928432/building-on-wellingtons-559

molseworth-st-being-torn-down 28 November 2016 (last accessed 29 Nov 2016).560

Fairfax Media (2016b). ”Car park building and cinema at Queensgate Mall in Lower Hutt561

will be demolished” http://www.stuff.co.nz/business/86865338/decision-imminent-on-562

queensgate-mall-building-demolition 26 November 2016 (last accessed 20 Dec 2016).563

Fairfax Media (2016c). State Highway 1 south of Kaikoura reopens after564

quakes: http://www.stuff.co.nz/national/87823887/state-highway-1-south-of-kaikoura-565

reopens (last accessed 22 Dec 2016).566

Foster, K., B. Bradley, L. Wotherspoon, and C. McGann (2016). A Vs30 map for New567

Zealand based on surficial geology, topography and direct measurements, QuakeCoRE568

Annual Meeting .569

Fry, B., R. Benites, and A. Kaiser (2011). The Character of Accelerations in the Mw 6.2570

Christchurch Earthquake, Seismological Research Letters 82(6), 846–852.571

GeoNet (2016a). http://www.geonet.org.nz/quakes/2016p858000.572

GeoNet (2016b). M 8.2 - 8.3, Wairarapa, 23 January 1855:573

http://info.geonet.org.nz/display/quake/M+8.2+-+8.3(last accessed: 15 Dec 2016).574

Graves, R. and A. Pitarka (2015). Refinements to the Graves and Pitarka (2010) Broad-575

band GroundMotion Simulation Method, Seismological Research Letters 86(1), 75–80.576

Graves, R. W. and A. Pitarka (2010). Broadband Ground-Motion Simulation Using a577

Hybrid Approach, Bulletin of the Seismological Society of America 100(5A), 2095–578

2123.579

Hamling, I. (2016). Preliminary source inversion of the 14 November 2016 Mw7.8 Kaikoura580

earthquake (personal communication).581

22



Seismological Research Letters - accepted for publication

Jeong, S. and B. A. Bradley (2016). Simulation of strong asymmetrical vertical accelera-582

tion at Heathcote Valley in the 2010-2011 Cantebury earthquakes, New Zealand Society583

for Earthquake Engineering Annual Conference.584

Kawase, H. (1996). The Cause of the Damage Belt in Kobe: ”The Basin-Edge585

Effect,” Constructive Interference of the Direct S-Wave with the Basin-Induced586

Diffracted/Rayleigh Waves, Seismological Research Letters 67(5), 25–34.587

Lee, R., B. Bradley, F. Ghisetti, and E. Thomson (2016). Development of a 3D high-588

resolution velocity model for the Canterbury, New Zealand region, Bulletin of the Seis-589

mological Society of America (submitted).590

Leonard, M. (2010). Earthquake Fault Scaling: Self-Consistent Relating of Rupture591

Length, Width, Average Displacement, and Moment Release, Bulletin of the Seismo-592

logical Society of America 100(5A), 1971–1988.593

Litchfield, N. J., R. Van Dissen, R. Sutherland, P. M. Barnes, S. C. Cox, R. Norris, R. J.594

Beavan, R. Langridge, P. Villamor, K. Berryman, M. Stirling, A. Nicol, S. Nodder,595

G. Lamarche, D. J. A. Barrell, J. R. Pettinga, T. Little, N. Pondard, J. J. Mountjoy,596

and K. Clark (2014). A model of active faulting in New Zealand, New Zealand Journal597

of Geology and Geophysics 57(1), 32–56.598

Litchfield, N. J., A. Benson, A. Bischoff, A. Hatem, A. Barrier, A. Nicol, A. Wandres,599

B. Lukovic, B. Hall, C. Gasston, C. Asher, C. Grimshaw, C. Madugo, C. Fenton,600

D. Hale, D. Barrell, D. Heron, D. Strong, D. Townsend, D. Nobe, J. Howarth, J. Pet-601

tinga, J. Kearse, J. Williams, J. Manousakis, J. Mountjoy, J. Rowland, K. Clark,602

K. Pedley, K. Sauer, K. Berryman, M. Hemphill-Haley, M. Stirling, M. Villeneuve,603

M. Cockroft, N. Khajavi, P. Barnes, P. Villamor, R. Carne, R. Langridge, R. Zinke,604

R. Van Dissen, S. McColl, S. Cox, S. Lawson, T. Little, T. Stahl, U. Cochran,605

V. Toy, W. Ries, and Z. Juniper (2016). 14th November 2016 M7.8 Kaikoura Earth-606

quake. Preliminary surface fault displacement measurements. Version 2. GNS Science.607

http://dx.doi.org/10.21420/G2J01F .608

23



Seismological Research Letters - accepted for publication

Nazer, M., H. N. T. Razafindrakoto, and B. Bradley (2016). Hybrid broadband ground609

motion simulations of Porters Pass earthquakes, QuakeCoRE Annual Meeting .610

New Zealand Government (2016). MBIE investigation into building performance press611

release: https://www.beehive.govt.nz/release/mbie-investigation-building-performance612

(last accessed 20 Dec 2016).613

NIWA (2016). ”Scientists detect huge fault rupture offshore from Kaikoura”614

https://www.niwa.co.nz/news/scientists-detect-huge-fault-rupture-offshore-from-615

kaikoura 22 November 2016 (last accessed 20 Dec 2016).616

NZS1170.5 (2004). Structural design actions, Part 5: Earthquake actions - New Zealand,617

pp. 82.618

NZTA (2016). Kaikoura earthquake update - 20 December619

http://www.nzta.govt.nz/assets/traffic/Kaikoura-Earthquake-Newsletter-update-620

20161220.pdf (last accessed: 21 Dec 2016).621

Petley, D. N. (2016). A revised landslide map for the M=7.8 Kaikoura earthquake:622

http://blogs.agu.org/landslideblog/2016/11/28/m7-8-kaikoura-earthquake/ (last ac-623

cessed: 15 Dec 2016).624

Razafindrakoto, H. N. T., B. A. Bradley, E. Thomson, and R. W. Graves (2015). Hybrid625

broadband simulations of the 2010-2011 Canterbury earthquakes, Southern California626

Earthquake Centre (SCEC) Annual Meeting .627

Razafindrakoto, H. N. T., B. A. Bradley, and R. W. Graves (2016). Broadband ground628

motion simulation of the 2011 Mw6.2 Christchurch earthquake, New Zealand, Bulletin629

of the Seismological Society of America (submitted).630

Semmens, S., N. Perrin, G. Dellow, and R. Van Dissen (2011). NZS1170.5:2004 site subsoil631

classification of Wellington City, 9th Pacific Conference on Earthquake Engineering .632

Stirling, M., G. McVerry, M. Gerstenberger, N. Litchfield, R. Van Dissen, K. Berryman,633

P. Barnes, L. Wallace, P. Villamor, R. Langridge, G. Lamarche, S. Nodder, M. Reyners,634

24



Seismological Research Letters - accepted for publication

B. Bradley, D. Rhoades, W. Smith, A. Nicol, J. Pettinga, K. Clark, and K. Jacobs635

(2012). National seismic hazard model for New Zealand: 2010 update, Bulletin of the636

Seismological Society of America 102(4), 1514–1542.637

Thomson, E., B. Bradley, and R. Lee (2016). The South Island velocity model (SIVM) -638

version 1: Computational implementation and integration within the unified community639

velocity model (UCVM) framework, QuakeCoRE Annual Meeting .640

Tobita, T., S. Iai, and T. Iwata (2010). Numerical Analysis of Near-Field Asymmetric641

Vertical Motion, Bulletin of the Seismological Society of America 100(4), 1456–1469.642

USGS (2016). https://www.usgs.gov/news/magnitude-78-earthquake-new-zealand.643

Van Dissen, R. and K. Berryman (1996). Surface rupture earthquakes over the last644

1000 years in the Wellington region, New Zealand, and implications for ground shaking645

hazard, Journal of Geophysical Research 101(B3), 5999–6019.646

Wellington City Council (2016). Earthquake Recovery Information Centre (ERIC)647

http://wellington.govt.nz/about-wellington/emergency-management/november-2016-648

earthquake-information/earthquake-recovery-information-centre (last accessed: 20 Dec649

2016).650

Worden, C. B., M. C. Gerstenberger, D. A. Rhoades, and D. J. Wald (2012). Probabilistic651

Relationships between Ground-Motion Parameters and Modified Mercalli Intensity in652

California, Bulletin of the Seismological Society of America 102(1), 204–221.653

Yamada, M., J. Mori, and T. Heaton (2009). The Slapdown Phase in High-acceleration654

Records of Large Earthquakes, Seismological Research Letters 80(4), 559–564.655

25



Seismological Research Letters - accepted for publication

Figure 1: Location of the Mw7.8 Kaikoura earthquake and causative faults on the east
coast of the South Island, New Zealand. Hypocentre is marked with a red star. Surface
trace of the source inversion of Hamling (2016) shown in green, and adopted kinematic
rupture model faults shown as planes coloured by slip amplitude and contoured by rupture
time. Mw > 4.5 GeoNet CMT aftershocks till 15 Dec 2016 also illustrated as a function
of centroid depth. The inferred rupturing faults are discussed further subsequently.
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Figure 2: Spatial illustration of the variation in observed ground motion velocities at
selected strong motion stations in the east-west (090) component. Stations which are
referenced in Figures 3 and 4 are distinguished with different color, as is the geographic
location of stations discussed in Figures 6 and 7. Figure S2, available in the electronic
supplement to this article, presents all three ground motion components.
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(a) Waiau, WTMC (b) Kaikoura, KIKS

(c) Kekerengu, KEKS (d) Ward, WDFS

Figure 3: Recorded ground motion accelerations in the immediate vicinity of the rupturing
faults (locations noted in Figure 2). 000, 090, and ver represent north-south, east-west
and vertical components, respectively. Maximum accelerations in each component are
explicitly noted. Different vertical axis scales are used for each station, and between
horizontal and vertical components for clarity.
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(a) Waiau gorge, WIGC (b) Culverden, CULC

(c) Hanmer Springs, HSES (d) Cheviot, CECS

Figure 4: Recorded ground motions in the epicentral region of the initiating rupture on
The Humps Fault zone (locations noted in Figure 2). 000, 090, and ver represent north-
south, east-west and vertical components, respectively. Maximum accelerations in each
component are explicitly noted. Different vertical axis scales are used for each station,
and between horizontal and vertical components for clarity.
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(a) Wellington Pottery Assoc., POTS (Rock) (b) Te Papa Museum, TEPS (Soil)

Figure 5: Ground motion accelerations in Wellington (location noted in Figure 2) illus-
trating the role of shallow and deep site effects. 000, 090, and ver represent north-south,
east-west and vertical components, respectively. Maximum accelerations in each compo-
nent are explicitly noted.

30



Seismological Research Letters - accepted for publication

 
 
 

TEPS FKPS 

WEL 

VUWS 

TFSS WEMS 

POTS 

PIPS Hydraulic fill 

Quarry reclamation 

Wellington Fault 

(a)

10-2 10-1 100 101

Period, T [s]

10-2

10-1

100

Sp
ec

tra
l a

cc
, S

a 
[g

]

Wellington rock stations

POTS
PTOS
Other (LHRS, BMTS, HSSS)

NZS1170.5:2004
Z=0.4
Deep Soil
Rock

(b)

10-2 10-1 100 101

Period, T [s]

10-2

10-1

100

Sp
ec

tra
l a

cc
, S

a 
[g

]

Wellington reclaimed sites

Rock (POTS)
Deep quarry fill (TEPS)
Shallow quarry fill (FKPS)
Hydraulic fill (PIPS)

NZS1170.5:2004
Z=0.4
Deep Soil

(c)

10-2 10-1 100 101

Period, T [s]

10-2

10-1

100

Sp
ec

tra
l a

cc
, S

a 
[g

]

Northern Wellington CBD sites

Rock (POTS)
Deep allivium (TFSS)
Shallow allivium (WEMS)
Hydraulic fill (PIPS)
Shallow allivium (VUWS)

NZS1170.5:2004
Z=0.4
Deep Soil

(d)

10-2 10-1 100 101

Period, T [s]

10-2

10-1

100

Sp
ec

tra
l a

cc
, S

a 
[g

]

Wellington suburb sites

Rock (POTS)
Hill crest (WEL)
Shallow elevated basin (WNKS)
Raised beach deposits (WNAS)
Shallow allivium (VUWS)

NZS1170.5:2004
Z=0.4
Deep Soil

(e)

Figure 6: (a) Location of ground motion stations in central Wellington, and observed
geometric mean response spectra relative to the design spectra for: (b) rock stations;
(c) reclaimed sites; (d) northern central business district (CBD); and (e) suburban sites.
Figure 6a notes the location of the Wellington Fault as well as areas of reclamation.
The Wellington region is identified in Figure 2. Generalized near surface conditions are
described in the figure legends.
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(b) Response spectra

Figure 7: Site response effects in the Lower Hutt / Petone area: (a) Oblique view and
projected vertical cross-section of the station locations at the mouth of the valley; and
(b) Observed geometric mean response spectra relative to the deep soil design spectrum.
The Lower Hutt region is identified in Figure 2. The schematic sedimentary soil depth
profile based on Boon et al. (2011)
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(a) t=10s (b) t=20s (c) t=30s

(d) t=40s (e) t=50s (f) t=60s

(g) t=70s (h) t=80s (i) t=100s

Figure 8: Time snapshots of simulated peak ground velocity (three component maximum).
The causative fault segments and simulation domain are also indicated. A video of the
simulation is available in the electronic supplement to this article and at: https://youtu.
be/ZbI7rgnZ2U8.
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Figure 9: Spatial variation of: (a) peak ground velocity (PGV); and (b) Modified Mer-
calli Intensity (MMI) from the ground motion simulation (vector maximum of the two
horizontal components).
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Figure 10: Comparison of observed and simulated velocity time series at strong motion
stations of interest in the near-fault region (WTMC, KIKS, KEKS, WDFS), the epicen-
tral region (WIGC, CULC, CECS, HSES) and Wellington (POTS, TEPS). Observed and
simulated waveforms are shown in black and red, respectively, with the displayed ampli-
tude normalized to the maximum observed value which is provided at the right of each
waveform. The three columns represent the 000 (North-South), 090 (East-West), and
vertical components. A comparison for all stations is provided in Figure S3, available in
the electronic supplement to this article.
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(a) PGA (b) SA(0.2s)

(c) SA(3.0s) (d) SA(10.0s)

Figure 11: Observed, simulated, and empirically-predicted geometric mean ground motion
intensities as a function of source-to-site distance, Rrup. Symbol shape indicates location
of the station in the North or South Island. The median, and 16th/84th percentiles of the
empirical prediction Bradley (2013) are represented by solid and dashed lines, respectively.
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Figure 12: Distribution of residuals between observed and either empirically- or physics-
based-predictions of (pseudo) spectral accelerations as a function of vibration period for
all stations. The solid line indicates the mean residual, and the shaded region ± one
standard deviation.
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