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EXECUTIVE SUMMARY 

Soil deposits in sedimentary basins are well-known for amplifying earthquake ground motion. 
Models of the 3D subsurface and maps of key geotechnical parameters are important to 
mitigate these effects and guide robust engineering design practices. Furthermore, they can 
help us better understand ground motion amplification and damage patterns observed in 
recent earthquakes in Wellington. 

Following the 2016 Mw 7.8 Kaikōura earthquake, we have updated the central Wellington 3D 
basin model and low amplitude natural site period and NZS 1170.5 site subsoil class maps for 
central Wellington. The new maps incorporate significant new geotechnical and geophysical 
data collected since the original work of Semmens et al. (2010), including 700+ new boreholes 
records collated from a range of sources and 400+ new geophysical measurements collected 
as part of this project.  

We have compiled an upgraded borehole database comprising 1,427 boreholes, 429 of which 
intersect greywacke basement. The database allows us to better define key geotechnical 
engineering units within our 3D model, in particular shallow loose sediments and areas of 
hydraulic and engineered fill in the uppermost 30 m. The surface geology map has also been 
updated based on boreholes, aerial photography and LiDAR digital terrain models. The result 
is a new (v2.0) 3D geological and velocity model for central Wellington. 

We have also compiled a new geophysical site period database from microtremor horizontal-
to-vertical spectral ratio (HVSR) surveys. The database includes an estimate of quality for each 
individual site period measurement. The geophysical information complements the borehole 
information by providing key constraints on site period and basin structure in deeper parts of 
the basin where boreholes to basement are sparse.  

Finally, we draw together the large quantity of complementary geological and geophysical 
information in an innovative scheme to provide updated maps of natural site period and site 
subsoil class. Our results indicate that site period is longer than previously thought in the upper 
Thorndon basin. This implies that the depth to greywacke basement is likely deeper than 
previously mapped, and site Class D is the most appropriate NZS1170.5 subsoil classification. 
Furthermore, the variability of site period estimates in the Thorndon area, indicates that 
complex amplification effects are present, likely associated with the Wellington Fault basin 
edge and lateral 3D subsurface variations. In waterfront areas, including CentrePort, site 
period is mapped in the 1–2 s period range corresponding to that of large amplifications 
observed during the Kaikōura earthquake. Further acquisition of deep boreholes intersecting 
basement in the Thorndon and CentrePort area and on the footwall adjacent to the Wellington 
fault, would provide valuable confirmation of the deeper basin structure in this area.  

The Te Aro basin to the south is now mapped with more steeply dipping basement on its 
western and eastern flanks. This is consistent with the new discovery of Aotea Fault offshore, 
which is inferred to extend beneath the eastern edge of the basin. Geological and geophysical 
estimates of site period in the Te Aro basin are generally in excellent agreement and allow 
well-constrained and smoothly varying site period contours to be mapped. Our study highlights 
that areas above the steeply-sided basin edges adjacent to deep soils may experience longer 
period site response than implied by considering only the 1D profile beneath the site. 
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1.0 INTRODUCTION 

The character and spatial extent of local ground motion amplification depends on the 
geological structure and local geotechnical soil properties. In sedimentary basins, seismic 
waves are amplified and/or trapped within softer materials with lower shear-wave velocity (Vs) 
and lower density that are encountered at shallow depths near the surface. The period at which 
this amplification occurs is related primarily to the Vs and thickness properties of the subsoil. 
Amplification can also be enhanced by basin effects arising from 3D basin structure, including 
potential ‘basin-edge generated waves’ arising from the sharp rock-to-soil material contrasts 
at the steep-sided basin margins. Hence, detailed knowledge of the subsurface is necessary 
to guide earthquake-resistant design and mitigate the effects of large damaging earthquakes.  

The central business district (CBD) of Wellington, New Zealand’s capital city, overlies the edge 
of the Wellington sedimentary basin (Figure 1.1). The underlying subsurface basement 
topography includes strong lateral variations and steeply dipping basin edges (Semmens et al. 
2010), making the city prone to complex, spatially variable amplification effects. Furthermore, 
it is located in a region of high seismic hazard. Several faults located within ~50 km of the city 
are capable of generating M7.5+ earthquakes, including the Wellington Fault, and the 
underlying Hikurangi subduction interface (Stirling et al. 2012).  

Most recently, the November 2016 Mw 7.8 Kaikōura earthquake rupture terminated ~60 km 
from the central city, causing significant disruption and damage. The observed damage was 
concentrated in mid-rise structures (5 to 15 storeys) and was clearly exacerbated by the 
presence of basin amplification at a period of 1–2 seconds, corresponding to the typical 
fundamental period of these types of structures (Kaiser et al. 2017a; Bradley et al. 2017, 2018). 
Spectral accelerations were systematically amplified in the 1–2 s period range across all ‘deep 
or soft soil’ GeoNet strong motion stations (NZS1170.5:2004 site subsoil Class D; Standards 
New Zealand 2004; Table 1.1). Amplification factors in this period range reached greater than 
three with respect to rock at each of these recording sites (Bradley et al. 2018). Furthermore, 
the strongest amplification occurred in deeper parts of the basin, where spectral accelerations 
exceeded the 1 in 500-year return period design level (typical for ultimate limit state design). 
Amplification effects at similar periods were also observed during the 2013 Mw 6.6 Cook Strait 
and Lake Grassmere earthquakes, indicating that these effects are likely repeatable in future 
events (Holden et al. 2013; Bradley et al. 2018). 

Detailed understanding of the 3D basin subsurface structure and key geotechnical properties 
is crucial to evaluate ground motions and damage patterns and inform robust engineering 
design practices going forward. Currently New Zealand structural design accommodates site 
and basin amplification effects largely through the New Zealand loadings standard (NZS 
1170.5:2004; Standards New Zealand 2004) which categorises subsoil into discrete 
geotechnical classes A–E (Table 1.1, Table 1.2). In Wellington, the boundary between site 
subsoil Class C and Class D (equivalent to site period = 0.6s) runs through the central city 
(Semmens et al. 2010), creating a significant ‘step’ increase in design level and cost required 
for Class D sites. An alternative design option (McVerry 2011) based on low amplitude natural 
site period (Tsite) has also previously been proposed for Wellington in order to overcome this 
‘step’ in design requirements. Hence, knowledge of this parameter is crucial to evaluate 
damage patterns and guide future mitigation efforts. Furthermore, a 3D basin velocity model 
is a critical first step to conducting ground motion simulations of past and future earthquake 
scenarios in order to understand and evaluate complex 2D and 3D basin effects and their 
future impact. 
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The first 3D basin model for central Wellington basin model (v1.0) was compiled by Semmens 
et al. (2010, 2011). Based on the 3D model and a small number of geophysical measurements, 
Semmens et al. (2010) also provided maps of key geotechnical parameters (e.g. surface 
geology, subsoil site class, site period, bedrock depth and Vs301) and the distribution of 
underlying borehole and geophysical datasets. However, data coverage was sparse in some 
areas, particularly the deeper parts of the basin, with only a limited number of deep borehole 
measurements and geophysical data points available to guide development of the model. 
Since that research significant new data have been collected and are available for new 
iterations of that model. 

In this work, we provide a new updated 3D geological and velocity model of the Wellington 
basin (v2.0). Our 3D basin model also includes updated surface geology and greywacke 
basement depth (equivalent to Z1.02 bedrock depth). Based on this model and new 
geophysical measurements we have also updated maps of the two key geotechnical 
parameters underpinning current Wellington design practice: NZS1170.5 subsoil site class and 
low amplitude natural site period (Tsite). The mapped area (shown in Figure 1.1C is expanded 
from that of Semmens et al. (2010) to include the Wellington Ferry Terminal to the north and 
beyond the Wellington Hospital to the south.  

To underpin our new model and maps, we have compiled two significant new databases, that, 
include new data available since 2010:  

• Updated borehole database including 700+ additional boreholes and numerous 
CPT/SPT and shear-wave velocity (Vs) measurements,  

• New geophysical site period database including 400+ new measurements with 
associated uncertainty. 

These databases have allowed us to better define the shallow subsurface layers (based largely 
on borehole and elevation data) and the deeper basin response (based largely on geophysical 
measurements). Although not intended to replace detailed site-specific assessment, this 
compilation provides an overview of spatial variations and key features within the Wellington 
basin on a block-by-block scale. Furthermore, details of the underlying data constraints and 
methodology are provided and discussed, to inform potential users of the robustness of the 
characterisation in different areas of the city.  

In the following sections, we present an overview of the new data compilations, the 3D basin 
model (v2.0) and the development of updated site period and site class maps. We also 
highlight significant insights gained through this project since the work of Semmens et al. 
(2010) as well as areas of remaining uncertainty.  

                                                
1 Vs30 is the time-averaged shear-wave velocity in the top 30 m of the subsurface. 
2 Z1.0 is the depth to material with shear-wave velocity of 1km/s or greater. 
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Figure 1.1 Location of study area in Wellington, New Zealand. A) Wellington’s location within New Zealand; B) 

Wellington region showing study area, harbour, surround suburbs, regional road and rail network, 
and Wellington Airport; C) Study area (region of box in B) and key locations, roadways and built up 
areas.  
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Table 1.1 NZS 1170.5:2004 Site subsoil class definitions (Standards New Zealand 2004).  

 

Table 1.2 NZS 1170.5:2004 Maximum depth limits for site subsoil class C  (Standards New Zealand 2004).  
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2.0 KEY GEOTECHNICAL PARAMETERS 

In this section, we define the key geotechnical parameters mapped in this study. Our approach 
to defining these parameters is consistent with the previous work of Semmens et al. (2010); 
the reader is referred to this work for additional details. Here we present a summary and note 
any deviations from the Semmens et al. (2010) approach. 

2.1 Basin Engineering Geological Units and Shear-Wave Velocity 

Our updated 3D Wellington geological and velocity model is based on the same geological 
classification scheme as Semmens et al. (2010) summarised in Table 2.1. This scheme groups 
“like” geological deposits into key engineering unit categories based around geological 
description and SPT N count values (which are a representation of the stiffness in non-
cohesive materials). In addition to the Semmens classification, we have defined a new 
“Engineering Fill” unit, which was previously included within the “Soft/Loose Deposits” 
category. The separate characterisation of this unit was made possible by the additional 
density of shallow borehole data available since 2010. Furthermore, the delineation of 
engineering fill helps to define the extent of reclaimed land in waterfront areas and provides 
further insights into the effect of near-surface sediments on seismic response. A detailed 
definition of the mapped geological units and underpinning borehole database is included in 
Section 3.1. 

We have adopted the shear-wave velocity characterisation of Semmens et al. (2010) for each 
unit in the 3D basin model (Table 2.1). A first review of new velocity information collected since 
2010, suggest the average velocities assigned to each layer are appropriate to capture first 
order velocity variations. Hence, the 3D basin velocity model is constructed using the average 
Vs for each unit assigned uniformly to each geological layer. This is considered the most robust 
approach for the basin-scale model, given the inherent uncertainty and natural variation 
associated with such measurements (see minimum and maximum measured values). The new 
‘Engineering Fill’ unit was assigned a velocity of 190 m/s, which is consistent with the approach 
in Semmens et al. (2010) of arbitrarily reducing the velocity of ‘Soft/Loose Deposits’ by 30 m/s 
within waterfront reclamation areas, based on known velocity profiles. Our velocity model has 
been validated by comparison of expected Tsite calculated from the 3D model with Tsite 
measured independently using geophysical methods (see Section 6.0). 
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Table 2.1 Summary of shear-wave velocity measurements by engineering geological unit for the Wellington 
CBD, modified from Semmens et al. (2010) to include the additional unit of Engineering Fill. The 
average shear-wave velocities were used in this study to estimate site period from the 3D basin 
model.  

 

2.2 Site Period (Tsite) 

The low amplitude natural site period (Tsite) is the fundamental period of vibration of the soil 
column above rock at that site. This period can be estimated using approaches that reconstruct 
the 1D shear-wave velocity profile below the site down to bedrock, or alternatively measured 
directly from ambient vibrations recorded at the surface. We use three primary approaches to 
characterise Tsite, listed below in order of preference as defined by proposed guidance (NZS 
1170.5 A1:2016, Standards New Zealand 2016): 

i. Direct measurements of shear-wave travel times/velocities from downhole geophysical 
investigations. These are available at a small number of sites in our study. 

ii. Shear-wave velocities and geological profiles determined through a combination of 
geological log constraints and geophysical measurements at the site or nearby sites. In 
practice, this allows us to calculate Tsite values from the 3D geological layer model with 
assigned shear-wave velocities as detailed in Section 2.1. 

iii. horizontal-to-vertical spectral ratio technique (HVSR; e.g. Nakamura 1989). These 
geophysical measurements use recorded microtremor vibrations and do not rely on 
detailed knowledge of the subsurface structure. 

Details of the measurement techniques and underlying data are included in Section 3.2. In 
practice, to estimate Tsite from 1D shear-wave velocity profiles (i. and ii. above), we use the 
commonly used four-way travel-time (4WTT) simplification, where the travel-time contributions 
of each geological layer are summed, using estimates of thickness and Vs for each layer down 
to bedrock. Based on average shear-wave velocities in Table 2.1, bedrock depth for Wellington 
can be assumed to be equivalent to the depth to greywacke basement. It is possible that in the 
deeper parts of the Thorndon basin (e.g. CentrePort area) greywacke basement is overlain by 
older sedimentary deposits that could be classed as engineering bedrock; however, the lack 
of deep borehole information in this area means that this cannot yet be clarified or incorporated 
into our model. 
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We note, that the period of peak amplification measured directly from ground motion data (iii. 
above) may differ in some cases from the 1D profile estimate due to simplifications associated 
with the 1D profile, or the presence of 3D amplification effects arising from more complex 
surrounding subsurface structure; on the other hand geophysical measurements of site period 
based on spectral ratios (e.g. HVSR) may also be affected by the presence of amplification on 
the denominator (e.g. vertical amplification in the case of HVSR).  

However, in Wellington we generally see reasonably good agreement across the approaches 
(i) to (iii) above. For some sites with steeply dipping basement topography at the basin edge, 
the site period measured from HVSR (iii above) is somewhat longer than that measured by 
techniques (i) and (ii); we infer this is due to 2D/3D basin amplification effects. In these cases, 
we have adopted the results of (i) and (ii) only where shallow boreholes down to greywacke 
basement are present nearby; with technique (iii) adopted where basement depth is not well 
constrained. More details are presented in Section 6.0. 

2.3 Site Subsoil Classification (NZS1170.5: 2004) 

New Zealand’s NZS1170.5 loadings standard prescribes five discrete subsoil categories A–E, 
which are defined according to the criteria in Table 1.1 and Table 1.2. In the Wellington region, 
greywacke basement outcropping in the hills surrounding the basin, is designated as Class B 
(soft rock; e.g. Semmens et al. 2010). Soils within the Wellington basin range from Class C 
(shallow soil) – Class E (very soft soil).  

In this study, we take a practical approach to block-by-block site class mapping based on the 
available geological and geotechnical datasets, detailed in Section 6.1. This can be 
summarised as follows:  

• Class B/C boundary is defined using the 3 m depth-to-greywacke contour extracted from 
the 3D basin model.  

• Class C/D boundary is based on Tsite = 0.6 s and is consistent with the approach of 
Semmens et al. (2010).  

• A possible area of Class E is flagged where hydraulic fill is present and/or historical 
liquefaction has been observed. We note the original intent of the Class E standard was 
to capture liquefiable sites, and these are clearly present within this area. Recent Vs 
measurements here also support Class E classification and further investigations are 
underway. 

Our new site class maps do not replace detailed site-specific investigation for individual 
building design. We note, that such detailed site-specific studies can yield additional 
geotechnical parameters which allow more complete assessment of suitable design practice. 

2.4 Z1.0 

Site-specific seismic hazard studies using modern best-practice ground motion prediction 
equations (GMPE) require an estimate of Z1.0 (depth at which material ≥ 1.0 km/s is 
encountered). In Wellington, available Vs data (summarised in Table 2.1 and Semmens et al. 
2010) suggest that the depth to greywacke basement is a good proxy for the Z1.0 parameter. 
We note, that the shear-wave velocity of greywacke may be reduced below 1.0 km/s if 
moderate to highly weathered (Semmens et al. 2010), such that if a thick weathering layer 
exists below a site, Z1.0 may be somewhat deeper than this value in practice. The shear-wave 
velocity of stiff/dense deposits in the Wellington basin modelled in this project is less than 
1km/s. 
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In this study we provide updated maps of Bedrock Depth (depth to greywacke basement) 
extracted from the 3D basin model that can be used as a first order estimate of Z1.0 depth. 

2.5 Vs30 

Site-specific hazard studies also require an estimate of Vs30. In this study, we do not 
specifically update the Semmens et al. (2010) Vs30 map, given the current density of shallow 
Vs30 measurements is not sufficient to robustly map subtle lateral Vs30 variations on a block-
by-block scale. However, estimates of Vs30 can be extracted from the 3D model as an initial 
guide. 
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3.0 NEW DATABASES 

Two new databases have been compiled under this project and are described in this section. 
These comprise an expanded borehole database for central Wellington and a new geophysical 
site period database based largely on HVSR measurements.  

3.1 Borehole Database 

3.1.1 Database Development 

Borehole data for this project was primarily compiled from data within Semmens (2010), GNS 
Science drill hole records, the New Zealand Geotechnical Database (NZGD; 
https://www.nzgd.org.nz). A database was developed for the Wellington central borehole 
records so that all data captured for the project could be contained in a single location, be 
easily updated, and accessed by several software suites. The database was designed around 
a relational table system common to borehole or drill hole databases used in New Zealand and 
Australia; in particular, the design was based around a format suitable for easy importing of 
data into modern 3D geological modelling software. The database was also designed around 
version four of the electronic transfer standards published by the Association of Geotechnical 
and Geo-Environment Specialists (AGS4) and the New Zealand Geotechnical Society (NZGS) 
(Anderson et al. 2017).  

Data from Semmens (2010) was upgraded into the new database format and some additional 
interpretations and classifications of lithology were also completed for these records. Some 
drill hole records held by GNS Science were added to the database; from these, geological, 
geotechnical and geophysical information from digital scans of paper records were digitised 
and compiled. Several hundred new borehole records were also digitised from PDF logs held 
by the NZGD, a geotechnical borehole and data repository administered by MBIE; MBIE 
commissioned work to expand the NZGD database and make privately held data available 
following the Kaikōura earthquake. Additional borehole data may be privately held by 
geotechnical companies that have worked in the Wellington region and not yet available 
through the NZGD; a small number of such records were included where known, but such 
records were not directly sought through this project. 

The database is comprised of six tables; a borehole location or collar table, a down-hole 
lithology description table; a down-hole standard penetrometer test (SPT) measurement table; 
a down-hole shear-wave velocity measurement table; a down-hole cone penetrometer test 
(CPT) measurement table; and a hole orientation or survey table. All down-hole tables are 
linked back to the borehole location table with a unique borehole ID number within the 
LOCA_INDEX field. A summary of the data captured for this project is provided in Table 3.1. 
The data from these borehole records were used to develop 3D geological models of the 
subsurface. 
  



Confidential 2019  

 

10 GNS Science Consultancy Report 2019/01 
 

Table 3.1 Summary of data types in the borehole database. 

Table Description 
Semmens 

(2010) GNS Science NZGD 

LOCA The location or collar table that contains 
borehole coordinates, depth, water, and 
details about the owner and drilling company. 

n=983 n=70 n=541 

HORN The hole orientation or survey table. n=983 n=70 n=541 

GEOL Down-hole lithology descriptions and 
interpretations for borehole intervals. 

n=7,515 n=1,479 n=8,818 

SPT Down-hole SPT measurements. n=4,892 n=324 n=3,848 

CPT Down-hole CPT measurements. Nil Nil n=28,816 

VELOCITY Down-hole shear wave velocity 
measurements or calculations. 

Nil n=181 n=136 

Lithological descriptions, weathering, and SPT, CPT or shear wave velocity analyses were 
extracted from borehole records and entered into the database verbatim from the original logs. 
An interpretation of the primary and secondary lithological type from using NZGS standards 
was made for each lithological description; and in most cases, an interpretation of the 
geological formation and group was also made. To assist with mapping and further 
interpretation of the data, occurrences of shells, peat or wood were noted in the project specific 
data fields. In addition, each down-hole interval within the lithology table was classified into 
one of nineteen lithotechnical subgroups defined by Semmens et al. (2010) and summarised 
in Table 3.2. Data-mining was completed in clusters of 50–100 boreholes and upon completion 
the data was visually quality checked for entry errors and digitally quality checked within 
Leapfrog Geo 3D modelling software for drill hole ambiguities (e.g. interval overlaps, repeated 
boreholes, or shortfalls in final depth). Once the quality checking was completed data was 
appended into the master Microsoft AccessTM Database. 
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Table 3.2 Engineering classes after Semmens et al. (2010). 

Name 
Lithotechnical 

Unit Code Group 

Hydraulic Fill FP Fill 

Soft Deposits - end dumped fill FE 

Soft Deposits - swamp deposits LS Loose Deposits 

Soft Deposits - undifferentiated silts and clays LF 

Loose Deposits - beach or shallow marine LB 

Loose Deposits - alluvial deposits LA 

Loose Deposits - colluvial deposits LC 

Loose Deposits - undifferentiated sediments LU 

Stiff Deposits - clays SL Stiff Deposits 

Stiff Deposits - silts SS 

Dense Deposits - fine interbedded sediments SI 

Dense Deposits - alluvial deposits SA 

Dense Deposits - colluvial deposits SC 

Dense Deposits - undifferentiated sediments SU 

Greywacke basement - weathered RW Greywacke 

Greywacke basement — unweathered RR 

Greywacke basement — unknown weathering grade RU 

Water H2O Other 

Unknown / no core UK 

For this study a total of 17,182 lithological descriptions from 1,594 boreholes were available in 
the database along with 9,064 SPT, 28,816 CPT and 317 shear wave velocity measurements. 
These boreholes are predominantly located within the Wellington CBD (Figure 3.1a) and areas 
of development over the last century. The longest borehole in the study area is located at Te 
Papa and was 152.3 m. Other deeper boreholes are located along the harbour edge in thicker 
sediment and shallower holes closer to the Wellington Basin margin (Figure 3.1b). Most of the 
boreholes are less than 20 m in depth (Figure 3.2a) and most boreholes were drilled between 
1937 and 2017 (Figure 3.2b). 

3.1.2 Borehole Quality 

For this project each borehole in the database was assessed for quality. The original borehole 
logs were analysed and given a subjective ranking between one and five with five being of a 
very high quality. This guided subjective rank score is summarised in Table 3.3. Most of the 
boreholes in this study were high quality geotechnical engineering logs with rank scores of four 
and five (Figure 3.2c). This rank score can be used in the geological modelling to assess the 
confidence of borehole data and is used in this study to assess the uncertainty in the 3D 
geological modelling. 
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Table 3.3 Ranking scheme for the borehole quality. 

Score Description Example NZGD Borehole 

1 Basic grain size and lithology information recorded, but with 
abundant generalisation. 

Other_78907 

Other_78531 

2 Lithology, colour and grain size recorded with more geological 
variability described, but not well separated into specific 
intervals. 

Other_81161 

Other_79405 

3 Lithology, grain size and colour with some hardness information 
recorded for most sections. Includes some local geological unit 
or formation names. Some terminology and names may be 
misinterpreted or do not correlate with adjacent holes. 

Other_81681 

Other_90026 

4 Detailed descriptions, geological units identified, and unit 
boundaries are clear. Some information may be unclear due to 
poor logging quality or scanning. 

Other_78651 

Other_82551 

5 Advanced terminology, very good detailed descriptions, 
geological units and boundaries identified, and logs plotted 
using professional data visualisation software. 

BH_65899 

BH_89599 

-99 Rank score not applied due to missing information. E.g. Boreholes from Semmens 
(2010) without original logs 
available for QA. 
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Figure 3.1 Location of boreholes with geological and geotechnical data used in this study. A) locations of new 

borehole data captured for this study, previous borehole data (Semmens, 2010), SPT data and CPT 
data; B) depth of boreholes in the study area (check JSCP Aurecon hole).  
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Figure 3.2 Histogram plots of borehole data statistics. A) Range of borehole depths in the Wellington central 

study area; B) Year that borehole was drilled; C) Rank Score that represents borehole log quality.  
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3.1.3 Database Overview 

Analyses from the borehole database can be made in GIS software that aid our interpretation 
of the subsurface geology as well as identification of potential gaps in the borehole data 
coverage. Plots of depth to the basement and where boreholes are drilled to that depth 
(Figure 3.3a); or the thickness of the man-made fill, are all particularly useful for this study 
(Figure 3.3b). Only 429 of the 1,427 boreholes in the database intersected the basement. 
There are many parts of the study area that we therefore have poor constraints on the depth 
to basement such at the Thorndon area, Wellington Stadium / CentrePort, and from Wellington 
Railway Station south to Frank Kitts Park. The engineered or hydraulic fill in the study area is 
concentrated near the Wellington CBD can be seen at its thickest near the harbour shoreline 
and thinning inland. Semmens et al. (2010) provide a good summary of the fill deposition timing 
and locations. 

The new borehole database underpins the development of the 3D geological model, described 
in Section 5.0. 
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Figure 3.3 Boreholes that reached basement (A) and thickness of hydraulic or engineered fill in boreholes (B). 
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3.2 Geophysical Site Period Database 

GNS Science, the University of Auckland and collaborators from the University of Texas at 
Austin have collated over 483 geophysical site period measurements in the central city 
(Figures 3.4 & 3.5). The majority of these measurements have been derived from analysis of 
seismometer recordings of ambient noise at closely spaced locations using the horizontal-to-
vertical spectral ratio (HVSR) technique (Nakamura 1989). Our geophysical surveys have 
largely targeted the deeper parts of the Wellington basin (i.e.> 30 m of sediment), where 
borehole information down to greywacke basement is sparse. In these locations, clear 
amplification peaks in the HVSR data are observed in many cases, and these can be used to 
estimate the site period. Hence the site period database is directly complementary to the 
borehole database described in Section 3.1. 

The database has been compiled as far as practical with common processing techniques and 
evaluation criteria. A minority of measurements from older site surveys (collected prior to this 
study) have used alternative processing schemes, and have been noted accordingly  

3.2.1 New HVSR Measurements 

Portable seismometers were installed temporarily in Wellington by the University of 
Auckland/University of Texas and GNS Science at ~390 new HVSR sites to ensure block-by-
block coverage of the central city basin. These instruments recorded ambient noise for periods 
of approximately 30 mins to 3 hours and were installed within the period December 2016–
October 2017. The recording instruments were a combination of Trillium compact broadband 
instruments and 1s Lennartz instruments connected to Taurus/Centaur digitisers. These were 
supplemented by University of Auckland 2 Hz 3 component geophones (Mark Products) 
connected to dynamic signal analysers (Data Physics Quattro).  

HVSR analysis was conducted using geopsy software (www.geopsy.org) with some 
refinement of University of Auckland data using Matlab software. Data showing excessive 
incoherent noise from near-field signals (through-going traffic, occupation/building plant 
signals) and earthquakes were excluded from the analysis. Single HVSR curves were 
calculated from multiple 50 - 200 s data windows applied to each ambient noise record. The 
squared average (quadratic mean) of the horizontal components and geopsy default 
smoothing of type Konno & Ohmachi (1998) with constant of 40 were used to derive the single 
HVSR curves for each window. The single HVSR curves were then smoothed and averaged 
to yield a mean HVSR curve and its standard deviation. For each site, the number of samples 
in the selected data ensures a sufficient number of cycles at the periods of interest are 
represented in the mean HVSR curve (e.g. SESAME guidelines; Accerra et al. 2004). 

For each site, a mean resonance frequency f0 (inverse of the fundamental site period) and its 
standard deviation were derived using automated algorithms from the ensemble of single 
HVSR curves. The amplitude of the peak was estimated from the mean HVSR curve at the 
peak frequency f0. In cases where more than one HVSR peak was identified, the frequency 
and amplitude of each peak were automatically estimated. A preferred amplification peak was 
then chosen, based on qualitative user interpretation that also considered all available data 
near that location to determine the most likely site period down to greywacke basement. As 
expected for the natural (fundamental) site period, in most cases the preferred peak was the 
lower period peak. However, there were a small number of cases when a low-amplitude peak 
at long periods was present, but was not compatible with known basement depth in boreholes; 
in these cases this peak was assumed to arise from other factors, e.g. 3D basin or topographic 
response or noise contamination, and was discarded from the Tsite analysis. 

http://www.geopsy.org)/


Confidential 2019  

 

18 GNS Science Consultancy Report 2019/01 
 

 
Figure 3.4 Example HVSR curve calculated for individual horizontal components (azimuths N60E, S30E), as 

well as the mean horizontal component adopted for this study.  

In many cases, significant polarization of an amplification peak was observed, which is 
indicative of complex 2D/3D effects. Polarisation is shown by variation in the peak period 
and/or amplitude of the HVSR curve depending on the horizontal azimuth of the recording 
component at that station (e.g. Figure 3.4). In our database, we capture the dominant azimuth 
of polarization for each observed HVSR peak where practical. This was estimated by 
identifying the azimuth of the maximum amplitude within one standard deviation of f0 from a 
suite of HVSR curves calculated for horizontal azimuths spaced every 10 degrees. 
Furthermore, we consider azimuthal variations of amplification to aid interpretation of the data 
at sites where considerable spatial complexity in site period was observed. However, for 
practical reasons, we use the squared average horizontal component HVSR curves to 
determine the representative site period recorded in the database. 

Table 3.4 Key parameters included in the geophysical site period database for each site period measurement 
(where available).  

Parameter Description 

Station Name Unique recording site identifier 

Measurement type 
HVSR in most cases, but also includes some measurements derived 
from downhole Vs surveys, ReMi Vs profiles etc. 

Instrument details Instrument type and recording times (if applicable) 

Agency Source of data (e.g. GNS Science, University of Auckland etc.) 

For each  

identified  

amplification  

peak 

Fpeak ± one 
standard deviation 

Frequency of the amplification peak and its standard deviation 

Apeak ± one 
standard deviation 

Amplitude of the amplification peak and its standard deviation (where 
available) 

Dominant azimuth  Dominant azimuth of the amplification peak (where available) 

Clarity criteria 
check 

TRUE or FALSE depending on whether the peak satisfies clarity 
criteria given in the European SESAME H/V user guidelines (Acerra 
et al. 2004).  

Reliability criteria 
matched  

Number of reliability criteria satisfied (out of a total of 6) as defined by 
the European SESAME H/V user guidelines (Acerra et al. 2004).  

Tsite  Period of preferred amplification peak 

Weight 
Measure of Tsite robustness ranging from 0 (unusable) to 5 (best) as 
described in Section 3.2.2. 
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Figure 3.5 Summary of Tsite values from the site period database and corresponding amplification (amplitude) 

values. The symbol shape indicates the source of the measurement as follows: square=existing GNS; 
circle=new GNS; triangle=new UOA. Note, that existing GNS Tsite amplitude measurements have 
been scaled to be compatible with the quadratic mean as described in the text.  

3.2.2 Site Period Uncertainty 

For each measurement in the site period database, an additional summary measure of overall 
uncertainty or ‘Weight’ (W) is also given where categories are as follows: 0=unusable, 1=very 
poor, 2=poor, 3=satisfactory, 4=good, 5=excellent. These values enable the relative 
robustness of each measurement to be captured in a consistent manner and supplement the 
standard deviation values given separately for each amplification peak. The ‘Weight’ values 
also facilitate interpretation of closely spaced measurements which may differ,  

The ‘Weight’ value is calculated by combining both quantitative and qualitative assessment of 
measurement robustness. Firstly, the quantitative score (QN) ranges from 0 to 6 equivalent to 
the ‘Reliability criteria matched’ (Table 3.4) for the preferred amplification peak. Secondly, a 
qualitative confidence measure (QL) ranging from 0 to 1 is assigned to each measurement 
using the following guide outlined in Table 3.5. 

These scores are then combined using a simple formula to produce a final Weight (W) rounded 
to the nearest integer value: 

𝑊𝑊 = (QN – 1) * QL 
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Table 3.5 Examples of qualitative quality assessment scheme for site period measurements. 

Qualitative confidence (QL)  

0 

HVSR peak amplitude < 2.5 and/or  

No peak lies within range of credible fundamental period values associated with local soil deposits 
(e.g. Peaks observed at rock sites that are likely topographic in origin) 

Faulty sensor or recording 

0.25 Multiple peaks are present, and interpretation is ambiguous 

0.5 More than one amplification peak present and preferred peak can be identified, but is uncertain  

0.75 
Clearly preferred amplification peak consistent with known subsurface structure, but with 
uncertainty in period due to noise or broad/complex amplification response 

1 
Clearly preferred and well-defined amplification peak that is consistent with expected subsurface 
structure 

3.2.3 Other Data Sources 

Additional site period estimates collated in the database include:  

i. Previous site studies conducted by GNS Science, many of which used the alternative 
HVSR processing scheme of Beetham et al. (2010). For these measurements, a ‘Weight’ 
was not quantitatively extracted, but was assigned using W = QL * 5 rounded to the 
nearest integer, resulting in assigned values ranging from 0 to 5. For these sites, the 
processing scheme used vector summation of the two horizontal components to derive 
amplitude; hence for these sites the amplification value has been scaled downwards by 
√2, to be compatible with the quadratic mean approach (e.g. Albarello & Lunedei 2013). 

ii. Previous ReMi studies (A. Kaiser & J. Louie 2006 unpublished data) also included in the 
Semmens et al. (2010) compilation. Site period has been estimated using the 1D Vs 
profile derived at the site and qualitatively assigned a ‘Weight’ of 1 or 2.  

iii. Two estimates based on the downhole Vs measurements by adopting a representative 
simplified 1D layered velocity profile. These have been individually assessed and 
assigned a qualitative ‘Weight’ of 4 or 5. 

iv. Unpublished HVSR and SSR analysis of earthquake ground motion at GeoNet strong 
motion stations (e.g. those used in Kaiser et al. 2017b). These values have been 
individually assessed and assigned a qualitative ‘Weight’ of 2 or 3. 

3.2.4 Database Overview 

An overview of the database values is given in Figure 3.5 and Figure 3.6. The values of Tsite 
and amplitude are generally consistent across the different measurement types; we note that 
no significant bias due to different processing techniques is apparent Figure 3.5).  

New measurements collected in the deeper parts of the Thorndon and Te Aro basins generally 
show clear amplification peaks leading to high ‘Weight’ values; these provide good constraints 
on the site period in areas where deep boreholes are sparse. We find that in the Te Aro basin 
to the south, the data illustrate a relatively simple pattern of site period variation within a steep-
sided basin structure. However, variable and complex site amplification effects are observed 
within the Thorndon Basin to the north, which is bounded by the Wellington Fault. Our results 
suggest that the depth to greywacke basement may be deeper here than originally mapped in 
Semmens et al. (2010) and/or the presence of complex 3D basin-edge amplification effects 
may be complicating ground shaking patterns. 
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Figure 3.6 Location of measurements in the site period database. Colour indicates the site period value in 

seconds (see legend) and size indicates the relative robustness of the measurement (W).  
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4.0 GEOLOGICAL MAP 

The geological map was updated from that compiled by Semmens et al. (2010; Figure 4.1a), 
that was based on the mapping by Begg and Mazengarb (1996) and Begg and Johnston 
(2000). Lithological units were based on those by Semmens et al. (2010) which reflect the 
variations in both depositional environment, timing of deposition and importantly the 
engineering properties of the deposits. Interpretations for the map in this project were extended 
to fill the new expanded study area in this project (outlined in Figure 1.1). 

Integrated and interpreted desktop mapping was completed for this project (Figure 1.1b). The 
extended and updated interpretations were derived from new borehole data describing the 
near-surface sediments, high-resolution aerial photography (Figure 4.2) and high-resolution 
LiDAR digital terrain models (DTM) (LINZ 2013); all of which were not available at the time of 
previous mapping. Aerial photographs from the 1938 and 1954 (e.g. Figure 4.2a) were also 
available for the study area and provided information on areas of cut and fill that were 
integrated into this new map. Fault data was compiled from Begg and Mazengarb (1996) with 
the best mapped location of the Wellington Fault compiled from the Active Faults Database 
(Langridge et al., 2016). The location and importance of the new Aotea Fault as an active 
seismic structure (Barnes et al., 2014; Barnes et al. 2018) was a new addition to this map 
compared to previous interpretations. The trace of the Aotea Fault was continued onshore from 
marine seismic mapping using basement contacts in the borehole database, existing 
interpretations from Begg and Mazengarb (1996), and HVSR geophysical measurements. The 
location of the Aotea Fault onshore between Te Aro and Mount Victoria is less well constrained 
and based on Begg and Mazengarb (1996). Figure 4.1b and the geological modelling in this 
study only includes the two active faults in the region (the Aotea and Wellington faults), other 
faults in the study area such as those shown in Figure 4.1a and in Begg and Mazengarb (1996) 
are inactive and displacement on them cannot be resolved from data in this study. Data 
available on the generations and regions of manmade fill adjacent to the Wellington Harbour 
were also integrated from Semmens et al. (2010). All mapping data was compiled in ArcGIS 
and the final interpretation is provided in Figure 4.1b.  

A summary of the stratigraphy used in this project is provided in Table 4.1. The geological units 
are those of Semmens et al. (2010) and are correlated as best possible to those of Begg and 
Mazengarb (1996) and the current New Zealand Stratigraphic Lexicon (Mortimer et al, 2016; 
Strong et al., 2016). The study area consists of a sequence of Pleistocene to Holocene 
sediments deposited on the basement Rakaia Terrane sedimentary deposits from the Torlesse 
Supergroup. Holocene sediments include manmade fill; alluvial sand, silt and gravels; marginal 
marine mud and silts (commonly including macro fossils); colluvium consisting of gravels, 
sands and muds; and peaty swamp deposits. The older Pleistocene sediments include alluvial, 
colluvium and marine sediments. The Wellington Basin has accumulated a substantial 
thickness of Quaternary sediments with estimates of up to 600 m in the last 450 ka (Wood and 
Davy, 1992). Sedimentation is controlled not only by fault bounded depressions but also by 
localised folding east of the Wellington Fault (Begg and Mazengarb, 1996). 
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Table 4.1 Summary of stratigraphy used in this study compared with other publications. 

This study 
NZ Stratigraphic 
Lexicon 

Begg and 
Mazengarb Semmens et al. 

Holocene - Hydraulic fill OIS1 (Holocene) reclaimed 
land (Q1.antrec) 

Reclamation 
landfill (fr) 

Hydraulic reclamation fill, pumped 
sea bed sediments (sand, mud, 
gravel, shells (frh) 

Holocene - Engineered fill OIS1 (Holocene) 
engineered fill (Q1.anteng) 

Reclamation landfill, gravel, sand, 
clay, silt, building debris (fr) 

Holocene - Alluvium OIS1 (Holocene) river 
deposits (Q1.alvgvl) 

Alluvium (fa) Alluvium (fa) 

Holocene - Colluvium OIS1 (Holocene) landslide 
deposits (Q1.lndbrc) or 
OIS1 (Holocene) fan 
deposits (Q1.fangvl) 

Fan deposits (ff) Colluvium, gravel, loess, tephra, 
peat, (fa+lg) 

Holocene - Swamp OIS1 (Holocene) swamp 
deposits (Q1.swp) 

Swamp / peat 
deposits (fs) 

Alluvium, silt, peat (ls) 

Holocene - Marginal 
marine 

OIS1 (Holocene) ocean 
beach deposits (Q1.bch) 

Marginal marine 
sediments (fm) 

Marginal marine deposits 
including esturine and beach 
sediments containing sand, 
shells, gravel, silts and clays (fm) 

Pleistocene - Alluvium Undifferentiated 
Pleistocene - Holocene 
river deposits (Q.alvgvl) or 
OIS11 (Middle Pleistocene) 
ocean beach deposits 
(Q11.bch) 

Alluvium (ln) Alluvium including subsurface 
gravels, solifluxion deposits, 
loess, swamp sediments, minor 
tephra (ln) 

Mesozoic - Greywacke 
basement 

Undifferentiated Rakaia 
Terrane Triassic sandstone 
and mudstone (Tr.szm) 

Torlesse 
Complex (tw) 

Alternating sandstone and 
argillite (tw) 
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Figure 4.1 New geological mapping. A) geological map compiled by Semmens (2010); B) updated geological 

map compiled for this study, based on the Semmens (2010) and the Begg & Mazengarb (1996) maps 
with boundaries updated from aerial photography, LiDAR DTM models and the Active Faults 
Database (Langridge et al. 2016).  
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Figure 4.2 Historic aerial photographs of the study area. A) Historic aerial photography from 1938 (Survey 70); 

B) high-resolution urban aerial photography from 2016–2017.  
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5.0 3D GEOLOGICAL MODEL 

The 3D geological model for this study builds on previous modelling by Semmens et al. (2010). 
The aim of this project was to provide a new iteration of the previous model using new borehole 
data, improved surface mapping from LiDAR elevation data and borehole records, and 
geophysical observations. The addition of the Aotea Fault as an active and basin bounding 
structure was a significant addition to the 3D geological model. New versions of the modelling 
software have also improved the geological model allowing for more integration of different 
datasets and faster interpolation at better cell resolutions. The resulting model can be used to 
analyse sedimentary unit thicknesses, calculate depth to basement, and can be used to create 
a 3D velocity model. Confidence factors for key data sets have been combined in 3D to provide 
an uncertainty model. 

5.1 Model Development 

The 3D geological modelled for this study was created with Leapfrog Geo 4.4. Surface 
elevation, geological mapping, geophysical and borehole data was imported into the model 
workspace from GIS and Microsoft AccessTM databases. Other data that was used to constrain 
some contacts was digitised directly into the Leapfrog Geo workspace. Modelling of the top 
surface for each of the geological units was performed from the datasets and combined into a 
geological model using deposit or erosional relationships. The model was divided into three 
blocks by the Aotea and Wellington faults. The Mount Victoria block (east of the Aotea Fault), 
the CBD block (between the Aotea and Wellington faults) and the Tinakori Hill block (west of 
the Wellington Fault). Modelling was carried out within each block, and for most of the 
geological units in the model, only data that fell within a block was used in the computations of 
the surfaces. The model was created with a minimum 1,747,900 and maximum 1,750,000 
easting; a minimum 5,425,000 and maximum 5,430,500 northing; and a -250 m minimum and 
350 m maximum elevation (Z). The model was compiled at a 40 m triangulation resolution. 

Seven geological units were used in this geological modelling (Table 5.1). These represent the 
engineering geological units of Semmens et al. (2010) and are derived from the same 
lithotechnical codes of that work. The exception in our model however is the inclusion of a new 
differentiation between hydraulic and engineered fill. 
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Table 5.1 Geological units used in the 3D model. 

Unit Code Description 

Water WT Wellington Harbour, mapped to include areas of floating or elevated wharfs. 
Depth derived from NIWA bathymetry. 

Hydraulic fill HF Hydraulic fill (sea bed sand and mud pumped in behind retaining walls) e.g. West 
of Aotea Quay. SPT N<15. 

Engineered fill EF End dumped fill and spoil materials comprised mainly of weathered basement 
(greywacke and argillite) and building debris. 

Loose deposits LD Silts, clays, sands from Holocene alluvium, colluvium, beach or shallow marine 
deposits. SPT N < 35. 

Dense deposits 
(upper) 

DU Interbedded sands, silts, muds and gravels from alluvium, colluvium deposits 
from either Holocene or Pleistocene. SPT N >35. 

Dense deposits 
(lower) 

DL Deeper, more compacted, and therefore higher velocity unit comprised of the 
same lithologies as above. Set as horizontal contact at -50 m level. 

*Basement 
surface 

BS Crushed basement sandstone, siltstone or colluvium that is sometimes referred 
to as "engineering basement". High velocity unit. 

Greywacke 
basement 

GB Basement - Rakaia Terrane sandstone, siltstone and mudstone from the Torlesse 
Supergroup. 

The Wellington and Aotea faults were modelled in 3D using surface traces extracted from the 
geological map and projected to the base of model using an 80o southeast dip for the Aotea 
Fault and an 80o northwest dip for the Wellington Fault (Figure 5.1). These fault planes 
controlled the boundaries between the three fault blocks. Previous 3D models of the Wellington 
CBD have not included the Aotea Fault. Using this structure as a fault block boundary in the 
model has improved our understanding of the basin structure. 

The 3D geological model for this study is comprised of a basement surface with onlapping 
sedimentary alluvium filling the Wellington Basin that is in turn covered by recent manmade fill 
and sea water (Figure 5.1). The basement top contact surface was generated from surface 
mapping data and borehole intersections (Figure 5.2). In addition to these data, points and 
lines were also created in the 3D environment to constrain the basement surface where 
borehole or surface knowledge was limited. Examples of these include manual subsurface 
interpolations of depth contacts near areas of steep surface topography or valleys with sparse 
borehole data, as well as in the Thorndon/Centreport area where geophysical data could be 
used to guide the deeper basement depth in the absence of any borehole information. In the 
latter case, if 3D amplification effects are present the HVSR values may yield longer Tsite 
values than a 1D geological profile at this location with implications for bedrock depth 
estimates. We also cannot rule out that HVSR amplification peaks are associated with 
impedance contrasts between sediments and ‘rock’ material that overlies greywacke in the 
deepest parts of the basin; however in this case the depth to engineering bedrock is likely to 
be reasonable, even if the depth to greywacke basement is underestimated. Deep boreholes 
down to greywacke basement in the Thorndon basin would provide more clarity for the deeper 
sections of our model. 

The dense deposits in the model were divided into two units, an upper and a lower dense 
deposit. The lower dense deposits (Figure 5.3) were modelled using a flat plane set at a -50 
m elevation in the central CBD block and a -40 m elevation in the Mount Victoria and Tinakori 
Hill blocks. The upper dense deposit (Figure 5.4) top surface was modelled from borehole 
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contacts between these sediments and the overlying loose deposits. Loose deposits 
(Figure 5.5) in the model were constrained by surface mapping data and borehole contacts 
with younger units such as manmade fill. Surfaces for the engineered fill and hydraulic fill 
(Figure 5.6) surfaces were modelled from surface mapping and borehole contacts with the 
addition of some manually digitised lines to control the surface in regions of known fill geometry 
but little borehole data. The water unit was derived from NIWA bathymetry (Pallentin et al. 
2009) elevation data. Figure 5.1–Figure 5.6 provide oblique views of each of these model 
surfaces as well as thickness maps of each surface. 

5.2 Uncertainty Modelling 

3D uncertainty modelling has been completed for this project to provide a guide of confidence 
at locations within the model (Figure 5.7). This uncertainty modelling uses both measures of 
data proximity and quality to understand the certainty we have in the 3D model at any point in 
the model space. Four criteria were used to create the final uncertainty value; each of these 
four criteria were classified using a subjective approach into a ranking scheme from one to five 
(one being poor certainty and 5 being high certainty).  

The four criteria used to create the model were the borehole quality rank, the 3D distance to 
the nearest borehole, the 3D distance from a basement observation, and the 3D distance from 
the surface. 3D interpolation of the borehole rank score was made to create a model of the 
quality of the borehole logs and other records in the 3D model space (see Figure 5.7b). This 
identifies areas where older boreholes with poor records existed (low confidence) or where 
new drilling with modern logging and petrophysical techniques were used to log the borehole 
(high confidence). Distance to the nearest borehole trace determined by 3D distance function 
was used to identify areas where we have good knowledge of the subsurface or where our 
subsurface knowledge from borehole records is lacking (see Figure 5.7c). This geological 
model relies on borehole record contacts for most surfaces in the model so where there has 
not been drilling our confidence in the model decreases. 3D distance to the nearest observation 
of basement in outcrop or borehole records was used as a confidence factor because depth 
to basement is important when calculating 1D shear-wave velocity profiles using the model 
(see Figure 5.7d). Distance from the ground surface was used as a criterion as the surface is 
a known continuous section of data in the model (see Figure 5.7e); as distance from the ground 
surface increases, knowledge from boreholes and geophysical data becomes more sparse 
and discontinuous, reflecting a lower confidence in the data. 

To assist in our understanding of the model confidence in the 3D model-space, the final 
uncertainty model is created from adding ranks of the four criteria within a 20 x 20 x 5 m sized 
model block.  The most confident regions having a total result of 20 (5+5+5+5) and the least 
confident having a value of 4 (1+1+1+1). Figure 5.7a and Figure 5.7f illustrate the results of 
the uncertainty modelling in this study. The uncertainty in the model increases with depth and 
higher uncertainty is present in areas with poor bore hole coverage such Thorndon, the 
Wellington Stadium, Lambton Harbour and Frank Kitts Park areas.  The model can be used to 
determine where data should be obtained to improve our knowledge of the subsurface and 
increase our confidence in the model. 

5.3 Model Summary and Key Findings 

This updated 3D basin model (v2.0) builds on the previous model by Semmens et al. (2010; 
v1.0) by utilising records from over 700 new boreholes, surface geological contact 
enhancements from LiDAR elevations, and from new 3D geological modelling techniques. The 
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new model interprets a shallower basement contact under the Wellington Stadium and 
CentrePort region; a deeper basin and possible paleochannel below Thorndon; and a fault-
controlled basin west of Te Aro. The depth to basement in the current model (v2.0) is compared 
to the previous model (v1.0) in Figure 5.8. New interpretations of the sedimentary boundaries 
between loose and dense sediments and manmade fill are the result of new borehole records. 

 
Figure 5.1 Geological model of the Wellington CBD region created from this study. 

 
Figure 5.2 3D model and thickness calculation of basement terrane. A) Oblique view towards the SW of 

basement terrane and major faults; B) thickness map of basement terrain down to -250 m below sea-
level.  
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Figure 5.3 3D model and thickness calculation of lower dense sediments. A) Oblique view towards the SW of 

the lower dense sediments onlapping the basement terrane; B) thickness map of lower dense 
sediments, terrain map shown for reference.  

 
Figure 5.4 3D model and thickness calculation of upper dense sediments. A) Oblique view towards the SW of 

the upper dense sediments stratigraphically above the lower dense sediments; B) thickness map of 
upper dense sediments, terrain map shown for reference.  
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Figure 5.5 3D model and thickness calculation of loose sediments. A) Oblique view towards the SW of the loose 

sediments stratigraphically above the dense sediments; B) thickness map of loose sediments, terrain 
map shown for reference.  

 
Figure 5.6 3D model and thickness calculation of man-made fill sediments. A) Oblique view towards the SW of 

the engineered (light grey) and hydraulic (dark grey) fill sediments; B) thickness map of the 
engineered (grey) and hydraulic (green) fill sediments, terrain map shown for reference.  
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Figure 5.7 3D uncertainty model from data used in the 3D basin model (v2.0). A) oblique view of the uncertainly 

model showing colours representing model confidence as well as borehole locations. B-F) N-S 
section through the uncertainty model showing confidence data and results.  
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Figure 5.8 Maps of depth from the ground surface to the top basement contact derived from 3D modelling 

studies. A) Modelling results from Semmens (2010) in the Wellington central region — 3D basin 
model (v1.0). B) Modelling results from this study — 3D basin model (v2.0). 20 m interval contours 
plotted over colour gradient representing depth to basement, basement observation points used in 
the modelling also plotted for results from this study. See Appendix 1 for more details.  
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6.0 SITE PERIOD MAP 

6.1 Map Development 

We have developed a strategy to combine complementary site period information from the 3D 
basin model with geophysical measurements for improved mapping of site period in central 
Wellington (Table 6.1). 

Table 6.1 Summary of key steps to develop the site period map; further details contained in the text. 

Site period map development 

Tsitemodel calculated from 3D model Tsitemeas interpolated from geophysical measurements 

Composite Tsite map compiled from steps (1) and (2) above. 

Review of mapped contours, including minor manual adjustment and smoothing. 

Firstly, site period was calculated directly from the 3D basin model based on the 1D velocity 
profile below the site using the FWTT approximation applied to average shear-wave velocities 
and thickness assigned to each engineering unit (see Table 2.1). The resulting site period 
distribution is shown in Figure 6.1a. Note that in this figure, sharp boundaries in site period are 
generated along mapped faults and geotechnical fill unit boundaries.  

The 3D model site period approximation is considered to be relatively well constrained where 
the thickness of geological units down to basement is well-known, e.g. largely in shallow parts 
of the basin where boreholes-to-basement are more prevalent. In areas with both geophysical 
measurements and boreholes-to-basement, the site period estimates from the two approaches 
are generally consistent, providing validation for the velocities assigned to each engineering 
unit within our 3D velocity model. However, we note that the 3D model estimates are based 
on simple 1D assumptions and will not capture any 2D or 3D ‘basin effects’ that might shift the 
peak period of amplification, nor will they capture any spatial variations in site period due to 
local velocity variations within a mapped unit.  

One important observation is that site period estimates from the 3D model tended to produce 
somewhat shorter estimated site periods than geophysical measurements at some locations 
where basement was known to dip steeply near the basin-edge. We infer that the geophysical 
measurements are capturing 2D/3D basin resonance effects, where longer period ground 
motions are amplified within the wider basin are also observed at the basin-edge. Furthermore, 
polarisation of amplification also tends to occur at these locations due to the complex 
subsurface topography, such that peak amplification may occur at a somewhat different period 
depending on the direction of motion. Given that such 3D basin effects are also present in 
earthquake ground motions, our study highlights the need to consider conservative 
approaches to site classification in such areas where 1D assumptions may be insufficient to 
capture the full response to earthquake shaking. 

Secondly, site period was interpolated from geophysical measurements in the site period 
database. For this map, only measurements with a weight class of W ≥ 2 were used (~380 total 
measurements), i.e. all measurements classed as ‘unusable’ or ‘poor’ were discarded. The W 
≥ 2 measurements are concentrated in the deeper parts of the Wellington basin and provide 
good constraints where boreholes reaching basement are sparse and the 3D model is less 
well-constrained. In order to integrate information across the deeper and shallower parts of the 
basin and reduce artefacts near the basin edges in our interpolation, we also included 
~400 site period estimates extracted from the 3D model wherever boreholes reached 
greywacke basement and the geological profile was therefore well constrained.  
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The two resulting site period distributions shown in Figure 6.1 are largely compatible. Where 
there are differences, our analysis suggests these can largely be explained by the limitations 
of the underlying datasets. For example, 3D model estimates in Figure 6.1a may be inaccurate 
in deeper parts of the basin where layer thickness, velocity and basement depth are poorly 
constrained; in particular, velocity within each geotechnical unit may vary from the average 
velocity assigned in the 3D model. On the other hand, the 3D model produces reasonable 
estimates in shallow areas of the basin where site period estimates and boreholes are sparse, 
but sediment depth can be reasonably approximated.  

Thirdly, we combine the two maps in Figure 6.1a and Figure 6.1b using a simple linear 
weighting scheme based on depth to basement (z): 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = �1 − 𝑐𝑐(𝑧𝑧)�  ×  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  + 𝑐𝑐(𝑧𝑧)  ×  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  

where if z ≤ 20 m, c = 0 (i.e. geological model estimates are adopted); 

  if 20 m < z ≤ 60 m, c = (𝑧𝑧−20)
(60−20) 

  if z > 60 m, c = 1 (i.e. interpolated geophysical estimates are adopted) ; 

The definition of parameter c was determined through trial and error to find the most 
reasonable result that best captures the robust features of type of data. The resulting map is 
shown in Figure 6.1c.  

Finally, minor manual adjustments and automated smoothing were applied to accommodate 
any remaining problem areas which were poorly constrained in the final map. For example, 
smoothing of contours parallel to fault boundaries and offshore. 

 
Figure 6.1 Combining information from the 3D basin model and geophysical measurements to map site period. 

Tsite from 3D basin model (left), interpolated geophysical measurements (middle), and combined 
(right) as described in Section 6.1.  
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6.2 Map and Key Findings 

The updated site period map is shown in (Figure 6.2) along with individual site period 
estimates. There are some key major differences between the new site period contours and 
those of Semmens et al. (2010) illustrated in Figure 6.3.  

The most significant changes occur in the Thorndon basin, which previously had only sparse 
measurements. The new data suggest that site period is longer than originally thought in the 
upper Thorndon area (e.g. between Hill St, Murphy Street and State Highway 1). This also 
implies that greywacke basement may be deeper than expected. In this area site period 
estimates are solely derived from HVSR studies and show some local variability. We infer this 
most likely reflects the variability of local soft soil deposits and/or basin-edge effects. It is also 
possible that some variations could be caused unknown 3D subsurface structures. The HVSR 
ratios are more complex in this area, often exhibiting two peaks (and lower ‘Weight’ values in 
our database) and this area would benefit from downhole Vs measurements to confirm 
basement depth and deep velocity structure.  

The longest periods (>1.2 s) are largely confined to waterfront areas including reclaimed land 
in the Centreport area, where many high quality HVSR measurements now provide robust site 
period mapping. Deep Vs profiles derived from passive seismic arrays in these locations 
(Vantassel et al. 2018) are compatible with our conclusions; however, no boreholes-to-
basement exist in this area, and the deeper velocity structure remains unconstrained.  

The Te Aro basin site period mapping now suggests a steeper-sided, wider basin shape than 
that shown by Semmens et al. (2010). The steep eastern basin-edge is compatible with the 
projected location of the newly discovered Aotea Fault. Geophysical and borehole site period 
estimates are in excellent agreement throughout the Te Aro basin, and the deeper parts of the 
basin are well constrained. Furthermore, site period estimates also show smoothly varying 
changes across the basin which allow us to draw robust site period contours. 

It is important to note that there are still large uncertainties associated with many site period 
estimates within ~100m of the mapped Wellington and Aotea fault traces bounding the western 
and eastern edges of the Wellington basin. In these areas basement depth is rapidly varying 
and geophysical measurements are generally of lower quality (e.g. they can be affected by 
complex 2D/3D effects). Furthermore, 1D assumptions inherent in the common methods to 
calculate site period may not adequately capture the true ground response. Additional 
constraints on basement depth would help to better define site period in these areas.  

Our study also highlights the potentially significant influence of 2D/3D amplification effects on 
site response, particularly at the steep-sided basin edges. While traditional methods for 
determining site-period rely on estimation of the 1D soil profile, geophysical measurements of 
site response predict slightly longer periods of amplification in these areas. 
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Figure 6.2 Updated site period map for central Wellington showing site period contours and locations of 

individual data points. See Appendix 1 for more details.  
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Figure 6.3 Site period contours from the previous Semmens et al. (2010) map compared to updated contours 

presented in this study. 
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7.0 SUBSOIL CLASS MAP 

7.1 Map Development 

New Zealand’s NZS1170.5 loadings standard prescribes five discrete subsoil categories A–E, 
which are defined according to the criteria in Table 1.1 and Table 1.2. In the Wellington region, 
greywacke basement outcropping in the hills surrounding the basin, is designated as Class B 
(soft rock; e.g. Semmens et al. 2010). Soils within the Wellington basin range from Class C 
(shallow soil) – Class E (very soft soil).  

In this study, we take a practical approach to block-by-block site class mapping based on the 
available geological and geotechnical datasets. This does not replace detailed site-specific 
investigation for individual building design; site-specific studies can yield additional 
geotechnical parameters which may allow the site classification to be refined.  

Subsoil Class B/C boundary 

In the Wellington region, greywacke basement outcropping in the hills surrounding the basin, 
is designated as Class B (e.g. Semmens et al. 2010). For the practical purposes of this study, 
we use the 3 m depth contour of the greywacke basement surface extracted from our 3D 
model. We consider this to be a good proxy for the class B/C boundary (see Table 1.1 
NZS1170.5 Site subsoil class definitions, Standards New Zealand 2004). Given the highly 
variable nature of the shallow subsurface from site-to-site, we do not attempt to quantify 
uncertainty associated with this subsoil class boundary. However, we note that site-specific 
investigation can confirm basement depth, as well as yield information about degree of 
weathering, shear-wave velocity and/or unconfined compressive strength (UCS) which may 
be used to refine subsoil classification (see Table 1.1).  

Subsoil Class C/D boundary 

We define the Class C/D boundary based on Tsite = 0.6 s, which is consistent with the 
approach of Semmens et al. (2010) and NZS1170.5 guidelines (Standards New Zealand 
2004). The mapping of the Tsite = 0.6 s contour is based on a combination of geophysical 
measurements and borehole data as described in detail in Section 6.0. The uncertainty of this 
contour is estimated by providing the site period contours equivalent to ±10% of this value.  

Our approach considers that the natural site period calculated down to greywacke basement 
is the most appropriate site period estimate for engineering design, given that the entire soil 
profile contributes to ground motion amplification experienced in large earthquakes. We also 
note, that other definitions of the subsoil class based on soil type and its maximum depth are 
possible under the NZS1170.5 provisions (see Table 1.1 and Table 1.2). 

Possible areas of Subsoil Class E 

An area of possible Class E is outlined by the extent of hydraulic fill and observations of 
historical liquefaction during the Kaikōura and Cook Strait earthquakes (Cubrinovski et al. 
2018; CS? Van Dissen?). The original intent of Class E standard was to capture liquefiable 
soils, which are clearly present within this area. Measurements of local shear-wave velocity 
(e.g. Vantassel et al. 2018) within this area also confirm Class E sites are present, and further 
investigation is underway. The extensive liquefaction observed within this outlined area 
highlights the need for site-specific assessment and mitigation strategies. 
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7.2 Map and Key Findings 

New subsoil class maps show that the main features of the original Semmens et al. (2010) 
map are robust. The most significant changes to note are: 

• Site period estimates for upper Thorndon consistently indicate it is most likely Class D.  

• The Te Aro basin subsoil Class C/D boundary has undergone minor adjustment and is 
now better defined.  

• Uncertainty estimates associated with the Class C/D boundary have generally been 
reduced, due to the large number of additional measurements. 

Our updated subsoil classification maps are consistent with the 2004 NZS1170.5 standard 
subsoil classification guidelines. However, parallel work taking place to review NZS1170.5 
spectra for Wellington subsoil classes is timely, given the advancements in seismic hazard 
modelling since 2004 and learnings from the Kaikōura earthquake. 
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Figure 7.1 Updated site subsoil classification map for central Wellington. See Appendix 1 for more details. 
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8.0 DISCUSSION AND CONCLUSIONS 

Following the 2016 Mw 7.8 Kaikōura earthquake, we have updated the 3D basin model and 
geotechnical maps for central Wellington based on significant new geotechnical data collected 
since the work of Semmens et al. (2010). The new maps and model provide additional clarity 
about the subsurface structure and its implications for future engineering design in Wellington. 

Firstly, we have upgraded and expanded the Semmens et al. (2010) borehole database, which 
now includes 700+ additional boreholes and numerous CPT/SPT and shear-wave velocity 
measurements. The borehole database now comprises 1,427 boreholes, 429 of which 
intersect greywacke basement. We also provide an assessment of the quality of each borehole 
log and its geological profile in the database.  

Secondly, GNS Science, the University of Auckland and collaborators from the University of 
Texas at Austin, have established a new geophysical site period database including over 450 
site period estimates collected and collated as part of this study using the horizontal-to-vertical 
spectral ratio method (HVSR). The database captures details of the period, amplitude, azimuth 
and uncertainty associated with each measured amplification peak, as well an overall measure 
of quality of each site period measurement. 

Thirdly, we have used the extensive new geological database to update the 3D geological 
basin and velocity model (v2.0) for central Wellington. Our model also includes new surface 
geology mapping using high resolution aerial photography and LiDAR digital terrain models. 
Geophysical site period estimates have been used to guide the model development in areas 
where the borehole database provides poor constraints. The new 3D basin geological and 
velocity model can be used to simulate expected ground motions and investigate 3D basin 
effects during large earthquakes impacting Wellington (e.g. Benites et al. 2005). 

Finally, we draw together geological and geophysical information in an innovative scheme to 
provide updated maps of natural site period and site subsoil class for central Wellington. Site 
period is primarily constrained by available shallow boreholes reaching greywacke basement 
close to the basin edges, and by complementary geophysical estimates in deeper parts of the 
basin (i.e. depth to basement > 40 m) where deep boreholes are sparse.  

The central Wellington basin is comprised of two sub-basins of greater than 100 m depth. Our 
results indicate that site period is longer than previously mapped in the upper Thorndon basin. 
This implies that the depth to greywacke basement is deeper than previously mapped in this 
area, and Class D is the most appropriate NZS1170.5 subsoil classification based on current 
evidence. Furthermore, site period estimates are variable in the Thorndon area, indicating that 
complex 2D/3D amplification effects associated with the Wellington Fault-bounded basin edge 
and/or lateral subsurface velocity variations are expected. In areas of reclaimed land, including 
CentrePort, site period is now much better constrained, ranging from 1.2 s to greater than 2 s. 
These periods correspond to the 1–2 s period range of large amplifications observed here 
during the Kaikōura earthquake which exacerbated damage to midrise structures (Kaiser et al. 
2017a; Bradley et al. 2018).  

The Te Aro basin to the south is now mapped with more steeply dipping basement on its 
western and eastern flanks based on our new models. In particular, the steeply dipping eastern 
basin edge is consistent with the projected location of the newly discovered offshore Aotea 
Fault (Barnes et al. 2018), although the precise onshore character and location of the fault 
trace has not been determined. If confirmed, the onshore Aotea Fault trace may have 
implications for land-use planning and development directly adjacent (see Kerr et al. 2003). 
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Geological and geophysical estimates of site period in the Te Aro basin are in excellent 
agreement and allow well-constrained mapping of smoothly varying site period contours 
across the basin.  

One important observation from our study is the tendency of geophysical measurements at the 
steeply dipping basin edges to yield somewhat longer estimates of site period than predicted 
from 1D profiles derived from boreholes that intersect basement. In contrast, site period 
estimates in the centre of the basins where basement topography is flatter are generally 
consistent. This illustrates the need to consider the potential for 3D basin amplification effects 
at steeply-dipping basin-edge sites directly adjacent to deeper soil deposits; 1D boreholes at 
these sites may yield unconservative estimates of site period that are not able to fully capture 
the expected ground response. 

Our 3D velocity model and maps have remaining uncertainty in two key areas where further 
investigation is encouraged. Depth to basement and the deeper velocity structure remains 
poorly constrained in the Thorndon and CentrePort area due to the lack of deep borehole data. 
Furthermore, basement depth (and site period) are poorly constrained directly adjacent to the 
Wellington and Aotea faults, where geophysical measurements are sparse and/or difficult to 
interpret. New deep boreholes drilled to basement would be beneficial in providing constraints 
on the deeper geological structure in these areas. 
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9.0 FUTURE DIRECTIONS AND FOLLOW-UP WORK 

The updated central Wellington 3D geological and velocity model and site period map 
presented here will underpin future research on Wellington site and basin amplification effects. 
Follow-up work from this project includes: 

i. Collection and collation of additional borehole-to-basement and downhole Vs data in the 
Thorndon and CentrePort areas to fill data gaps and better constrain bedrock depth. 

ii. Review of additional shear-wave velocity information collected by GNS Science, 
University of Auckland, University of Texas at Austin and other Wellington consultancies 
since 2010. This will allow the Semmens et al. (2010) Vs30 map to be updated and 
possible refinement of the 3D velocity model. 

iii. Further detailed analysis of polarization and complex 2D/3D amplification effects. 

iv. Extension of our 3D basin model to link to other GNS Science 3D models covering the 
wider Wellington region. 

v. Ground motion simulations of 3D basin amplification effects using the v2.0 3D geological 
and velocity model developed in this project. 
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Map 1: Depth to Bedrock 

Map 2: Natural Site Period 

Map 3: NZS1170.5:2004 Site Subsoil Class 
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Map 1

PROJECTION:  NZGD 2000 New Zealand Transverse Mercator
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Legend

This map provides a starting point for geotechnical investigations,
but does not replace the need for professional consultation and 
site specific investigations.

Digital terrain model and cadastral parcels from LINZ; 
faults from Heron (2018) and Langridge et al. (2016).
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Map shows low amplitude natural period contours over 0.2 
second intervals for the Wellington central business district, 
updated from Semmens et al. (2010). This map has been 
constructed using available measured and modelled site 
period information (refer to accompanying report for details).  
Note, that no subsurface information was available for the 
harbour area and the contours in this area (shown as dashed 
lines on map) have a low confidence. 
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b ut do es n o t repla c e the n eed fo r pro fessio n a l c o n sultatio n  a n d 
site spec ific  in vestigatio n s.

Digita l terra in  m o del a n d c a da stra l pa rc els fro m  LINZ ; 
fa ults fro m  Hero n  (2018) a n d La n gridge et a l. (2016).
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Wellin gto n  b a sed o n  the spec ific  c riteria  o utlin ed b elo w 
extra c ted fro m  NZ S1170.5:2004 guidelin es. No te, that in  this 
study, the m a pped c la ss B/C a n d c la ss C/D b o un da ries a re 
b a sed o n  the m o delled depth o f surfa c e la yer a n d lo w 
a m plitude n a tura l site perio d respec tively. T he full NZ S1170.5 
site sub so il c la ss c riteria  a llo w fo r site-spec ific  in terpretatio n s 
in c o rpo ra tin g a dditio n a l da ta types n o t fully c o n sidered here.  
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a n d un c erta in ty in  the C/D b o un da ry is illustrated b y the 
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Legend

This map provides a starting point for geotechnical investigations,
but does not replace the need for professional consultation and 
site specific investigations.

Digital terrain model and cadastral parcels from LINZ; 
faults from Heron (2018) and Langridge et al. (2016).
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Map shows the depth to the Rakaia Terrane basement from the 
topographic surface.  The map has been generated from an 
exported surface from the 3D geological model that was 
created using borehole intersections, geophysical data, surface 
observations and geological mapping. These depths can be 
considered as a proxy for Z1.0 (depth to 1 km/s material) for 
Wellington. 
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