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Summary

Earthquakesn New Zealand and internationally have demonstrated the influence of sedimentary
basins on site amplification. However, apart from a handful of detailed site characterisation studies,
few basins in New Zealand have been characterised to a level that &ffsots can start to be
quantified This report presents & NJ gébpRyQicatharacterisation approacthat can allowfor

faster disseminatiorof basin characteristicthat can feed intoresearch andoractice while more
refined models are developed:his method is based on representative deep shear wave velocity
profilesfrom surface wave testing and estimates of fundamental site period across the basin based
on horizontalto-vertical spectral ratio testing. Using the relationship between the shear weleeity
profile and site period, basin depths can be estimated at each site period testing location, informing
the development of basin models.

As part of this project, ew regional geophysical site investigation studies were undertaken in
Waikato, HaurakPlains and Hawk& Bay Deep shear wave velocity profiles and site period estimates
across thee regiondaveimproved understanding dhe properties of regional soil depositad the
regional variability in dynamic site characteristiceWaikatofundamental site periods in excess of 5
seconds were recorded, while in the Hauraki Plaite periods were greater than 6 seconds in some
areas, suggesting deep basins in both regions. Fundamental site period estimates in the Napier area
were less thar2 seconds in most locations, reducing closer to the surrounding hills and Bluff Hill. South
of Napierand across much of the remainder of the Heretaunga Plamse of the H/V peaks were

likely representative of a shallower impedance contrast, and notowerall soil profile to bedrock.
Variation in depth to bedrock in this area aligned well with the surrounding topography.

New deep $ear wave velocity profilefrom south of Napiewere used in combination with the site

period estimates in the Napier area2 Sa i A Yl S GKS ol aiAy RSMESK dzaAy:
able to provideinsight into the strgture and shear wave velocity of the depositsthe basin under

Napier. Site period estimates from Waikato and the Hauraki Pla® used in combination withew

deep shear wave velocity profdérom Waikato to estimate the basin depth in these regions. These

were compared against models constrained using regional topographic data. There were clear
differences betweerthe two model typesin some areasg A 1 K G KS WNI LIARQ YS{iK2R
better representatiorof the basin structure, based on comparisons with other investigation data,

provide additional insight into the basin structure¢. K S WNJ LJARQ Y S K@énBsitg I & | LI
period estimates and deep shear wave velocity profiles from Canterbury, where a high resolution

basin model already exists that has been constrained by a number of dat@ketslepth estimates

from both models were in good agreement, demonstingtihe usefulness of the method in providing

initial information on basin structure that can informegional site classification for seismic design,
regionalnear surfaceshear wave velocitynodels and the development of velocity models for physics
basedground motion simulation.
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1 Introduction

This report summarises thedevelopment and applicationf a YSG K2 R2f 238 (G2 LINE @A
geophysical characterisation of Nedealand sedimentary basins using the horizetdabertical

spectral ratio method H/V method) and deep shear wave velocit(g profiles Detailed
characterisation of basin structures, although the final goal, is a long process, meaning that
advancement bthe understanding of potential ground motion amplification can take many years.
TheWNJ LA RQ OKI NI OG SNar fastetidisgesiinationIthiNgah f@eld intb practReswhile

more refined models are developed. This projeasleveragel off a range ofstudies that are currently

underwayor recently completedo A Y F 2 NY (G KS RS@St2LIYSyd 2F (GKS WNI
metrics.

There is currently little geophysical investigation data, particulfmlydamentalsite period data,
across mostbasins in New Zealand. More focus has been given to regions affected by recent
earthquakes such as Canterby and WellingtonGiven the paucity of dynamic site characterisation
data across New Zealartthjsresearchwill greatlyenhancethe understandingf basin structureand

the characteristics ofegionaldeposits It will improveregional site classification for seismic design,
regionalnear surfaceVs models and the development of velocity models for physiesed ground
motion simulation.

Theinitial step in this researclvasthe review of existing site investigation dathat could inform
basindynamic site characteristicacross New Zealand@he field investigation methodolodgr the
collation of data using thél/V method and the developmemf deepVs profilesis then discussed
Using this approachthe outputs from field investigatianin three new regionsare presented The
WNJI LIARQ ol aiy Y auR@driseddléng With Rugothe Jidplifikcamethod based on
geologic and topgraphicdata within and surrounding each basin. The final section presents each
basin model, compares them againstxisting models where available and discusses these
comparisons.



2 Existing BisinCharacterisationacross New Zealand

The first step in this reseeh was a review oéxisting site investigation dat&lated to sedimentary
basirs across New Zealandavith a focus on the dynamic site characteristiCoarse scale national
maps of basin depth have been developed in previous work (Perrin, unpublisaps); however,
although some geophysical data has been used in their compilatiese have largely been
constrained with geologiadata (Kaiser et al. 2017)e have defined lte quality of basin
characterisationbased on the types of ala sources used in developmenthe method of
interpretation of data sources and the spatial distribution of data sources in relation to basin extent.
As the focus is the influence of the basins on earthquake shakiiige data sources of interest are
those that constrain thelynamic site characteristics, suchsear wave velocity aegionaldeposits

and thedynamic characteristics of the overall soil profile.

The following classification system is usediefine the quality of data available in each basin

Poorc Little site period oVsdata

Averageg, Site peiod data across region

Moderatec Site period data across region and shallydata

Goodc¢ Good coverage of site period data across region and deegata

=A =4 =4 =

A summary of the basin characterisatidetails for the selected regioris provide inTablel. Within
this table theabbreviationsH/V is used foH/V spectral ratiotesting, and Yis used for surface wave
and invasivanethod Vs testing.



Tablel. Summary of level of geophysical characterisationao$election ofNew Zealand sedimentary basins for seismic analyses

Region Exploration Methods Geology Geophysicaltudies Characerisation Level
Surfac_:e wave testl_ng, Depth of Quaternary deposits >200 n HIV ¢ Stephensoret al. (1997) Poor overall
South extensive geotechnical, Mainly Tauranga Grouglluviumwith
Auckland groundwater y i 9 VsandH/V ¢ Dawson et al. . .
. o minor tephra and loess. Goodin Takanini
investigations (2015)
Maximum depth of Quaternary
_ Seismidransects and depos!ts ~3000 m. Qon3|sts Igrgely (
Hauraki . . Hinuera Formation, alluvial
. gravitysurveysExtensive . . . Poor
Plains volcaniclasticsediments and
groundwater bors. : :
unconsolidated swamp, marine and
alluvial deposits.
Depth of Quaternary deposits rangini
. . : from 200- 700 m. Consists of mostly (
Gravity mapping oil :
. exploration boreholes TgurangaGroupa_llluwuman_d_the
Hamilton Hinuera Formation comprising of Poor

geotechnical and
groundwaterboreholes.

unconsolidated alluvial deposits,
pumiceous clays, sands and
interbedded peats.




Tablel cont.

Region

Exploration Methods

Geology

Geophysicabtudies

Characterisation Level

Tauranga

Seismic exploration
offshoreand surface wave
testing. Gotechnical and

groundwaterboreholes

Depth of deposits highly variable
ranging from 10 m to 300 m. Matua
subgroup consist of pumiceous alluvi
gravels, sands, mud and thin beds ¢
peat. Holocene depsits overlieMatua
subgroup and consist of
unconsolidated dune sands and mari
muds and gravels.

Vs & H/V ¢ PearseDanker &

Wotherspoon (201p%

H/V ¢ Wotherspoon
(unpublished)

Average

Rangitiki

Gravity and resistivity
mapping Seismisurveys.
Surface wave testing.
Geotechnical and
groundwaterboreholes.

Manawahe and Awakaponga
Formations occur in northern and
southern parts and consist mainly o
loose pumiceousands, minor mud
and gravels. Holocene alluvium ang
swamp deposits consist of poorly
sorted gravels, fine sands, silts mug

and beds of peat.

Vs & H/V ¢ Beetham et al(2006)

Poor overall

Moderatein Whakatane

Taranaki

Extensivehydrocarbons
exploration vells 2D and
3D seismic surveyBeep
downholeVs and surface

wave testing

Quaternary deposits are <200 m thig
and consist of unconsolidated sands
muds with minor gravels and shellbe(
of various thicknesses. Holocene
deposits consist mainly of volcanic
lahars, pyroclastic deposits with teph
and ash, overlying older Quaternary
sediments.

Vs ¢ BECA (unpublished)

H/V ¢ Wotherspoon
(unpublished)

Poor




Tablel cont.

Region

Exploration Methods

Geology

Geophysicabtudies

Characterisation Level

Whanganui
Basin

Seismic transects,
magnetic and gravity
surveysExtensive
hydrocarbonexploration
wells

Deep sequence of up to 4.5 km thick
consisting of shallow marine
sediments. Tangahoe Formation
consists of shallow marine sandy mu
shellbedsand sandstone. Holocene
deposits consist of shellbeds, fine
sands, gravels and loess with mino
volcanic ash.

Poor

Gisborne

Seismictransectsand
boreholes.

Quaternary deposits up to 300 m thic
Mangatuna Formation consisting of
river and estuary derid gravels,
sands, silts and mud form the Early,
Quaternary deposits. Holocene
deposits consist of flood plain
silts/muds, river gravels and sands,

Poor

Hawke@ Bay

Reflection surveys and
surface wave testing.
Geotechnical and
groundwaterboreholes.

Thickness of Quaternary sediments &
up to 1600 m thick. Kidnappers Grou
comprises of terrestrial and margina|

marine gravels mud, silts fine sandg
and traces of volcanics. Early
Quaternary deposits occur in the
southern part of the basin and consig
of alluvial and colluvial derived grave
intertidal sands and muds.

H/V ¢ Hengestet al (1998)

Poor




Tablel cont.

Region Exploration Methods Geology Geophysicabtudies Characterisation Level
Themaximumthickness of the
deposisis roughly 400 m. The Early
- . Quaternary Te Muna Formation
Seismic and gravity : )
surveys surface wave consists of poorly sorted alluvial
Wairarapa . . gravels, lacustrine silts and silty clay Vs ¢ Kaiser & Smitli2005) Poor
testing Geotechnical and . :
roundwaterboreholes The Late Quaternary deposits fouimd
9 the southern and central portion of th
basin consist of poorly sorted gravel
and finegrained sands.
I . Mostly Holocene deposits up to 350
Seismic and gravity . . ) )
, thick. They consist of alluviadarginal
profiles, surface wave marine sediments with poorly sorted
Hutt Valley testing Extensive . N poorly Summanyg Boonet al. (2011) Good
. gravels and fingrained sands.
geotechnical and
roundwaterboreholes Shellbeds are found at 100 m depth
9 ' with thin beds of peat.
Seismic and gravity . .
Holocene and Pleistocene deposits U
surveys. Surface wave . ) :
. ) . . to 200m thick. Engineered fill
Wellington testing and invasive Vs overlying alluvial, colluvial and marin| Summarnyg Kaiser et al. (2009 Good
CBD methods Geotechnical ying ' e '

andgroundwater
boreholes.

deposits. Pleistocene alluviahd
beach deposits below this.




Tablel cont.

Region

Exploration Methods

Geology

Geophysicabtudies

Characterisation Level

Nelson
Tasman

Seismic profilessurface
wave testing
Geotechnical and
groundwaterboreholes.

Deepest at Moutere Depression at
2500 m. Port Hill Gravel within Nelso
City, up to 500 m thick. Holocene
deposits of unconsolidated gravels,
sands with peat deposits found
throughout basin, up to 55 m thick.

Vs & H/V ¢ McMahon (2018)

Poor oveall

Moderate in Nelson

Wairau
Plains

Regional gravitysurvey.
Surface wave testing.

Early Pleistocene deposits are
approximately 800 m thick consisting
largely of glacial outwash. Holocene
sediments up to 50 m thick consist &
variety of unconsolidatedravels,
sand, silt and clays. Minor peat is alg
encountered around Blenheim.

H/V ¢ Robertson & Smith (2004

Jeong(unpublished)

Average

Culverden

Gravity survey, surface
wave testing.

Maximum depth of Quaternary
sediments up to 400 m. Pleistoceng
deposits consist of alluvial and glaciz
gravels, sands, silts and loess.
Holocene deposits consist of alluvia
fans, silts and clays.

H/V ¢ Jeong (unpublished)

Average

Canterbury
Plains

Seismic, magnetic and
gravity surveys. Surface
wave testing and invave
Vs methods.
Geotechnical,
groundwater and
explorationboreholes.

Alternating sequences of gravel ang
marine sediments that can exceed
2000 m. Late Pleistocene deposits
gravels of varying age and sand.
Holocene deposits consist of sands
silts andgravels.

Summang Lee et al. (2017)

Good




3 Site InvestigationMethodology

Geophysical site investigation methods can be usedefine the dynamic site characteristics across
a region. This research focussed on the use ofingasive, nonintrusive methods, including surface
wavemethodsand the horizontato-vertical spectral ratio metho¢H/V method).

TheH/V method (Nakamura 1989, Field et al. 1990, Field & Jacob 1993, Sd8ekam et al. 201

was used to estimate the fundamtal site period () at each test locationa characteistic of the
dynamic response of the overall soil profile above bedrdelst locationsvere dispersed across each

basin using a staged field investigation approach. Existing geologic and geotechnical investigation data
was used to informthe placement of test locationsThe outputof this testing was aeospatial
collation of point site period masurements, with the variation of site period across the basin
providingafirst levelrepresentation of the basin structure.

Active and passive surface wave methadsre used in combination to develoys profiles with
associated uncertainty at each tdstation. Testing was undertaken at a single deep location within

the basin to provide a representatiwg profile for the basinThere is likely to be variation in thé
characteristics across each basin, and over time further deep profiles can be pkvalod assigned

to particular areas ofthe basi€. 2 NJ G4 KS LJdzZN1lJ2 aSa 2F GKAa UWUNLdIARQ
deemed representative of the wider basifihese methods require no plant or heavy equipment,
meaning that testing can be carriedtoat a large number of sites in a timely manner and at low cost.
The specifics of the methods used in this study are summarised in the following sections.

3.1 H/V Method

To rapidly characterize thieindamentalsite period(To) acrosseachstudy areathe H/V method on
ambient vibration records was used. A wadifined peak in the H/V data can be used to i{ferthe
fundamentalsite period for the entire soil profile down to bedrock (a significant impedance contrast);
or (2) the natural period of the soil piite above a shallower impedance contrast

Ambient vibration records were collected using threemponent seismometers (Nanometrics
Trillium Compacts 20s) with a flat frequency response between 20 seconds and 100 Hz. Each
seismometer waither (1)placedin a hole approximately 05 cmdeepand then surrounded by

tightly compactedsoil to provide good coupling with the surrounding groyrat (2) placed on a
levelling cradle on a solid surface

For sites in close vicinity (less than a few hundred metres) to the hills surrounding each basin, 30
minute records were taken at each location. For sites furthertban this, recording periods of at
least 60 minutes were used. A sampling frequenfcy® Hz was used in all cases.

H/V data were processed using the software Geopsy (Wathelet 2008). Time windows that were overly
noisy were removed, with the remaining windows used to develop the spectral average at each
location. The geometric mean of the lmwntalcomponent Fourier spectra were used to develop the

H/V spectral ratios, and a Konno & Ohmachi (1998) smoothing function with a smoothing constant of
b=40 was applied. The H/V spectral ratios from a range of time window lengths were compared during
processing to determine the influence of window lengths on the estimated spectral peak(s) and to



estimate the uncertainty associated with the spectral peak(s). The data presented in this paper used
window lengtls between30 and180 secondswith no overlg and a 5% cosine taper.

Peaks identified in thél/V data were assessed for clarity and reliability following the SESAME (2004)
guidelines and then related back to the geologic knowledge of the regioeach siteestimates of

the mean site period and asciated uncertainty will be defined using this appradeigurel provides
examples of peaks representative of a deep impedance contrast, a shallow impedance contrast, and

multiple impedance contrasts.

7

Mean

wveeeee 5 StdDev

]

~

w
HIV Spectral Ratio

H/V Spectral Ratio
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Figurel. Example H/V data fsm ambient noise records across Canterbury (a) Single predominant
peak corresponding to the fundamental site period above basement rock;9bgle predominant
peak corresponding to period of profile above shallow volcanics; (c) Double peak corresponding t
both the fundamental site period and the period of the profile above the shallow Riccarton
Gravels(after Wotherspoon et al. 2018)

3.2 Surface WavéVethods

A combination of activsource and passiveourcemicrotremor array measurement (MAMurface
wave methods were used to resolve thé/s and layeringfor each location where detailed

characterisation was required

3.2.1 Active Source Methods

Active source data was acquired using a sledgehammer source with a steel strike plate with a rubber
damping pado collect Rayleigh wave datA.total of24 4.5 Hz vertical geophones with 2 m spacing



were used to collect Rayleigh wave dispersion datar source offsets of 5, 10, 20 and 40 m were
used, and at each source offs#tleast fivesledgehammer impacts eve recorded and stacked.

The activesource MASW data were processed using the Frequency Domain Beamformer (FDBF)
method in combination with the multiplsource offset technique (Zywicki 1999, Cox and Wood 2011).
The use of multiple source offsets duringta collection and processing allows for quantifying
dispersion uncertainty and the identification of near field contaminatidhe dispersion data from

each offset was cleaned and combined to develop a single composite experimental dispersion curve.
The data was then divided into frequency bins and the mean phase velocity and standard deviation
defined for each bin.

3.2.2 Passive Source Methods

Passive datavere collected usingight 3-componentbroadbandseismometersthe same as those

used for theH/V method. Seismometers wergypicallyarranged in circular arrays with diameters of

50, 200 and 500 m at each location. The ideal layout at each array consisted of a central location and
seven locationspaced evenly around the circumferend®wever, constraints atsome locations
required slight modifications to this layoutarger arrays, either circular or triangular, were used at
each location depending on the available spddee field installation was similar to that described in

the H/V method section. Ambienhoise was recorded for one hour for the 50 m and 200 m arrays,
two hours for the 500 m array, and three hours for the larger arrays.

Rayleighwave dispersion data from the vertical components of the ambient noise recorded from the
circular arraysand insome cases Love wave dispersion data from the horizontal comporvesits,
computed using the HRFK method (Capon 196&) a typical surveyhe time records for each array
were divided into 180 second time windows, resulting in 20 to 40 windows for eeaphamd ensuring

a sufficient number of cycles for each frequency. Peak wavenumber pairs were selected at 125
frequency points distributed logarithmically between 0.1 and 20 Hz for each time window, resulting
in 20 and 40 phase velocity values for efi@djuency.A single composite experimental dispersion
curve was therdeveloped bycombiring the individual dispersion curves from each array.

The dispersion curves from each array were then compared to identify and remove significant
deviations from the compite trend, such as effective mode data and néeld effects. Dispersion

data with wavenumbers outside of the maximum and minimum arraplgion limits (Wathelet
2008) were considered less reliable than data within the limits and removed in most Eaflewing
elimination of poor quality data, the dispersion curves from all arrays were averaged to form a single
composite dispersion curve.

3.2.3 Inversion Methodology

The opensource software package Geopsy (Wath@@d8) was used to perform a muitiode, joint
inversion of the dispersion data fazach site. The forward model calculations were originally
developed by Thomson (1950) and Haskell (1953) and later modified by Dunkin (1965) and Knopoff
(1964).As the surice wavanversionproblem is ilposed and norunique, hundreds of thousands of
possible profiles are considered in each inversand any of the models with sufficiently low misfit

to the experimental data may be representative of the velocity structaréhe site.Rather than
providing a single, deterministié profile for each sitethe inversions provide a suite dfieoretical

profiles thatfit the experimental data well.



The user defined constraints or layer parameterization for the inversionedoeity (\éand \£), depth,
t2A4a2yQa NI GA2Z RSyaAleszr FyR GKS ydzyoSNI 2F 1 e&Ss
the inversion process by reducing the size of the solution space from which velocity profiles can be
generated.As therewas noa priorisubsurface information to help constrain the inversion progcess

the layering ratio approachf Cox and Teague (2028asutilised. This provides a systematic approach

for the definition of the number of layers and the depth range of theageis within the
parameterization.Multiple layering ratios were useth order to representthe most reasonable

models foreachsite.

For each sitehundreds of thousands ahodels with corresponding Vs profiles, Rayleigh and Love

wave dispersion curvesnd ellipticity curves were generatetbr each layering ration an effort to

obtain the best dispersion curve fitvithin Geopsf G KS YA &AFAG 2N 6KS 233SNI f f
experimental and theoretical dispersion curve is computed for each model. In order to obtain the
closest fit of the experimental dispersion curve, Dinver attempts to minimize the misfit at each
frequencypoint along the experimental dispersion curér each layering ratio at each sitiee 1000

lowest misfit or closest fit profiles werxtracted and useds a representative sample to generate a
characteristic mediais profile and torepresentthe uncetainty for each site.



4 Field Characterisation Results

This study had focussatew field characterisation ifbasinswhere there is currentlyittle existing
geophysical investigation datdhe choice of these locatiomsasalso guided by the population and
economic importance of the regions atide importance of the regional infrastructure (as well as
accessibility for testing)rhenewfield characterisatiomatawasfrom the following regions

M Hauraki Plains
1 Waikato
1 Hawkel Bay

The site period data and de&fgprofiles are presented, and their characteristics discussed in relation
to the current understandingfdhe structure of these basins. The site subsoil classification for seismic
design as part of NZS1170.5 (2004)$® discussed.

4.1 Hauraki Plains

Site period estimates were collated at 100 sites across the Hauraki Plains. Multiple peaks in the H/V
data, indicative of multiple impedance contrastsere present at a few sites, with the majority having

a single peak thatikely represents the entire soil profile down to basement rock. dlaety of the

peaks in the H/V data varied across the region, which could be due to poor coupling of the sensors
during installation, or variability in the strength of the impedancetcast. At all sites the fundamental

site period was likely identified.

A map of the fundamental site period estimates across the Hauraki Plains is presefitgura2. The
majority of the Hauraki Plains, apart from the basin edge region, have fundamental site periods
greater than 0.6 seconds, representative of minimum of site class D according to NZS1170.5.
Fundamental site periods in excess of 6 seconds were measusetng locations, suggesting a very
deep sedimentary basin. The spatial variability of the site period estimates is in line with the presence
of a shallower ridge running through the central portion of the plains that is part of the Hauraki Rift
half graben structure. This has been identified in previous studies, such as the gravity survey of
Hochstein & Nixon (1979). Site periods are shortest along the basin edge where the basin depth is its
shallowest, with the next shortest set of site periods in theimacalong the central ridge structure,

with periods between 0.8 and 2.0 seconds. Between the basin edges and the central ridge the basin
deepens significantly, with some suggestion that the depth in these areas increases moving from south
to north (fromright to leftin Figure2). The results of this are discussed in more detail in Rana (2019).



10 km

Figure2. Fundamental &e period estimatesacrossthe Hauraki Plains regian



4.2 Walkato

Site period estimates were collated at over 100 sites across the Waikato Bhasimajority of sites
show a very clear fundamental mode peiakthe H/V data with a large amplitude, indicative of a
significantimpedance contrastMultiple peaks indicative of multiple impedance contrasts were
present at some siteand in most casethe longest period peak in thél/V data had the largest
amplitude.There are aéw possible situations in the Waikato area that could cause multiple peaks in
the H/V data. This includes the impedance contrast between the Tauranga Group and the Waitemata
Group or the impedance contrast between the Pirongia volcanic formation and toheggo
guaternary sedimentsThe longest period peak the H/V data is likely tocorrespond to the
fundamental mode vibration of the entire soil gile down to the basement greywacke rock.

A map of the site period estimates across the Waikato basin septed inFigure3. Most parts of

the Waikato Basin, except very near the basin edge, have fundamental site periods longer than 0.6
seconds which means they should beategorised as site class D at a minimum, according to
NZS1170.8SNZ 2004)'he measured site periods were over 5 seconds near Te Rapa and Gordonton,
suggesting a deep sedimentaibasin. e longest site periods are observed from the west through to

the north of Hamilton, almost along a linear trend that goes through Whatawhata, Te Rapa, Rototuna,
and Gordonton. Thgeospatial variability iffp is consistent with the gravity anomadf the region

(FrOG &ch, 2011). These investigations discussed in more detail in Jeong & Wotherspoon (2019).

DeepVsprofiles were developedt a site just to the west of Te Rapa Park, in one of the deeper parts
of the basin as indated by theH/V data. Thefield testing scope consisteaf an active source array,
three circular arrays with diameters of 50 m, 200 m and 500 m, d@f&®@ m triangle

The outputs of the inversion process are summariseiignire4 for the range 6 parameterisations,
gAGK GKS mMnnn Wo S a.0Hs proddBsS repiresankation of theFlevéldf Gneeddinty
in the Vs profile at this site, in the absence of any subsurface investigataia.Figure4a) compares
the experimentalRayleigh wavelispersion curve data with ththeoretical dispersion curvesThe
inversion was fit to the fundamental mode dispersion curve, with the first and sehagher mode
theoretical dispersion curves also presentddhe corresponding Love wave disgion data is shown
in Figure4b), with no experimental Love wave data usaa constrain the inversion proces$he
theoretical Rayleigh wavellipticity curvesand the theoretical1D transfer function are compared
against the emerimental H/V data irfFigure4c) and d) respectively. The frequency of the peak
theoreticaldata compare well with the peailk the experimental datahat is representative of the
fundamental site period estimate

TheVsprofile for the overalldepth range is presented iRigurede), and the near surfacportion of

the profile to a depth 060 m inFiguredf). The layering ratio of 7.8 an outlier compared to the other
dataand was not considered in further analyses. The remainder of the layering ratios show a similar
trend, with the spread in the profiles increasing at the da¥ the profile where the bedrock is
encountered.DeepVsprofiles are being developed at a wider range of sites across the basin as part
of other ongoing research.
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4.3 Hawke® Bay

Site period estimates were collated at ove20lsites across thélawke® Bay with a focus on the
Heretaunga Plas The majority of sites had a single peak inli&data, and the impedance contrast

that these represented varied across the region. In some areas this peak likely represented the entire
soil profile down to basement rock, while in other areas whereftes surface layer was present, this

peak represented the profile above a shallow impedance contrast at the base of this surface layer. The
sharpness of the peaks in th#V data also varied across the region, which was inferred to be a result

of the varability in thestiffness of soil deposits in the region.

FromMeeaneein the south up taBay Viewn the north theH/V peaks inFigure5 and Figure6 were

likely represerditive ofthe fundamental period of the soil profile to bedrock. The variation in site
period estimates aligned well with the topography of the surrounding hills and BillifL.ocations
more than a few hundred metres away from the base of Bluff Hill and around 400 m from the
surrounding hills have fundamental site periods greater than 0.6 seconds, representatae of
minimum of site class D according to NZS1170.5.

The amptude of the H/V peaks in the region along the Napier city shorelingre less than the
amplitude in areas further inland. Along the skline and throughout the downtown area of Napier
is a deposit of beach gravstjffer than the surface deposits in athareas. This may have influenced
the amplitude of theH/V peaks in this area.

South of Meeanee and across much of the remainder of the Heretaunga Plains some of the H/V peaks
were likely representative of a shallower impedance contrast, and not the tvewa profile to
bedrock.Figure7 shows that this is the case in and around Hastings in the middle of the plains, with
H/V peaks between 0.8 0.8 seconds. There atenger period peaks that may be representative of

the overall soil profile to bedrock, these can be seen slightly further out from the central basin area
that is dominated by softer near surface soil deposits.
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Figure6. Site period estimates in theegion surrounding central Napier.
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Figure7. Combination of the period of the soil profile above a shallow impedance contrast and the
overall soil profile above bedrock acroslse HawkeR Bay region

DeepVsprofiles were developed at a site in Meeanee, in an area with deeper deposits than those to
the north based on the H/V dat@he field testing scope consistetlan active source arragndthree
circular arrays with diameters of 50 m, 200 m and 500 m

The outputs of the inversion process are summariseiiguire8 for the range of parameterisations,
gAOK GKS wmnnn Wo S a dRyurasa) Rdnpaies thekexpenmerfal Raylefgh iaied
dispersion curve data with the theoretical dispersion curves. The inversion was fit to the fundamental
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mode dispersion curve, with the first and second higher mode theoretical dispersion curves also
presented. Theorresponding Love wave dispersion data is showigure8b), with experimental

Love wave data used at this site to further constrain the inversion process. TheticabRayleigh
waveellipticity curves and the theoretical 1D transfer function are compared against the experimental
H/V data inFigure 8c) and d), respectively. Thepeals in theoretical dataat 0.3 Hz is likely
representative of the fundamental response of the overall soil profile above rock. There looks to be a
good comparison with the 1D transfer function, with a peak in this data near to this frequency. The
comparson is not as clear for the Rayleigh walleticity data, although there is some evidence of a
peak.

TheVsprofile for the overall depth range is presentedrigure8e), and the near surface portion of
the Vs profile to a depth of7f5m inFigure8f). The layering ratios showfairly similar trend, with the
spread in the profiles treasing at the base of the profile where the bedrock is encountered.
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5 Basin Modeling Methodology

Basin model$iavebeen classified into four type groupsiased on the type, quality and quantity of

the input data and the rigour of the modelling techniques employed in the development of the model.
We have foucsed on models that capture the dynamic characteristics of gie evant to ground
shaking.Type 1 basin models are the simplest of the basin elmdleveloped using geologic maps
and topographic data from digital elevation models. Type 2 basin models include limited field datasets,
such as sparse map dfV spectra ratios and a few dedf profiles from surface wave testing. Type 3
basin models a developed using large, higjuality field datasets. For example, a Type 3 basin model
may include a dense grid of hundreddH#¥/ spectral ratios, several dedfprofiles,P-wave reflection

lines, and deep boreholes. Type 4 models are the most compterbining extensive geological,
geotechnical, and geophysical datasets with advanced modelling technigues. These robust models
include a welldefined soil/bedrock interface and a weharacterised sedimentary profile across the
basin.Figure9 and Table2 give examples ahe types of basin characterisation at different locations
across New Zealanéxisting models that would be considered detailed, using a range of geologic,
geotechnical ad geophysical datasets, have been developed for Canterbury (Lee et al. 2017),
Wellington (Semmens et al. 2010, Kaiser et al. 2019) and Lower Hutt (Boon et al. 2011).

Simple basin models (e.g., Type 1 and Typead) berefined and upgraded as data fromtesi
characterisation studies are incorporated into thesbamodel. Through the use of th&'V method

FYR 204KSNJ 3S2LKeaAldlt G4$SadAy3d YSGK2RazX GKS WNI LA
herein, provides a means to quickly improve existing Tydmsin models and develop new basin

models in other regions.
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Table2. Summary ofexamplesof existingbasinmodelsacross New Zealand

Type 1 Type2 Type 3 Type 4
Cheviot Kaikoura Canterbury
Hanmer Marlborough Wellington CBD
Waikato Nelson/Tasman Lower Hutt
Hauraki Waiau

Napier Upper Hutt

5.1 Topographybased Method

Simple (e.g., Type 1) basin models require the definition of the horizontal extent (i.e., basin edge)
along the ground surface and a 3D surface (e.g., horthing, easting, and depth) along the soil/bedrock
interface. The topographbasedmethodis used to deelop these simple basin models by using the
slope of topographic features (e.g., rock outcrops, hills, ridges, mountains) surrounding and within the
basin to infer the geometry of the soil/bedrock interface, especially when additional field data is
unavalable.

For the Type 1 models presented in this stuihg basin edge is defined by examining geologic maps
describing surface geology of the basin. Published hardcopies and digital files of geologic maps of New
Zealand at 1:250,000 scale-BAPS) are available from GNS and were used for this projeet. T
boundary between the sediments (e.g., soil) within the basin and the rock surrounding the basin may
be identified and traced on the geologic map. Outcrops of rock within the sedimentary basin should
also be identified and outlined.

The topography of thground surface is described by digital elevation models (DEMs), which contain
elevation data associated with a grid in terms of Northing and Easting (or Latitude and Longitude). The
Shuttle Radar Topography Mission (SRTM) is arbiglution DEM datasetyhich contains elevation

data across the globe at a 1 aecond (approximately 30 metre) resolution and has been made
publically avdable by the USA NASA and JPL.

MOVE, a structural geology modelling software developed by Petroleum Experts Limiteel i©u
combine the geaeferenced geologic maps diDEMs to develop basin models.

The outlines of the basin edge and all interior rock outcrops are digitatigdran the geologic maps

in MOVE, as illustrated in Figure 10 for the Waikato and Hauraki sathny basinsThese outlines

are used to trimthe portion of the ground surfacBEM associated with the sediments in the basin.
Thus, only the topographic information associated with the rock surrounding the basin and the rock
outcrops within the basin arretained

Topography is used to infer the slope of the soil/bedrock interface near the ground surface. However,
the depth to the bedrock in the middle of the basin is poorly constraimaked on slope of the
topographyalong the basin would be conical shape (as opposed to bowl shapasd may not be
realistic. Thus, any available geologic datach asross sections and projected fault lines from the
gedogic map, deep boreho$tis used to develop multiple cross sections across the basin withesitli
indicating the inferred stlbedrock interface. To adequately constrain the 3D surface, several cross
sections defined in approximately orthogonal directions (e.g., North/South and East/\West) are needed
and should be spaced no more than 10 td@tapart, depending the lateral extent of the sedimentary
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basin. Defining these cross sections for the initial basin models is inherently subjectivis and
dependent uporjudgment of the modeller.

In MOVE, the outline of the basin edge, the topographic dataugbanding rock and interior rock
outcrops, and the cross sections are combined to provide constraint for a kafgogthm, which
interpolates the available data and evaluates the depth to the soil/bedrock interface along a pre
defined horizontal gridFigurell). The grid points are typically spaced 100 to 1,000 metres apart
depending upon the quality of the input data and the lateral extent of the basin (i.e., the land area
modelled). The kriged 3D surface representing the soil/bedrock interface is exported@vitand

is suitable for use in a Type 1 basin model. As noted above, the depth to the soil/bedrock interface is
poorly constrained by the topographic data and can by improved through the inclusion of geophysical
data.
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Figure10. Example MOVE project with combination of datasets and the outline of the edge of the
Waikato and Hauraki Plains basins.
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Figurell Example kriged 3D surface of the sailck interface within the Waikato and Hauraki
Plains basirareas and the surrounding topography.

52 Wwl Mathod

A primary objective of this research is to facilitate the rapid development of sedimentary basin models
in New Zealand through the use of site characterisation data from geophysical testing, impiowing
topographybasedand geologybasedmodels by providing constraint to the bedrock/soil interface

and the characterisation of local velocity structufeK A & WNJ LIA R&hodcbrdbiegs sité 2 R S f
period estimates from ambient vibratior/ M spectral ratio testing withs profiles from deep surface

wave testing to estimate the depth to bedrock (i.e., the basin basement) using (1) the quarter
wavelength method and (2) transfer functions from 1D linear elastic site response andlgaes.

both of these analytical methodsasin (or sukbasin) specific relationships between bedrock
(basement) depth and site period{ld) may then be used to quickly map the basin basement.

The bestVsprofiles from deep surface wave testing were used to develop tie Blationships and
attributed to the nearest (e.g., local siiasin) or basitwide site period measurements depending
upon surface wave testing data available. Specifically prdgfiles from the inversion(s) most
representative of any supporting geotechalicdata, local geologic knowledge, and/or the most
reasonable layering ratio parameterisation with the lowest inversion misfit were used. When
available, multiple ¥profiles were used to develop the localTprelationships, typically the 1000
WHestQ/s profiles with the lowest inversion misfiEurthermore, anmpedancecontrastcorresponding

to the soil/bedrock interface must be present in the pfofiles. The apdure of the surface wave
testing arrays must be wide enough to resolve deep layers angdloeity of the deepest rock layer
should be greater than50 m/s(i.e., theVsof a weathered rock).
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For both the quarter wavelength and transfer function methods, thdyDelationships were
developed through specification of the basement depth, adjusttred the velocity profiles, and the
evaluation of the corresponding site periothe basement depth was systematically increased from
near the ground surface to a value greater than the maximum anticipated depth of the sedimentary
basin. TypicéJ, trial basement depths ranged from 1 to 2,000+ metres, depending on the basin. An
individual \é profile was adjusted by assigning the trial basement depth to the top of thespalfe

(i.e., bedrock layer). The origind of the halfspace from the velocitprofile was retained, only the
depth to the top of this layer was adjusted up or dovas shown irFigurel?2. If the trial basement
depth was greater than the depth t@p of the halfspace in the initial velocity profile, the thickness

of the sedimentary layer above the halbace was increased @rdingly, as shown iRigurel2b).
Likewise, if the trial basement depth was shallower than the initiat$yzdice depth, the thickness of

the overlying sedimentary layer was decreasedhéftrial basement depth was shallower (i.e., less
than) the depth to the top of any ovlting sedimentary layers in the initial velocity profile, each of
those layers and their correspondivgwere removed from the adjusted velocity profiles shown in
Figurel2c). Effectively, this methodology assumes that the sediments within the basin were deposited
in horizontal layers with uniform layer thickness across the sedimentary basin, similar to an idealised
layer cake in a bowl. While this assumptioraisoversimplification and not truly representative of
natural sedimentation processes, it simplifies the calculations and enables the developraTient D
relationships that can readily and unifornilg applied across a basin.

(a) Orignial Profile (b) Deeper Half-space (c) Shallower Half-space
K K K

Layer 1: Vg, Vp4, Py, @nd h, Layer 1: Vg 4, Vg1, py, and h, Layer 1: Vs 1, Vp1, pq, and hy
Layer 2: Vg5, Vps, P2, and h, Layer 2: Vg, Vpa, P, @nd hy Layer 2: Vg5, Vs, P2, @nd h,

Layer 3*: Vg 3, Vps, s, @and hy*
Layer 3: Vg3, Vps, Ps, and hy Layer 3: Vg 3, Vpa, pa, and hy

Layer 4: Vg 4, Vpa, Pa, and hy E

Layer 4*: Vg 4, Vpy, Ps, and h,* l

Half-space: Vsus, Veps, Prs Half-space: Vsus, Veps, Prs Half-space: Vgps, Vs, Pus

Figurel2 Schematic of the methodology used to develop representatieprofiles at each T
measurement location. a) origina¥s profile; b) Vsprofile with deeper haltspace; and cYsprofile
with shallower haltspace. * indicate layers with modified thicknesses.

The simplest basement depsgite period relationship is thquarter-wavelength equation (Equation

1), which is commonly used to evaluate site period givegmofile above an impedance contrast or
bedrock.

Y 10w (1)
where H is the thickness of the soil profile (i.e., the trial basement depth) and,ié the time

averagedvsprofile over that thicknesslhe time averagedveragedvswas evaluated using Equation
2.
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where his the thickness ands¥is the shear wave velocity of an individual soil layer invtgierofile.
Note that the timeaveragéeVsincludes all of the soil layers above the kgttice (bedrock), but does
not includethe halfspace itself. The trial basement (i.e., kglace) depths and the associated time
averagedvs(from the associated adjusteds profiles) were input directly in Equation 1 to develop the

quarter wavelength EXo relationship.

Another approach to gtimate thefundamentalsite period is to evaluate the 1D linear elastic transfer
function between the ground surface and the top of the bedrock from an associatpdbfile. As
ambient vibrations induce negligible shear strain on the basin soils, theriexgntal site periods from

H/V testing may be compared to the fundamental site periods evaluated from a 1D linear elastic
transfer functions. These transfer functions were calculaedlyticallyas outlined irKramer (199%

for a 1D layered, damped sgqitofile on elastic rock. Unit weights were assigned to each soil layer
based on local geotechnical data or assigned reasonable values based on soil type. Faasmall
soil damping ratios were assigned based on Darendeli (2001) and astmaialldampimg ratio of 0.5%

was assigned to the bedroclkA 1D linear elastic transfer function was calculated for each trial
basement depth and the associated suite of adjustédgrofiles. The fundamental frequency (or
period) of vibration for the soil profile is associated with the lowest frequency (highest period) peak
of the transfer function, as illustrated Figurel3. As the peak associated with the fundamental period
can be numerically identified and a closkdm equation for the 1D linear elastic transfer function
exists, this transfer function- relationship may be automated to evaluate thtegperiod for a range

of trial basement depths.

Both the quarter wavelength and transfer function methodologies produceTarBlationship for a

singleVs profile input whichis adjusted/truncated for each trial basin basement depth. Whenever a

suite ofshear wave velocity prdfiSa ¢l a | @1 Af | 6f S Jee@Vvdpdokileslfrém ail KS Wwm.
surface wave inversion, the T3 relationships were evaluated for each individ\iaprofile, producing

a suite of Dl relationships. For each trial basement deptthe median of thédundamentalsite period

was calculatedand used to develop the median-I} relationshipsfor estimation ofthe depth to

bedrock across each sedimentary basin. Example quarter wavelength and transfer fundion D
relationships are showin Figure14 for the Waikato BasinThe median Ho relationships were

developed using a suite of the 1000 best shear wave velocity profiles from the3lRinversion
parametrisation.

These quarter wavelength and transfer functiodl{relationship based upon deep surface wave

testing \4 profiles, coupled with a map of fundamental site periods inferred from ambient vibration
HViSaidAy3a SYyROt REDEKBLIWSYEIA2TF aSRAYSyGihvhsBe 0 AA Y
3S21LIKeaAOo0lf G§SaidAy3 lidNibdeNdewepinand methédiills updddtheJA RQ 6 |
topographybased methodology by providing constraint to the depth of the soil/bedrock intedade

the inclusion of local, basispecificVs profiles.
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Figurel4. ExampleD-Torelationshipsusing the transfer function and quarter wavelength
approach.
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6 Basin ModelDevelopment and Validation

This section provides a summary of the basin models that have been developed in the case study
f20FGA2ya | ONRPaa b % |%IINRHYOK BRAMYOHZABKIGFOrANG LIAKRS LI
assess the effectiveness of the proposed methindome locationsi KS WNJ LIA Re@proadha Ay Y 2
was compare@gainst basin models developed usother approactes

The following case study lodans are presented, with the models that have been used for validation
summarised:

Hawke3 Bayg no publishedmodel
Hauraki Plaing Type 1 model
Waikato¢ Type Imodel
Canterburyc Type 4 model

= =4 =4 =4

6.1 Comparison oD-ToModels

TheD-Tomodelsfor the different sedimentary basinacross Nare presented ifrigurel5. The Hawkes
Bay and Waikato models were developed using the degprdfiles developed as part of this study,
while the models for Canterbury were developed using the deeprofiles from Deschenes et al.
(2018).In the near surface the depths estimated are similar as these are calculated using a/single
layer, where he quarter wavelength and transfer function approach should give similar outputs. A
longer periods the transfer function approa@stimates deeper bedrock thahe quarter wavelength
approachat all locations.

The DTorelationshipsfor Canterbury have thgreatestdepth estimates at eachyValue, due to the
presence of stiff gravel deposits from the ground surfatehis profile locationVs has a gradual
increasewith depth, and the basement in this location is in excess of 1500 m. This gradual énisreas
the reasonthat the D-Torelationships for thequarter wavelength and transfer function appro&sh
are quite similar.

The DTorelationships for Hawk& Bay and Waikato both have much shallower depth estimates for
smallerTo values, as in both regiotisere are fairly soft near surface deposiés the profile shifts into
deposits with higheis values, there is clear change in the slope of th& Eelationships, and this
change results in a divergence of the quarter wavelength and the transfer function relationships. The
averaging of th&/sover the entire profile means the slope change is not as significant as that seen for
the transfer function aproach. In Hawkes Bay, these stiff depositsat approximately 100 m depth
meaning there is a larger increase in depthTaicreasesIn Waikato, the profile has a significant
increase in stiffness at approximately 300 m depth, and it is here thatdpéh starts to increase at

a faster rate compared topT
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Figurel5. Comparison of the Efomodels for different regions across New Zealand a) Ha@kgay;
b) Waikato; ¢) Canterbury.

6.2 Hawke® Bay

No publishedbasin modeldor the Hawk&@ Bay regiorare currently available (this is currently in
preparation Begg et al. in prépnor has a&ype 1 topographypased model been developesing the
methodology described above However,geophysical methodbased site characterisation efforts
were a part of the research described herdihus, the region has presented @pportunity toemploy

0 KS WNih midét devepm@nt methad

In the Hawkes Bay region, the H/V peaks from testing around Napier, from Meeanee in the south to
Bay View in the north, are likely most representative of the fundamental site pefitite soil profile

to bedrock.The Meeanee ¥profiles characterise the deepest soils and the bedrock in the area of
interest and were used to develop the quarter wavelength and transfer fundiased DTo
relationshipgFigurel5a)).

The map of the fundamental site periods and the Meealih& relationshipswere used to estimate

the depth to ledrock in the Napier sulkegion The basement depth majsFigurel6 generally follow
expected trends, based on surrounding topographic features. The basin is shallowest along the sides
of the Bluff Hill (an outcrop of rock) and near the westehills. Conversely, the basin is deepeghe

flat areas and along the coast to the north (e.g., Bay View area) and to the south (e.dvleeanee

and Awatoto) of Napier.

At site periods less than 0.75tke two DTo relationships aresimilar (refer toFigure15a)) and,
therefore, the basin basement maps agree where the bedrock is shallow (e.g., BlaidHil).
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However, agliscussed previouslgt long periodghe transfer function approackstimats deeper
bedrock than he quarter wavelength approacfhe dfference is greater than 200 metres in the
deepest portion of the sedimentary basin near Meeangs.noted above, the deepsyrofiles were
developed from surface wave testing at a farm sitdigeanee. Thus, the transfer function approach,
as applied to the nearby/M site period estimatesagrees better with the depth to bedrock in the V
profiles. However, away from Meanee the depth to the bedrocis likely bracketed by the two
approachescoa A RSNBR Ay (GKS WNILARQ YSGK2R®
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Figurel6. Basin depth characteristics in the Haw®eBay regiorg Napier focus (a) Rapid model using the quarter wave length approach; (b) Rapid
model using the transfer function approach.
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6.3 Hauraki Plains

As part of this projecta Type 1 topographipased modeWwasdevelopedfor the Hauraki Plainsising

the Auckland, Rotoryaand Waikato geologic-@aps and digital elevation models from the Shuttle

Radar Topography Mission. Two cross sections from the Auckland and RotorapsQvere used to

constrain the basin basement across the entire basin. The DEM was used to cohstraatsurface

slope of the basin basement along the edges of the basin and interior rock outcrops. Thus, the depth

to bedrock was generally poorly constrained, especially in areas with significant fauki®y. TWNJ LIJA R Q
basn model methodvascomparel aganstthis Type ltopographybasedmodel forthe region

In theHauraki Plainsghe H/V peaks, are likely most representative of the fundamental site period of
the soil profile to bedrock. As there was no deep shear wave velocity profiles developed for the
Hauraki Plains, the profile from the Waika®asin was used to represent thsmils in the regiorand
develop the quarter wavelength and transfer functibased DTy relationships Figurel5b)). This is

not an ideal approacibut as there are somsimilarities in the deposits in each region, @épropriate

for the testing of thsmethodology Basin specific profiles will be collated in trearfuture to further

revise these models.

Together, the map of the fundamental site periods and Waikao D-To relationships were used to
estimate the depth to bedrock in thdauraki PlainsThe basement depth maps kigurel7b) and c)
follow similar trends, with the shallowest locations on each side of the basin, followed by the central
portion of the basin that follows the shallow ridge part of the half graben structure. In these regions
the estimated deph is similar, due tohe similarD-To relationships in theshortsite period range. The
difference between the two By relationships becomes more significant in the deepest parts of the
sedimentary basin, as a result of the divergerf the two at larger depths.

The Type tnodel inFigurel7 0 KIF & a2YS AAYAfF NI FSFddaNBa (2 (GK24A
difference is the variation of depth on the eastern edge of the plains. Adjaoetme Coromandel

Rangesthe depths are the largest, which is a result of the extension of the steep topography of the
wlky3aSa Ayidi2 GKS olaiAyoe ¢KSasS RSLIIK SadAaylrdSa I N
and do not agree well with the grayitsurvey derived depth from Hochstein & Nixon (1979). This

model would therefore need further constraint based on these other datasets.

In the central and western parts of the plajrikere is better agreement in the variation in depth
between the BTy relationships and the Type 1 model. The shallow depths in the western and central
areas, and the greater depths between these areas is evident across all models. There is better
agreementbetween the Type 1 model and the transfer functiomsbd depths, with pater depth
estimatesfor the Type 1 model.

There is clearly a large amount of scatter in the overall comparison of basin depth estimates from the
¢e8LIS M Y2RSt | yR {MgBrel® Ninhd ghiRsQepiledehtihi: bf dwsdgtoato they

east of the basin where the match is powere removed (with both rapid depth estimates less than
400 m and Type 1 depth estimates greater than 400 thg @mparison is slightly improved. The
transfer function based estimates have a better correlatiorthe Type 1 modethan the quarter
wavelength estimates.
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Figurel7. Basin depth characteristics in the Hauraki Plains regi(a) Type 1model; (b) Rapid model using the quarter wave length approach; (c) Rapid
model using the transfer function approach.
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Figurel8. Comparison of Hauraki Plains basin depths from $hgpidOmethod and Typel model.

6.4 Waikato

As part of this project a Type 1 topographgsed model waseaVeloped for the Waikato Basin, using

the Waikato and Auckland geologicn@aps and digital elevation models from the Shuttle Radar
Topography Mission. Two cross sections from Waikato Qmap, based on deep boreholes, were

the only data constraints on the depth to bedrock across the basin. The DEM was used to constrain

the nearsurface slope of the basin basement along the edges of the basin and interior rock outcrops.

Thus, thedepth to bedrock was generally poorly constrainédk S  WNJ LIARQ o0l aAYy Y2R¢
compared against this Type 1 topogragtased model for the region.

In Waikato, the H/V peaks are likely most representative of the fundamental site period of the soil
profile to bedrock Deep shear wave velocity profiles developed fritra site near Te Rapa Park was
used to represent the soils in the region and develop the quarter wavelength and transfer function
based BTy relationships Figure15b)). Together, the map of the fundamental site periods and the
Waikato DTy relationships were used to estimatbe depth to bedrock in Waikato.

The basement depth maps Kigure19b) and c) follow similar trends, with the alfowest locations
along the edge of the basiand the deepest locations along a SW to NE trend in an area jtist to
north of the Hamilton urban arealhis trend aligns withhe orientation of faulting in the region
identified in previous studiegMoon & de Lange 2017Along the edge of the basihe estimated
depth is similar, due to the similar-T3 relationshipsin the short site period range. The difference
between the two BTy relationships becomeslearin the deepest parts of the sedimentary basin, as a
result of the divergence of the twelationshipsat larger depthsThe greatest depth estimated by the
transfer function approach is approximately 1300hear Te Rapa and Gordontacompared to 1000

m for the quarter wavelength approach.

The Type 1 model iRigurel9a) hassome similageneral¥ S| G dzNB & (2 GK2aS FNRY
The depths on the northern, eastern and southern edges of the basin have comparable values, likely

a result of shallow sloping hills surrounding these areas propagating a shallow basinrslapevey
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increasing depth with distance away from the hillee main differencesithe variation of depth in the
western part of the basin, where the depths are the largest due to the extension of the surrounding
topography into the basin. The greatespths estimated by this approach is approximately 500 m
greater than the transfer function approach. The deepest part of the basin for the Type 1 model is also
in quite a different location to thaestimatedby the DT, relationships.Comparison of the bas
depths with the depth of petroleum boreholes in the region suggests that the transfer function
approach is a better representation of the basin depth (Jeong & Wotherspoon 2019).

Ao aAy RSLIIK SaidAyYlFiSa FTNRY (KS ar¢miredn Figte RSt |y
20. This shows that there is a general agreement between the Typedeland the transfer function
baseddepths. The quarter wavelength basedpties are much lower in general, and this is evident in

the lower trend of these points in the figur&éhere is a lower trend of points where the agreement is

y24 Fa 322R3X ¢gKSNB (GKS ¢2L)S ™M Y2RSf RSLIIKa& I NB
approach. These correspond to point in the western part of the basin discussed previously.
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Figurel9. Basin depth characteristics in the Waikato region {a)pe 1model; (b) Rapid model using the quarter wave lehgapproach; (c) Rapid model
using the transfer function approach.
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Figure20. Comparison of Waikato basin depths fromapid method and Type 1 model.

6.5 Canterbury

A Type 4 model for the Canterbury region was developed by Lee et al. (2017) and has continued to be
revised iteratively as part of research in the QuakeCoRE Flagship 1 progrdimsienodel was

constrained based on a large dataset of seismic reflecties lipetroleum and well logs, and CPT data.

¢KS WNILARQ olaAy Y2RSt YSGK2R ¢l & O2YLI NBR | 3l A

dte period measurements and representative 1D shear wave velocity profiles have been developed
in previous studiegDeschenes et a018 Wotherspoon et al2015 201§. In Canterbury, multiple

H/V peaksvere present at a number of sites, representative of multiple impedance contrasts in the
profile. This analysis focusses on the peaks that are likely most représerdfthe fundamental site
period of the soil profile to bedrockiwo ceep shear wave velocity profilegere used to represent

the soils in the region and develop the quarter wavelength and transfer funbticed BT,
relationships Figure15c)). One from Lincoln was used to represent locatiavisere interbedded
gravel and sediment layers were preseamd one from Darfield was used to represent lomagiinland

from thiswere no interbedding was presentogether, the map of the fundamental site periods and
the Canterbury BEXp relationships were used to estimate tldepth to bedrock in Canterbury.

The variation in the basement depth is similar for all modeEgure21, with the shallowest regions
near the edge of the basin and the Banks Peninsula, then rapaigasing moving towards the centre
of the basin. All models show aggitly shallower basement depth representative of a saddle structure
between the Banks Peninsula and the Canterbury foothills reeht of Darfield Along the edge of
the basin the esmated depthare similar for all mode)sdue to the similar By relationships in the
short site period range. The difference between the twdiDelationships becomes clear in the
deepest parts of the sedimentary basin, as a result of the divergent® @ivb relationships at larger
depths.In these areas the transfer functidrased depths compare well with the Type 4 model depths,
with similar maximum depths of approximately 2000 m. The quarter waveldoagled depths are
much shallower, with a maximuaepth of approximately 1600 m.
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lff GKS olaAy RSLIK SadAyraSa FTNRBY (G(4KS ¢&L)ls n Y
Figure22. This shows that there is a gegakagreement between the Type 4 and the transfer function

depths, with a close scatter of points about the 1:1 line. This agreement is extremely good down to a

depth of 1000 m. The quarter wavelength based depthswawstlylowerthan the Type 4 modeivith

these pointdocatedbelow the 1:1 line.
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Figure21. Basin depth characteristics in the Canterbury region {gpe 4 model(b) Rapid model using the quarter wave length approach; (c) Rapid
model using thetransfer function approach.
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