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Abstract

Global sea level rise is contributing to the acceleration of cliff erosion rates in New
Zealand, where it surpasses rates of upMtsignificant challenge facing scientists and
managers is tht we have no method for reliably extracting past rates of coastal
erosion along harder rock cliffs over the tiraeales that significant sea level change
occurs (1004.000s of years). This gap in knowledge is limiting eftortaodeland
understand therelationship between sea level rise and cliff erosiatesand what the

form of that relationship is.

Cosmogenic Berylliwh0 analysis has been applied on two low angle shore platforms
in New Zealand to produce chronologies of sea cliff retreat duriedate-Holocene.
Surface exposure ages were attained on a tectonically active platform at Kaikoura,
Canterbury and &ctonically quiescenplatform at Cape Rodney, Auckland. This is the
first application of cosmogenic nuclides to a shore platfatudy in New Zealand and

adds two new datsasets to the very small group of global shore platform chronologies.

Exposure ages show New Zealand platforms have developed in tHddéieene.
Longterm platform surface ersion rates at Kaikoura (<0.2mrm)avere found to be
significantly slower tha modern erosion rates (>0.4mmta potentially due to uplift

driven positive feedbackuch as altered sea level position, driving up weathering rates
on the tidally inundated platform. Nuclide concentrationsGitakari Point, Rodney,

reveal a significant role of recent sea level fall after ~4000yrs Bigisurface
denudation (0.1mm d). The longerm cliff backwearing rate at Okakagoint was

found to be 24.66mm-a Patterns in cosmogenic nuclide conaatiobns in New
%BSEFfFYRQAE aKIFfft2¢g LIXITGF2NY¥a RAFTFSNI FNRY
platforms. Exploratory numerical modelling was applied with the coupled Rocky Profile
CRN model (RPM_CRN) to identify process relationships between key drivens withi

platform coastal systems and scenarios of sea level change and active tectonics.

This combined geochemical and numerical modelling study has shown that shore
platforms in New Zealand have complex histories, with different potential driving
forces at K&ioura and Okakari. This highlights the local variability in platform
development and cliff retreat, suggesting that estimates of future shoreline erosion

will need to take local contingencies into account.
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Chapter 1: Introduction and Background

1.1Introduction
The 15000kniong coast of New Zealansimade up of globally represeniae

morphologiegBell & Gibb, 1996}t is a highly valued and marketable aspect of the
national identity. Around the globe, coastlines exhibit the most significant
accumulations of human populatiodue to many benefitessociated with proximity

to the coast. The@rimary drivers of this trendrethe abundance of resources and the
signiicant trading opportunities that exist at the cogdicGranaharet al.,2007)
Wheekr, et al. (2012)also finds that there is evidence to suggest that living in close
proximity to the ocean can have benefits to health and wellbeindNew Zealand this
trend is apparentwith sixtyfive percent of the population living within 5km of the
coast as of 2006StaisticsNew Zealand 2009)and this proportion has likely increased

further in the last decade.

This agglomeration at the coastowever, exposes people and infrastructure to a

range ofdirect, naturaland indirectartificial (human caused) hazards, whiate

assaiated with coastsThis necessitates theeed to identify and understand the

hazards that people arexposed to, in order to manage and mitigate skedazard.
Naturalhazards occur at the coast when tpace of coastal change outstrips the

ability for humans to react to the change, thus posing a danger to human life or
infrastructure and causing environmental degradatigecording to Gornit¢1991)

the accentuated erosion of coastal cliffs results in increased instances of mass failure.
Other hazards come in the form of epasc flooding from storm waves and surges and

saltwater intrusion into aquifers and estuariéSornitz, 1991)

On ocky coastshe single, dominating coastal hazardcigastal landslidegnass

failureg. These occur on the rock coasts where there are coastal cliffs, as movements
of large masses of rock, earth or debris, down a coastal §|Bpéd, 2011) They are

usually sudden, but infrequent and occur due to the concomitance ohgeraf

complex factors, such as: seasonal variation in erosion processed)amddraction
between geemecharncal factors and geomorphological factqBudettaet al., 2008)

Mass failuresesult in the landward retreat of coastal cliffs, posing a significant risk to



coastal property which is often concentrated near coastal cliffs oftide to their

aesthetic valu€Moore et al, 1999)seefigure 11.

erosion after a mass failure event during Cyclone Debbie 2017. Pledit 8% Herald

In New Zealand, cliffed coasts occur along approximately 23% of the total coastline
(KennedyandDickson, 2007thus they account for a largeoption of coastal hazarth
New Zealand. Howeveretermining the degree of the hazard posed from coastal cliff
erosionbecomes challengimghen accounting for chages toclimatein the present

day andinto the future.One of the major controls on environmental boundary
conditions on cliffed coasts is climate and therefore sea level. Walkden and Dickson
(2008) find that increasing the rate of sea level rise resaltmn increase in the
equilibrium rate of shoreline erosion of a soft rock coast. Given this relationship, it is
clear that the rate of shoreline erosion along many erosional coasts must have already
increased. This is down to the change in thge of sea level rise that has already
occurred over the last century. At the end of the twentieth century the ratglobal
mean sea level (henceforth GMSL) rise was betweef2 Drdm/yr this had already
increased to between 2:83.8mm/yr by the beginning ofhe twenty-first century
(Churchet al., 2013) Most projectons of future sea level indicate that this rate will
continue to increase, however, by how much depends of many fadBVESL is

currently projected to rise between 180cm by the end of the centufChurchet al.,



2013) affected primarily lg eustaticincreases and thermal expansiomhe problem
this poses for gemorphologists is working out wh#e newcliff erosion rates will be,
in order to equate these to the level of hazard that is posed to people and

infrastructurealong cliffed coasts

Over the last century a great deal of research and debate has beeluctuto
understand the variouprocesse®n cliffed coasts. Despite this tipeocesses remain
poorly definedin terms of their relative influence in the development of the features
over time. Also the rates ddndformchange along these coasts remaague. In the
past,research has focussed heavily on qualitative and exploratory descguifon
shore platformsandlittle attempt hasbeen afforded to quantifying processes or
measuring erosion ratgStephenson, 2000Because of this, many of the processes
described on shore platforms have been infertesed orthe form of the features
(Mii, 1962) Stephenson (200@rguesthat arguments tad to become circular as the
processes, which are inferred from the form, are then used to evaluate further
morphology. According to Woodroff¢2002)the lack of research in quantifying
processes is due tine timescales involved with erosion of rocky coaStiseyare so
longthat it has been too difficult to collect data to determine accurately which

processes have produced theorphology

Historical recordsusually in the form of aerial photographave been used in the

past to determine cliff recession rateStephenson (2001gentifies that this method

can be limited, in that there can be difficulties inifiag older imagery with newer

images There arealsofew historical records of cog cliff retreat around the world

that span longer than a few decades. Drawing erosion rates from these-tanort

data sets does not provide sufficient evidence to determine which processes dominate
the erosive action at that coast. Fexample,a 10 year dataset may indicate
imperceptible erosion until a single mass failure removes several meters from the
coast at once. This does not provide any information about the regularity of mass

failure or a reliable erosion rate.

A key aspect in the assarent of natural hazards is tlfaalysis of the frequency of
recurrence of hazardous events of differing magnitude, such as landslides and floods.

Often this is assessed using short term datasets, as thesaldhat is available.



Extrapolating outrends of events from short term dataset can lead to drastic
underestimaton of event size and frequency. The only way to produce long term data
sets which provide more precise indications of event frequency, is to use geologic
markers usually featuresn the system which mark out particular points in timee$é
markers include, but are not limited to: marine terraces, shore platfotagsirasin a

sedimentary facies and nuclide concentrations in rocks.

This problem has led a number of coastal geomoipyists to take different

approaches to work out longegerm erosion rates on cliffed coasts.g.Bell, 2007;
Bradley & Griggs, 1976; Broo&eal., 1994; Choet al, 2012; de Lange & Moon, @5;
Hurstet al., 2016; Kirk, 1977; Portet al,, 2010; Regrd et al., 2012; Rosset al.,

2005; Stephensost al., 2010; Stephenson, 1997; Stephenson & Kirk, 2000a;
Stephenson & Kirk, 20008tephenson & Kirk, 19963hore platforms, a common
featurealong cliffed coasts, have been used as a record of sea cliff retneat

represent one of these geologic markeghore patformsare relatively flat intertidal

rock features which form as a sea cliff retreats. The width of these features has been
used b determine the rates of sea cliff recession in New Zea(ded_ange & Moon,
2005) However this method involved using local sea level proxies to determine the
likely initiation time of platform developmenAssuming the initiation age can leave a
significant margin for error, for this reason it is necessary to employ new measures to

directly determine the ages of points on shore platforms.

Geochemical approackevhich have existed for decadésit have not until recently
been applied to the study of cliffed coastsn be utilised in the pursuit of such data
(Regard et al., 2012Mbsolute dating of shore platforms would enable the unravelling
of longterm (13-10°year) histories of sea cliff retreat. Attaing such information
would assist in determining the natural rates of cliff retreat and their possible

responses to alterations in the pace of GMSL rise.

The approacheferred to here ixposure age dating shore platforms usinthe in

situ produced (produced in the matrix of the bedrock, i.e. not transported or
deposited) cosmogenic radionuclidgeryllium10 (1°Be) The accumulation of the
radionuclide!®Be over time, which initiates when a surface is exposed to atmosphere,

occurs at a knownate (Dunai, 201Q)This @ables workers to calculate thene when



the surface was first exposefitom the total concentration of the radimuclide in a
samplecollectedfrom that surface. On shore platforms theitiation of that

accumulation occurs as the cliff is erodedposing theplatform surface. A collection

of samples of the surface taken across a platform can be used to pinpoint the time of
platform initiation and identify the chronology of its developmetitroughout the

lifetime of the feature.

So far this approach has been applied in three sepasttdies,which have begun to
developthe method towards a framework which can bepdied in rocky coast
settings.(Choi et al., 2012)arried out'°Be dating on a shore platform along the

western coastline of the Korean Peninsula macrotidal coastal setting. This initial
study focused around establishing an age for the platform and identifying any signal of
complex exposure history. €rstudyestablished that it was possible to apphe
method1%Be datingo shore platfoms.Regard et al(2012)produced the first

framework for modelling exposure ages and erosion rates in the coastal setting, where
a complexity of attenuating factouch as weathering and erosive processas add
significant error tahe surface exposureges if not properly modelld. This framework

was then applied to a chalk shore platform in Northern France, another matab

setting.

Most recentlyHurstet al, (2017)further improved the methodo account for
additionalsources ofosmic rayattenuationand thus lower ratesf ®Beproduction

on shore platforms. These included topographic shielding froenstia cliff, beach or
talus cover on the platform and water cover due to tides or changes to relative sea
level (Hurstet al., 2017) Additionally,they were able to better integrate the suite of
erosive processes and styles of platform development into their framevioiturstet
al, (2017 this framework was applied to another chalk shore platform alongcieest

of southern Bgland. This study demonstratéke onset of rapid shoreline erosion

during the lateHolocene(Hurstet al., 2016)

There now exists a relatively robust framework for assessiage platorm
development over long timscales usinég’Be exposure datindiowever, it has not yet
been widely applied to different coastal settings. The three existing applications of the

method focus on regions where the tidal regime is maadal and where there is



stable regional tectonic®pplying ths method in regions where the tidal regime is
different would allow the framework to be tested to see how it performs in places
where platform development may have occurred in a different style. Alsonany
coastlines occur in regions of tectonic dynamjst would also be useful to test the
framework along an active coastline, to determine the role of seismic events on
platform development. For these reasons applying an updated version of this
framework to New Zealanshore platformsvould prove usefulnot only in providing
new chronologies to assess the development of New Zealand shore platforms and
coastal hazarddutalsoto help to identify what further limitations this framework is
still subject to; as well as identifyitigends in shore platform development in settings

analogous to many other coastal regions around the globe.

1.2Coastal Systems
Featureswithin the coastal zone can belated to the geological formations that are

present at the coast such as outcrops of gramr rhyolie or they are related to

erosion and the movement and deposition of sediments. Geologicalitrolled

features might becliffs, stacksplatforms or other hard coastal featuréBird, 2011)

Soft sediment features can be beaches, estuaries and barriérsoAgal features in

the shore zonare constantly being modified by wind and water associated processes,
and this extends tolbfeatures of the wider coastal zone over variable timescaiés.

the constant changing of coastal landforms and features which lead to their
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to erosion and sedimentatio(Carter & Woodroffe, 1997)his approach to thinking
about the oast as a morphodynamic system was first applietMoight and Thom
(1977) who viewed the coastal environment aglynamic geomorphic system with
identifiable inputs and outputs of energy and material, driven and controlled by
environmental conditiongMasselink & Hughes, 200F)gure 12 shows their general

conceptualisation of the coastal system
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Figure 1.2 The primary components of coastal morphodynamics. The feedback loof
present between morphology and process is responsible for the complexity of coas
evolution. The time componerY signifies the inherent time depelence in the
evolution of coastsSource: Masselink and Hughes (2003)

Coastal morphodynamic systems are governed fgnefundamental properties. These
properties are key to the interpretation of coastal featusesd include positive and
negative feedbeks, equilibrium and relaxation time. Positive feedbacks push a system
away from equilibrium through significant modifications of the sys{®hasselink &
Hughes, 2003uch as a prolonged, rapid rise in sea leVkls drives systems towards
a new equilibrium state when natural threslds are breache{iSchumm, 1979)
Negative feedbacks are dampening mechanisms, which astsigiepartures from a
particular state maintaining equilibrium. Relaxation time relates ketmorphological
adjustment to perturbatiols andusually involves the redistribution of sediment,
requiring a finite amount of tim¢Masselink & Hughes, 2003jhe amount of time for
adjustment is called the relaxation tim&Coastal systems are controlled by further
properties, however, these three are key in the interpretations in this thesis.

1.3 Climate Forced Morphodynamic Change of Coastal Landforms
Masselink & Hughe®003)define two broad types of sea level changeative sea

level change and eustatic sea level change. Relative sea level change refers to the
changes in sea level position relative to the laftds can be brought about by changes

to the level of the sea or changes to the level of the land. Eustaéidevel refers to a



global change in sea level, due to change in the volume of water in the aoekime
volume of the ocean basintn New Zealand most change in sea level is attributed to
eustatic sea level change, especially throughoutedhdy Holoenewhen sea level

rose rapidlypostglaciation(Chappell, 1974 At local scales uplift histories need to be

accounted for as parts of New Zealand are highly tectonically active.

Eustatic sea level fluctuates naturally with tHaggal and interglacial cycle, dependent

on the abundance of ice on the globe at any point in t{io@mbeck & Chappell, 2001)

The recent glacial maximum lasting from about 25ka to 18ka exhibited global mean sea
level (GMSL) around 125m below present, while the lastigkacial exhibited GMSL
slightlyhigher than present day sea leeambeck & Chamtl, 2001) These

Quaternary records have been calculated through the use of a combination of
geochemical, isotopic, and physical records. One such commonly cited record uses
oxygen isotope ratios fronte cores and pairs them with the Huon Peninsuleseal

coral reef terrace record of sea le\@happell et al., 1996)

The global oceans are strongly coupled with the atmosphere, meaning that any
significant change in the atmosphef@ost importantly, a@¢mperature change) will
drive changes in the ocean, which are usually alterations to GM&habeet al,
1991) The variation in sea lel/correlates well with global mean atmospheric
temperature, indicated bpaleo recordgIPCC 2013Presat day GMSL trajectory is
rising Snce the instrumental record began, a recorded 12cm sea level rise has
occurred in the last century, mainly attributed to thermal expangi@ornitz, 1991)
The pace of this change in sea level is greater thamatural fluctuation speeds of
the glacial/interglacial cycledPCC, 2013)n response, coastal features are being

alteredat higher rates than in the past.

Sea level change is not the only climakriver of morphological change at the coast.
There are also direct climatological impacts that can accelenatiecelerate coastal
erosion. Most notably, changes in rainfall can alter the rates and quantities of
terrestrial sediment transported to the coafoelhecet al, 2009) Changes in the
storminess of a aastal region can also influence uporgmmes of erosion and

aggradation



For New Zealand it is projected that westerly wind flow will increase in frequency by
20% during spring and 70% in wintbut decrease by ~20% during summer and
autumn(Mullanet al., 2011) It is also projected that there will be a6%6 increase in
conditions conducive to storm development by 2eZ000(Mullanet al., 2011) These
trends will contribute to enhanced erosive conditions along the east coast of New
Zealand, where wave climates have typically been passive by comp#witioe west
coast.Fyfe(2003)also reports that there is likely to be a ~30% decrease in the number
of extratropical cyclones which effect New Zealand. However cyclone intensity is
expected to increase within the midtitudes(Fyfe, 2003)The impact of grater

cyclone intensity would be marked on the New Zealand Coastline and may have
significant implications on the rocky coast.

1.4The Rocky Coast

Emery and Kuh(iL982)made the distinction that rocky or cliffed coasts keaup
around80% of the global coastline, and that they occurred at all latitudes. This
abundance estimate has largely been accepted in its reproduction in various later
literature, however there has not been any substantial evidence to support this
estimate(Nayloret al.,2010) Nayloret al (2010)makethe distinction that rocky

coasts are those which are predominantly erosional, as opposed to depositional
(beaches or dunes, etc.). Features asdedavith erosional coasts are steep sea cliffs,
rocky headlands, sea stacks and islamdschare very different from the typical

features of depositional coastse.beaches dunes estuariesand deltas

Inman and Nordstronf1971)investigated the importance of tectonic setting on

coastal morphology, thefound that at active margins, where collision between two
tectonic plates occurred more mountainous coasts form. They state that along these
coasts more erosional features are abundant. This is the categorization applies to most
of the New Zealand coasis New Zealand sits along an active ma¢lfiman &

Nordstrom, 1971)however, there are significant variations from this classification. For
example much of the North Island exhibitsepositional featuresuch as estuaries,

dune sequences and barriefBhis is indicative that simple broad cléisation of

coastal regions often does not capture the complexity of geomorphological processes

and morphologies which occur in a region or locality.



Other coastal morphologies which generally appear on active margins aresgeep
trenches, narrow contiental shelves and marine terracésriggs & Trenhaile, 1997)
These are all present around the New Zealand coastal zone. Rocky coast feetures a
not exclusively associated with active margamsithere are many examples of rocky
coast norphology along passive margiffhiese however,are usually controlled by the
structural grain of the landscag&riggsand Trenhaile 1997). For exanip, certain

hard or high density litholagsfavour the development of erosional featureach as

shore platforms, or plunging cliffs.

The processes which modulate the chastiet occuralong the rocky coast are well
defined in the literatureThe main processes which occur in the shore zone to erode
rocky coastal features arenechanical wave erosioghemical and salt weathering,
solution of limestonesbioerosion, frost and related mechanisms, andss
movements(Trenhaile, 1987)The role each of these processes play in the erosion of
substrate along the coast varies significantly depending on the feapresent, their
lithology and the environmental factors present. Tdr@sive processes abovall into

two categories: sulaerial weathering and wave induced erosion (simply, above water
processes and below water process€&kenhaile, 2002)

1.5Shore Platforms

Shoreplatforms have been the focus of a cengjuong debatearound the processes
(sub-aerial or wave induced) and environmental paramet&rgch allow this feature

of the rocky coast to forniTrenhaile, 2002)Despite the length of time this debate has
been considered in the coastal science community, these features and the processes
and interactions which form #m, are still not as well classified or understood to the
extent that depositional coast features and processes are. This is a reflection of the
modern process oriented coastal literature focus, where greater emphasis is placed on
beaches and other system#ich respond rapidly to changing environmental

conditions(Griggs & Trenhaile, 1997Mhisemphasison depositional coastis due to

thefacti K G LINRPOS&daasSa yR OKIFIy3aSa 2y WwWaz27FaqQ
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difficult to measureHowever, a suite of new research into shore platform

morphodynamics hastimulated new emphasis on understanding the longam
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process relationships that occur on rocky coast features. Some of this research has
likely been stimulated by the concern within the scientific community that there is
need to understand the resporof coastal morphodynamic systems to climate

change(Nayloret al., 2010)

1.5.1 Platform Development
Shore platforms are ubiquitous features of the rocky coast that form as a sea cliff

retreats landward, leaving a ndgiflat platform of rock within the intertidal zone.

Shore platforms develop towards either of two end member states: sloping platforms
and nearhorizontal platforms; Sunamur@d992)gave thes platform members
designations, typeA (sloping) and typ8& (nearhorizontal)fgure 1.3. Most platforms

sit somewhere along a continuum between either end member state, reflecting the
dominant processes that have formed that feature and the lithologghe parent

rock.

Type A Notches
demarcate
high tide
position

Figure 1.3 Schematic of the two enthember states of shore platforms as designatse
by Sunamura (1992). The typeplatform slopes into the sea, so that the water colul
is deeper towards the outside of the platform. The tygelatform terminates abruptl
in a seaward scarpit lower tides (as depicted) the platform can be free of water, s
for rock pools. Both of these platforms have notches at the base of the dliffih
form due to wave erosion.

tfF0F2NY Y2NLIK2ft 238 gla FANARAOGO RS&ZONAOGSR
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N2 is a small island surrounded mostly with a type B shore platform. Dana did not

(

prescribe a clear descriph of the causal process which led the platform to develop,

however, he did suggest that it was not a structural featumstead presenting the
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idea that forces of erosion had cut into the bedrock to form the platfdkrannedyet
al., 2011) Recent work by Kennedy al (2011) validated this claim finding that most

platforms in the same area were cut into the Greywacke parent rock.

The early work of Dangnited a longasting debate as to which processes dominated
the development of these features on erosional dsasub-aerial weathering or wave
mechanical erosiofiTrenhaile, 1987)Much of the early work around shore platforms
went into categorizing the various forms which were identified around the world and
contributing to the debate around process dominar{@ehtonet al., 2011) Bartrum
(1926 LINBP L2 &SR | (KS2NE GKIG GKSasS whtR

the subaerial weathering of rock, allowing for failure of the slope to occur, driving the

(a) Initial Surface after Drowning

(b) First Stage of Erosion (Bartrum Stage A)

"shore Normal”
rofile

(c) Continued erosion & shore platform formation
Bartrum Stage B)

Shore Platform

Figure 1. . I NI NXzYyQa aK2NX LI I 0F2N)Y RSOSt 2L
stage of shoreline truncation from the initial flooding surface, driving the first stage
erosion, through to creatiownf a shore platform as increasing weathering of the pare
rock occursAfter Kennedy et a] 2011
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retreat of the slope inland. Through the action of waves, slope debris are removed

from the platform. This process is outlinedrigure 1.4 The theorystatesthat the flat

platform surface is the upper limit of the zone of permanent saturation, beneath which

rock is sufficiently shielded from serial weatheringBartrum, 1926)This

explanation is useful when consideringtevelopment of type B platforms, but for

type A platforms this is not a sufficieexplanation of the processes.

¢ KS O2dzy i SNJ i gsthe théhly Mbnvechanicalvéeerdsibn causes
0KS Wt ¢

wear in the weaker, weathered rock at the basdioK S Of A T F

[j

% S I (N&haile, 1987)his theory is supported by a number of workéBsadley &
Griggs, 1976; Dana, 1894; Sunamura, 19¥YB¢ level of greatest wear, as D4t894)

described, is located a little above the hadfe mark, this is the area most exposed to

the action of waves. However, this position depends signifigan the energetics of

iKS ¢l 9Sa

sign of this type of erosive action would be a notclthie base of the cliff, marking the
level at which the cliff is being preferentially eroded. It is the formation of a notch in

the cliff base whicltan eventually underminis structural integrity andausethe
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wear would be higher, and in a le@nergy wave climate, it would be lower. The typical
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Figure 1.5 The relationship between shore platform gradient and tidal range. Eac

point represents the local mean of a large number of surveyediles. Source:

Trenhaile (2002).
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slope to fail. This theory describes theelikprocess through which the type B shore
LI FGF2N)a f2y3 | ditrinddl hese Qlatformbexhibit ashigld G O2 I a i
elevation platform, with the level of most wear, well above the gk position

(Bartrum, 1926)

Even considering both original theories for platform development, neither one
successfully explains the formative process of type A platforms. The work of the
various early workers on shore platforms had been conducted largely in ignorance of
the fundamental role of tidal rang@renhaile, 2002)A series of works by Trenhaile
outline the relationship between tidal range and platfornditi and geanetry

(Trenhaile, 1974, 1987, 1999 here is a linear reti@nship between tidal range and
platform gradient Egure 1.5, which show that in regions with small (large) tidal range
platforms usually develop into type B (type A) platforfisenhaile, 1999)This
relationship occurs because, with a large tidal range the wave energy on shore is highly
distributed throughout the tidal period, so that no point on the platform is worn to a
significantly greater extent than another. This favotims development of sloped
platform profile. The occurrence of the mean water surface is increasingly
concentrated between the mean high and low water neap tidal levels as the tidal
range decreasedrenhaile, 2002)As a response, the shore platform surface exhibits a
lesser gradient, and terminates in a low tide cliff or sc&ipally the relationship

between tidal rang and platform width islebated,with someearlyworkers

suggesting there ia positive correlatiorfe.g.Flemming, 1965; Wright, 196ahd

others a negative correlatiofTrenhaile, 1999)Thisinconsisteng between authors
indicates that it might not be possible to identify a simpl&atenship between tidal
range and platform width, meaning other factors must ligkay in controlling the

width of platforms.

1.5.2 RecenResearch Developments
Most of the recent work outlined here iBbcussed on New Zealand literature and as

such, muchof this work hagocussed orunderstanding type B platforms. Type B
platforms are prominent around the New Zealand coastline; it is likely that this is due

to the relatively low tidal range around most of the countBartrum (1926}tated
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that New Zealand was an idgalace to study shore platforms due to their prevalence

along parts of the coastline.

The recent geomorphological study of shore platforms has moved away from
attempting to classify platforms into various suiorphologies. The present focus is on
examinirg the suite of processes at work on shore platforms and attempting to
understand how these processes interact oasryetundefined timescalet build

these coastal features. The recent body of work has focussed on modelling approaches
to provide insightsinto the rates ofplatform development. Griggs and Trenha{l©97)
discussed how the slow rates of change on shore platforms made it v&oultifor
workers to study shore platform processes. Modelling approaches can be used to
identify the transient responses of shore platforms to changes in boundary conditions
and assess the loAgrm morphology forming processgdriving the development o

the features. These approaches require information about how thegsses at work
on the platformsaffect the various components of the systefrhis hasniturn

stimulated a lot of procesbased investigation recentiKennedy & Dickson, 20Q7)
1.5.2i Micro-Erosion Meter Erosion Studies

The first of these process based investigas are nicro-erosion meter (MEM) studies
Thesehave been used to measure the smsdhle denudation processes which occur
atop the platform surface. Early work had interpreted the platform surface as
undergoing negligible erosion, but through the emptdyMEMs(and the more

modern traversing MEM)t is possibléo quantify these dowrnwvearing rates and their
contribution to the sediment budggStephenson, 2010kEarly use of this device to
measure denudation processes usually involved around ay®es deploymentThis
short period of time resulted in the requirement to extrapolate denudation rates out
over longr time-scalefHemmingseret al., 2007) While shoriterm measurements

are useful for understanding the processes responsible for rock weathering, the
extrapolation of these processes ov@ne creates significant uncertainty. Stephenson
& Kirk(1996)found that extrapolating out 2 year deployment denudation rates
resulted in the undeiprediction of erosion at a decadal scalectrapolations of these
trends to >100 year timescales becomes speculative, as the room for under er over

prediction of the rates of denudation become too great.
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Deployment of MEM bolts on the Kaikoura peninsula shore platformsias

recently allowedor a greatly improved intgoretation of the role of tectonic activity
on shore platform developmen&tephensoret al. (2017)conductedaresurvey of the
Kaikoura shore platforms following the November 2016 7.8 (Mw) Kaikoura earthquake,
which causedhe uplift of 1.1m along that section of coast. Due to the significant
charge inthe position of the platfornwithin the tidal rangeanincreased number of
wetting and drying cyclesow occuron the outer platformsandare likely to result in
higher rates of platform surface erosiamthe coming yearéStephenson et al., 2017)
Thisideawas based on previous indications that sections of the platform surface
exposedo more frequent wetting and drying cycles showed increased rates of this
type of erosion, when compared to suptidal or subtidal sections of the platform
(Stephenson & Kirk, 2000y he implication of this new work is that teciic events
have a significant impact on process regimes on shore platforms and should be
considered a major morphological control when interpreting or modelling these
coastal features.

1.5.2 it Wave Breaking Studies

Another area that is beingypsued in process based investigations aeeent worls on
wave dynamics on shore platforimghese havéed to greater understandg of the
wave conditionghat drive erosion of the sea cliffOgawa et a2012)foundthat on
wide type B platformgdifferent wave types dominate along different parts of the
platform. Nearerthe seaward terminus gravity waves were responsible for the wave
conditions present. Gravity waves are depth limitedtlsey are attenuated
significantly along the platform profil@®gawa et al., 20127t the cliff toe, infra
gravity wave frequencies were dominaiihese waves are not depth limited, allowing
wave energy to be translated up to the cliff, with potential implication for rates of
erosion. Ogawa et 42011)alsodemonstrated thathere are different hydrodynamic
zones across platforms and that these shift with the tidalecylhiese zones also
correspond with wave heights, which diminish towards the cliff toe. This recent
evidence suggests that insignificant wave energy reaches the cliff toe on type B
platforms, suggesting that stdoerial processes may be the dominant faatriving

erosion on these platforms

16



The use of traxial seismic sensors to measure higkguency ground motions in a
shore platforns and seacliffs have been undertaken in a few stusl{@dams et al.,

2002; Adams et al2005; Lim et al.2011;Young et al 2011 Dickson and Pentney,
2012. One ofthese investigationgvas carried out by Dickson and Pentr{2912) the
purpose of which was to identify the impact of the wave climate on the shore platform
and cliff. Theyoundthat at their study site at Okakari Point, Auckland, sea waves
break on or against the shore platform causing seismicewao pass through the
platform and cliff rock. The frequency of the seismic waves increases with increasing
wave height and the largest wave heights occurred with the falling(fuekson &
Pentney, 2012)This type of measurement allows workers to detere the relative
importance of wave action on the erosion of the cliff and platform. Similar work
carried out in Kaikoura found that seismic waves influencing the sea cliff were too low
to have any implication for the geomorphic structure of the featuheis concluding

that wave actionwasunimportant for erosiorat that location(Stephenson & Kirk,
2000) Work by Stephaeson and Thorntorf2005)found that on an Australian shore
platform a significant proportion of thevave energy as measured by its seismic signal
was able to impact upon the geomorpholodyhese works have helped to identify the
impact d wave breaking on shore platforms, the implication being a better
understanding of why some platforms are wave dominated and others weathering
controlled.

1.5.2 iii Scarp Investigations

One problem posed by the morphology of many shore platfosmetamining the

origin of the sarps at the seaward edge of tyyiplatforms. These featureare

present on most platforms around New Zealand. Bart(@®26)proposed that this

was a hillslope feature drowned by sea level rise andoeked bysub-tidal erosion.

This theory has been largelywadidated in recent timesas modelling carried out by
Trenhaile(2010)showed that the accelerated Holocene sea level rise, from 9000 to
6500yrs BP would only have been able to produce slopB3tof15°. This slope is not
representative of the near vertical scarps on most shore platforms around New
Zealand. It is possible that these scarp features tativecause ofowering sea level
since the midHolocene when sea level may have beeousad 5m above present day.

Dickson and Pentngi2012)find that based on their data from Okakari paiiitis likely
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that platform formation occurred mostly under a higher sea level than at present. So,
that now the present sea level height results in much of the wave energy being
dispersed on contact Wi the seaward edge of the platform, developing the scarp.
Thisevidence from Dickson and Pentney (204@pports the idea that platforms

develop under a negative feedback regime, put forward in Ashton. é2@11) Where

the action of waves creates a legvadient platform geometry that effectively

dissipates wave energy, the system eventually reaches a point where wave energy no

longeraffects the cliff staility, dampening the change.

1.5.3 Knowledge Gaps
While there has been a wide range of new research into shore platforms since 2000,

the fundamental debate about process dominance on shore platforms is ongoing
(Dickson & Stephenson, 201#roces$ased research is aiding in the development of
shore platform process models, the aim of which is to quantify the rates of change on
shore platforms and to unravel the historiebdiff erosion in various regional settings.
One of the biggest obstacles to understandgngre platformss the limited recordf
reliable longterm data that areavailablad { S LIK Sy &(20@0ajwofkfon Y A NJ Q a
shore platforms utilised MEM measurements over 30 yeams, of the longest records

of data available on a shore platform. This lack of {mrg) data makes it difficultd
reconcile any understanding of the process at work on a platfeitin the rates at

which they operateto determine how much they influence platform morphology.
Some recent workasbeen appliedo date platform surfaces and seaients,to work

out the time-spans through which they formed.

Brooke et al(1994)employed three techniques tdate coarsegrained deposits atop
shore platforms along the lllawarra coast, New South Wales. Carbatating, Amino
Add Racemization (AAR) and TherHuminescence (TL) dating of deposited quartz
sandand shellgevealed a chronology for the formation of the deposits. They use the
record of deposition as a record for platform formatidimese techniques have been
appled tothe dating ofmarineterraces, the uplifted counterparts of shore platforms.
Thetechniques however, are subject to high uncertainty as they use deposits as a

proxy for platform developmensothey do not measure the platforms themselves.
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Another recent technique used in Stone et @996) measured irsitu Chlorine36
accumulation in rock on a prominent-BDm wide shore platform in western Scotland.
Early work irthe region suggested that the platform was Holocene in age, however
other workers had proposed the platform may have been cut over a longer time
interval. This was theorised, as the erosion rates required to cut the surface during the
Holocenewould be n the order of 1620mm per year, which is a much greater rate
than on most present day platforms. The results of Stone €18D6) however, did
suggest Holocene cutting dugrthe lateglacial stadial, a period of cold climaied
stable sea level which lasted kd. They suggest that rapsthoreline erosion during

this time could have occurred as a result of various freeze thaw psesescting upon
the coastlire. This indicatethat platform cutting may not occur slowly and over drawn
out periods, but instead may occur due to rapid bursts of incisidirs is a particular
example where a longer term dating technique has led to the identification of
processes androsional patterns that occur over long time scales, which may not be

replicated under present climate and sea level conditions.

These dating techniques represent a possible new direction for the study of shore
platforms. Attaining exposure ages for theck on shore platforms/ould facilitate the
calculation of longerm platform widening rates andurface erosiomates.
Information about the speed of platform development and the timing of the
development can help to determine which process are more i@ on different
platforms.The application ofhe relatively new method of ksitu cosmogenié’Be
dating to shore platformsuilds off the work of Stone et g11996) In New Zealand
applying this methodvould help to fill insignificant gaps surrounding lotigrm
platform development. This would be particularly useful on the east coast of New
Zealand, wherg@opulation densities are higher anlde impacts of changindimate
are likely toaffect a greater number of people.

1.6 Cosmogenic Analysis

Cosmogenic nuclide analysisisvidelyused toolto address questions in Earthréace
sciences. The use of this analysis was madeildedsy significant advances in
analytical sensitivity, accuracy and precision in the late 1980sai, 201Q)Since this

time cosmogenic nuclides have been applied in a range of settings to develop
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understanding about varits geomorphic process which occur on the surface of the
Earth. The applicatioaf terrestrial cosmogenic nuclid¢$CNhas been revolutionary

in the field of geomorphologthorough its use in determining surfaegposure ages,
burial ages, erosion/denudian rates and uplift rates. Cosmogemuaclideanalysis is
being applied to new settirgevery year; one of these new settinigsthe rocky
coastline, where shore platforms have been analygedly threestudies have been
conducted which have utilised am®genic nuclide dating on shore platforrfGhoiet

al., 2012;Regardet al., 2012 Hurst,et al., 2016, none of which were in New Zealand.
The methodkstill requires further refiningind the calculation of exposure ages requires

more attention to increase precision and accuracy.

Figure 1.6 Schematic diagram showing the concentration‘®fe across a shore
platform. Cliff retreat exposes rock to cosmogenic rayger timel®Be accumulates
in the exposed rock. Platform down wearing removéBerich rock, lowering the
total accumulated®Be towards the seaward edge.Source: Hurset al. (2016)

1.6.1Beryllum-10 Dating on Shore Platforms
The three recent studies, noted abowae the first instances ohis technique being

applied indynamic coastal settirgHowever,the application in a highly changeable
environmentintroduces new complications to the calation of!°Be poduction rates,
thus there is stilh large degree of uncertainty interpreting'°8e concentrations and
using thesenterpretations to understandhe development histories of shore

platforms Regarcet al. (2012)measured®Be concentrations on the flidtearing chat

coastline near MensWal, France. In this study, they developed a numerical model for
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the prediction of concentrations dfBe on shore platforms as a function of the rate of
cliff retreat. Frommodelthis they were able to estimat@hgterm averageetreat
rates however, Hurstet al. (2016)note thatthe uncertainties in their analysis were

large, reducing the resolution and confidence in their results.

The teoretical distribution of°Be concentrations across a shore platfofg(re 1.6,
was estimated byregardet al. (2012)and Hurstet al. (2017 to increase from the cliff
base and then decrease towards the seaward edge of the platfdisnd&creasing

trend towards the platform edge is due to the role of partial attenuatafrthe cosmic

ray flux,from water cover andhe erosionof the platform surface or seaward edge.
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Figure 1.7 Predicted'°Be concentration on rocks on the platform depending on t
tide range. Cliff retreat rate is 0.1 m/yr, peak locaticaare shown by black dots.
Source: Regard et al (2012
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are centred slightly seaward of the eroding cliff. The speed of cliff retreat inversely
determines the magnitude of the humped distribution; if there is faster retreat then

there is less time for nuclides to accumulate. However, this thical distribution is
idealizedand optimised for a type A (sloping) shore platfcand there may be

deviations from thiglistribution due to platform geometryidal range or other
complicatingfactors.One of the goals of this work is to explore thegdial

distributions of cosmogenic nuclides in nslopingtype Bplatforms.

21



The presence of water on shore platforms results in the attenuation of the cosmic ray
flux. Water attenuates cosmic rays in a similar way to rock, however water is less
denseand thereforeis not as effective at attenuating the flux. The idealised
distribution model Fgure 1.6) accounts for the depth of water across the platform,
however it does not account for the harmonicdtuation of tides, altering the depth

of water @ver on the shore platform though the duration of the tidal cy@teirst et
al.,2016) Regarcet al. (2012)foundthat tidal rangehas a net effect of reducing the
concentration of accumulatet’Be on the landwal portion of a slopinglatform, due

to periodic cover. Athe same timethis tidal effectincreaseshe concentration at the
seaward portion of the platform, due to periodic exposure. The extent of this effect is
illustrated inAgure 1.7 which shows how the tidal range can alter the position where
the maximum accumulation will likely occur on the shore platform. The other factor
which influences the accumulation in the seaward portion is denudatiguiatform
erosion this process lowerthe measuredl CNconcentrations in samples from
surfaces, by bringing material to the surface that had been previously shielded from

cosmic rayg¢Dunai, 2010Q)

Another consideration for the modelling #Be concentratias on shore platforms is
the tendency for beaches to form on their more landward portions. Beach formation
on platforms can be stimulated by supplytafussediment from cliffs, or from
sediment being transported from other parts of the local coast{idarstet al., 2016)
Naturally the presence of beach sediments atop a platform results in the partial
attenuation of the cosmic ray flux; beach cover may be periodicasglich needs to
be accounted for as a potentially dynamic factor in regulating accumulation of
nuclides. The last major factor that plays a potentially significant role in altering the
attenuation factor associated with water, is relative sea level chaRggarct al.

(2012) notedan interesting relationshipetweenthe rate of nuclideaccumulation and
relative sea level risé\s RSL increasggccumulation rates also increasetien the

cliff was driven by a steady state retreat model. This is beckssevertical dowswear

of the platform is required to maintain the equilibrium state and there is also less loss

of 1%Be enriched rock from the platform surface.
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A final added complexity that may inhibit the ability to accurately model accumulation
agesacross a shore platform is the radé complex exposure histories. Thde refers

to instances when the actively accumulating platform has been exposed previously to
the cosmic ray flux, but was subsequently buried during a pesidowered sea level.
Arealistic scenario of this may lagplatform that developedduring the last inter

glacial, followed by period ofburial during the glacial and then exhumation during

the recentHolocene higkstand. Choet al. (2012)proposed this process as an
explanation for some of the exposure ages tinegasuredon a shore platform in

South Korealt isdifficult to prove such an occurrence using ofBe concentrations

as thisonly givesthe minimum ages of the samples. This means the upper bound or
maxmum age would be unconstrained o overcome this potergl problem a coupled
CRN approach could be used, measuring concentrations of'fi@¢hanc?®Al. By

plotting the 2°Al/1%Be ratio of a samplasan isotope ratigolot (colloquially known as a
banana plot) the exact nature of the exposure can be determinedluding instances

of prior exposure and burialThis approach has been applied on various surfaces to

uncover complex exposure histori@Sosse & Phillips, 2001)

1.6.2 Interpreting°Be Concentrations
TheCosmogenic Radiduclide (CRNnodel developed by Hurst al. (2016)to predict

10Be concentrations across a dynamic shore platforapjsicable to shore platforms
anywhere in the worldThis model is coupled with® & K @addm processe@model
titled the Rock and Bottom Coastal Proff®oBoCoP) model, which simulates
platform development. This coupling allows the user to alter platform development
parameters to interpret the effects that different processes have on'tBe
concentrationprofile. However the RoBoCoP model is limited in its ability to simulate
the suite of processes which act to déwme platform morphology, as discussed in the
previous sectionA newshore platformprocesgsmodel, after Matsumotoet al.
(2016)can be applied to this framework in place of RoBoCoP to formulate a new
coupled CRN and platform processnodel. The applicabiljtof these two models will
be discussed in detail thapter 4. This coupling produces a powerful tool for use in

interpreting1°Be concentrationsneasuredacross a shore platform profile.
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1.7Aims and Objectives
Wolman & Miller(1960, p.73 arguedthat éthe evaluation of the riative importance

of various geomorphic processes in a given region, as well as the relative effectiveness

of events of different frequency, will require modetailed observations of the

flIYyRF2N¥Ya (KSYaSt@dSa I yR 2 Whelpkplseofdhi OSaasSa 2 LIS
work in accordance with this statemersttounravel the histories and the timescale

through which shore platforms have developed at the Kaikdtgainsula an@Cape

Rodneyandgaining a deeper understanding of the mechanisms ahgle driving the

development of these platforms. The knowledge gained from these two case studies

which share similarities with shore platforms around the globe will enable

comparisons to be drawn between the development of shore platforms in active and

quiescent tectonic regimes.

In order toconduct this researghhe aims of this thesis are separated into two parts:
1 First,to determine the developmental historiesf shore platform evolution at
Kaikoura and Rodney.
1 Secondto assess the relative radend importance of different

processe&lrivers in the formatiorof theseshore platforms.

Toaddress these aims the following objectives apply to each of the two aims
respectively:

1 To address the first aim, an analysis of the age and rates of erosion on the
shoreplatformswasapplied through cosmogeni€Be surface exposure
dating at bothlocalities.

1 To address the second aiexploratorynumerical modelling will be carried out
to simulate platform development and the associat€Be concentratins
across the simulated platform$his modelling will test for the impacts of
different drivers on platfornformation andextent.

1.8 Thesis Structure
The second chapter of this thesiketails the theory of cosmogenic nuclides and how
they are applied to the datingfoexposed surfacehapter three of the thesis sets out

the two study areas that are the subject of the cosmogenic analysis; their geological,
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geomorphological, tectonic and climatic settings. The fourth chapter outlines the
methodologies applied to investigating the shore platform case studies, including the
field work and laboratory procedures. This chapter also covers the numerical
modelling work that is conducted. Chapter five presents the results of the modelling
work, includng sensitivity analysis and scenario based testing. In chapter six, the
results of the field and laboratory investigation of the Wakatu Point shore platéoen
reported and discussed, along with the best fit model scenario for this platform.
Chapter sevempresents the results and discussion for the Okakari Point shore platform
case study. Finally, chapter eight is a general discussion of the exploratory modelling

and the findings of both of the case studies.

Chapter 2: Cosmogenwuclides

2.1 Cosmic Rayand Nuclide Production
The production of cosmogenic nuclides occurs through the reactions of cosmic rays

(atomic particles produced outside our solar systevith elements and molecules
GAUGKAY 9FNIKQ&a | dY2aLKSNS | y Rnodthhpiofomsa LIK S NJ
but also muons and alpha particles) which are accelerated to relativistic speeds; they

are the signature of supernovae explosions and carry significant kinetic energy
(Ackermann et al., 2013The vast majority of the cosmic rays which encounter the

Earth are produced within the Milky Way galdkingenfelter & Flamm, 1964)ut

some ultrahigh energy, cosmic rays are produced outside of our galaxy. Thgyener
associated with these cosmic particles can range from a few MeV @elegaon

Volts one MeV is equal to £@V) to 1¢%V; energy levels that are important at

9 NI KQ& &adz2NFI OS I NB K pdeSewisSequal$o3900 Mevp S+ |
as these ee responsible for supporting secondary particle productiglasarik &

Reedy, 1995)The mean cosmogenic energy spectrum and integrated cosmogsnic ra

flux is considered to be constant over the last 10(anai, 201Q)meaning that the

rate of production of cosmogenic nuclides has not been altered by changes to the
galacticcosmic ray fluxCosmic rays, after spirallingrough the terrestrial magnetic

field, interact with the nuclei of atoms in the atmosphere to produce a cascade of
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particles and reactions, with net energy being lost to the atmosphere and lithosphere

(Gosse & Phillips, 2001)

¢tKS O02aYAO Nlea GKFG NBIFOK iaféctedby theil K Qa
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field or otherwise take a complex pathway to reach the atmosphere usually being
directed to the poles; high energy particles foll®gs complex pathwes, as the

abundant kinetic energy reduces the effect of magnetic deviations from their
trajectory (Smart et al.2000) Modulation of the cosmic particles with charge less that
10GeV ooars due tointeraction ofthe solar windcyclg A 1 K G KS 9 NI KQA
QRyaSlhdsSyafte LINIGAOESE gA0GK WNARAIARAGEQ
than 0.6GVdond NBI OK & KS 9 (VNAelkeal, 1996)Dv@téa thék S NB
strengh of the geomagnetic field at low latitudes, the flux of cosmic rays entering the
atmosphere is of higher energy. While at higher latitudes the overall cosmic ray flux is
higher as more rays are able to pass into the atmosphere at parallels to the magneti
field, allowing more low energy particles throu@Bosse & Phillips, 200T)herefore

the production of meteori¢produced in atmospheregnd insitu (produced in

lithosphere)cosmogenic nuclides is greater at high latitudes.

Upon contact with the atmosphere, cosmic rays react with atomic muclerimary
spallation reactions. These occur when the incoming proton impacts the nucleus,
sputtering off nucleonsmesons, pions, et¢Dunai, 201Q)These nucleons generally
maintain the trajectory of the protons, depeimd) on the energy of the nucleon; those
with the highest energies show the lowest standard deviation for the angular
distribution of scattered neutronfDorman et al., 1999These scattered nucleons in
turn react with other target nuclei in secondary cosmogenic reactions. This pesdu
the cosmic cascadédure 2.) which is propagated through the atmosphere and into

the first few meters of the surface rock.
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Figure 2.1 The major components of a cosnrigy extensive air shower
(cascade), showing secondary particle production in the atmosphere and rc
Abbreviations used: n, neutron, p, protdnapital letters for particles carrying
the nuclear cascade), a, alpha partigyg, electron or positron, g, gammy, -
photon, p, pion>, muon.

Source: Dunai (2010).

Spallation &0 produces cosmogenic nuclides, as the atomic mass of nuclei is altered
during the reactionlf this occursn the atmosphere they are termetheteoric, while
nuclides produced in rock are terrestrial cosmogenic nuclides (TGNs3e & Phillips,
2001) In rock the production rate of cosmogenic ndek is attenuated at depth, so

that spallation usually only produces measurable concentrations of nuclides within
several centimetres of the surface. Spallation is not however, the only pathway
through which TCNs are produced; negative muon capture cangegenic reactions,

which also produce cosmogenic nuclides. Negative muons, once stopped can be
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captured by the electron shell of an atgihthis occurs they cascade to the lowest

shell, where they are captured by the nucleus. This results in the arterpbeing

neutralised, thus producing a cosmogenic nuclide. Muons decay rapidly (lifetime ~10

6second$ and they do not have high reactivity like other secondary cosmic particles, as

such they penetrate much deeper into rock, up to sevéfs ofmetersor more

(Gosse & Phillips, 2001)

2.2 BAeryIIum-l,O production ) ) ) ] o , ,
hyS 2F 0KS WdzaS¥dzZ Q O2aY23SyAlQsBérgtoh A RSa 0 KIF G
10 (%Be). This is an alkali earth metal which is part of a group called the cosmogenic

radio nuclides (CRNs$heaning that they undergo radioactikecay(Dunai, 201Q)

Beryllium has one stable nuclicBe and two radio nuclide$’Be and’Be. Berylliurs7

is not useful for the dating of geologic events, due to its shortlifalbf 57 days

(Nishiizumi et al., 20073°Be is considered a usefliCNbecause it is longjved, with

regard to most modern morphologigwith a halflife of 1.36 0.07Ma(Chmeleff et

al., 2010)It also has low background concentrations in rock due to its radiive

decay, meaning that ol(>1.38 £.07Mg 1°Be is removed from the system through

extinction. There are several reaction pathways through wHiBle is produced #situ.

The primary pathways are: spallation reactions with the target elements O and Si

(96.4% of productionjand negative muorcapture in the target elements (3.6% of
production)(Heisinger et al., 2002Meteoric'°Be is also produced in the atmosphere

at much greater rates than in ro¢icosse & Phillips, 20Q1his can be problematic for

measuring irsitu produced®Be, as samples can become contaminated from the

meteoric portion keing absorbento and deposited in rokfrom meteoric waters

The componentof meteori®®. S Ay NRB O] A& GSNI)YSR eWwdll NRSY @I NR
(1986)

Beryllium10 can beused in Earth Sciences to determine the exposure ages of rock.
Rock does not contain any cosmogefige prior toits exposure to the atmosphere.
Oncea rock or surface deebecome exposed to the cosmic ray fleesmogenic
nuclides begin to accumulate. In exposed r&e is accumulatedt@ knownrate
(which does vary with time}his is because of the constant flux of cosmic rays

bombarding every point on the Earth atyagiven time There are two primary controls
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on the accumulation rates 6fBe in rock, these are: attenuation and energy. Gosse

and Phillipg2001)demonstrated that the production rate dfBe in rock is depth

dependent, given ifigure 2.2 production attenuates rapidly with depth. The energy
ofcosmicrays8 G SNYAYS | LI NIAOt SQa oAftAade (2 L
field, as discussedarlier. Thus, there is latitudinal variation in the productiori®fe.

Finally, because the cosmic ray flux losses enkenglyer down the cascadesurfaes

at higher altitudeare exposed to a larger flux of cosmic rays. So, at higher altitudes
accumulation of%Be is faster than at low altitudgStone et al., 1998)rhe production

rate of 1°Be isreferencedto sealevel high latitude (SLHahd scaled to the elevation

and latitude of the sample sitfigure 2.2). The production rate fol’Be at the surface,

at SLHL i8.92 19Be atoms g yr(Borchers et al., 2016

Scaling factors are used to account for varisasrces of attenuation or shielding of
GKS O02&aYAO Nreé FfdzE FG | IAGBSY LR&AGAZY
need tobe applied in the calculation of accumulation rates, otherwise the exposure
age estimates will be incorrect. The spatial scaling factor accounts for the variations in
production at geomagnetic latitude and altitude; the most widely used scaling model is
that of Lal(1991), however this model overestimates the contribution of muon capture
to the production rate of TCN&osse & Phillips, 200Tjopographic shielding has the
most potential to alter the cosmic ray flux at a given positiarg @pographic scaling

is used to account for this factor. For a flabrizontal and urshielded surface, the
production rate is attenuated with depth, but when there is an obstruction to the
cosmic ray flux the effect is expressed in two ways: firstly, there is a decrease in the
overall rate of production of nuclidetueto some portion of the spectrurbeing

blocked by the higher surrounding topograplsgcondly, there is a change in the
effective attenuation lengthbecause the shielded patrticles tend to be those
approachingat shallow angles and be of lower energy @genuation length

increases with shieldingPpunne et al., 1999)
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Figure 2.21%Be production as a function of depth below surfaatesea level and high latitud:
Calculated using a roaensity of 2.7 g cm. Source: Dunai (2010).

2.3 Application

2.3.1 Surface Exposure Dating
Beryllium10 concentrationsand the concentraons of other cosmogenic nuclidese

measured for the application of surface exposure datin@aliverse range of
landforms to understand geomorphic evolution (ewven et al., 2006; Stone et al.,
1998; Wells et a]1995) As long as a surface remains relatively stable and is
continuously exposed at the surface then the concentration of accumulated
cosmogenic nuclides can be used to date the surficial (iDakai, 201Q)The method
of surface exposure dating can be applied across the full range of climate settihgs
a wide range of lithologieGosse & Phillips, 200ome diverse examples of the

application sirfface exposure datinmclude:the dating of rock slide debris, to assess
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the timing a possible causes of majockaslide events following dglaciation in
Graubunden, Switzerlandvy-Ochs et a].2009) The method has been used to
constrain horizontal translational slip rates along the San Andreas faulitingdffset
surfaceqvan der Woerd et al., 2008)ocally, surface exposure dating has been used
to date exposed boulders on glacial moraiteslietermine the timing and extent of
glacial advance and retreat in New Zealand and associated regional climate

fluctuations(Schaefer et al., 2009)

2.3.2 Dating of Eroded Surfaces
On any gien surface that islated with the exposure dating method the surface may

havebeen eroded since its exposui€rosion on an exposed surface impacts upon the
calculation of exposure ages due to the removal of nuclide enriched material from the
surficial ro& (Dunai, 2010Q)Lal(1991)introduced this equation to accurately describe

the accumulation of cemogenic nuclides ia surface with a constant erosion rate

5 a4 6 4C B —C 0 C

2.1)

Where Gotal is the concentration of the radionuclide in the materighe first term

0 0 G givesthe inherited nuclide concentratiofif this can be determinedlj is
the time of exposurdyears) i represents the different nuclide production pathway;
is the nuclide production rate at the target surfa@oms g yt) (with relation to
latitude and altitude)} is the decay constartdf the measured nuclidepnis the density
of the material (g cm); ¥ is the mean free path for cosmic rafgscm?) and zo is the

initial shielding depti{cm).

Thesecond termin the equationis accumulation through time of an eroding surface.
With faster erosion Gl is reduced If the erosion rate is high enough it will eventually
reach an equilibrium with accumulation, where the erosion is equal to the production
of the TCNthisis called secular equilibriunfigure 2.3)Z in this equation is sample
depth. It shows that occasional burial will reducgaCOn platforms this can be either

water or sediment. If a sample is buried at any depth below a column of water or a
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layer d sediment or rock for any period of time, the attenuation of the cosmic ray flux
(P2) is increased. As a result the shielding ratio for that sample will increase, this

relationship is shown ifigure 2.4

By using equation 2.1 it is possibleusethe total number of accumulated nuclides

a sampleo calculatesurface exposure ages. Tbemmunity ofcosmogenic nuclide
researclershave developed resources for use in calculating cosmogenic exposige age
from total concentration, location and shielding information. The most commonly used
tool is theCRONUS Earth online calculgf®alco et al., 2008Y his is the tool used in

this thesis for the calculation of exposure ages ffdBe concentrations across shore

platforms.
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Figure 2.3The plot shows the impact of erosion on exposure age. Faster erc
rates reduce the total concentration of atoms in a sample. The curves
representing higher rates of erosion reach secular equilibrium in less time. (
secular equilibrium is reached no age information can be gained from a san
The curves shown here are based on sea level at a latitude of 42° S.
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Figure 2.4Plots demongating the impact of material cover depth through time on
shielding. (a) shows the change in shielding value for increasing depth of cover wit
three different cover types of varying density, water (1gRnsand (1.6g/crf) and talus
(2g/cn). Shielding &lue of 1 means there is no shielding, value of 0 means the pos
is fully shielded. (b) Change in shielding over the course of a day for water of incre
depths. Shown over 1 day due to the short duration ebb and flow of water cover frc
tides. (c)Change in shielding over the course of a year for sand cover of increasing
depth. Shown over 1 year due to the long period oscillations in beach formation an
removal on shore platforms.
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Chapter 3: Study Aas

The following chapter reviews the two study areas investigated for the purpose of this
research both of which are located on the coast of the two main iskntich make

up New Zealand, the North and South Islands. New Zealand is located in the Pacific
South East and sits withthe Zalandia micrecontinent(Mortimer et al., 2017)The
exposed lanemass and its geography are the result of the obliquely converging Pacific
and IndeAustralian tectonic plateswvhich also drive abundant volcanism and

tectonism across the country.

3.1 Wakatu PointKaikoura Peninsula

Wakatu Pointocated at42°24'53.0"S 173°42'20.0f&one of three flat protrusions

into the sea on the nortleastfacing side of the Kaikoura peninsula in North East
Canterburyin the South IslandThe Kaikoura peninsula exterdl$ km seaward,
perpendicular to the predominant northeasbuthwest strikgKirk, 1977)Of the
5.2kn¥area that the peninsula covers approximately 0.7 Zisrintertidal (Kirk, 1977)

The peninsula has been the subject of much scientific interest due to the geallogi

and biological changes which have occuriredesponse to the recent 7.8MKaikoura
EarthquakeLittle et al., 2018; Stirling et al., 201However the peninsulacoasthas

also been the subject of much lotgrm geomorphicnvestigationby Kirk(1977)and

later by Stephensor(1997) Due to the priocoastal research dhe site and the idal
lithology; notably the presence @hert nodules within the limestone shore platform

the site at Wakatu Poinfigure 3.1) was chosen as an ideal location ésposure

dating on a shore platfornSome of the major features near the Kaikoura Paninsula
include the Seaward Kaikoura ranges, the Kowhai and Hapuku River catchvhesits
deliver sedimensouth and north of the peninsula respectivedynd a number of

known active faults. These include the Hope fault (seaward section) which is one of the
major splays off the Alpin€ault, the Hundaledault, Point Kean Fault and the Upper
KowhaiFault. The remainder of this section deals with the geomorphology, geology,

tectonics and the climate of the study area.
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Figure3.1: Satellite image ofthe WakatuPoint shore platform, the central of the three
points. The image is captured at a high tide, therefore the full extent of the platform
(shown by the black line) is not visible bened#tie water level. The built up area behind
the platform may be a raisedediment covered portion of the same platformhebox in
the insetimageshows the location of Wakatu point on the Kaikoura Peninseiéest of
the main town belt

3.1.1 Geomorphology
There are three main physiographic uratisKaikouraas identified byChandra(1968)

the peninsula block; beach ridges and raised beach ridges; and hard rock areas and
alluvial fansOn the peninsula blockere is a flight of five marine terracesplifted
share platforms,whichcomprise much othe surface area of theeninsulariseto the

highest point on the peninsula at 108{&tephenson, 1997There are a number of
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shallow depressions or dolines within the surface of some of the terrad@share
notable mainly within terrace IIStream channels have also heavily incised the terrace
sequence toward the soutbastern block of the peninsulaausing the development

of the numerous alluvial fans depositing on the modern surfaC¢set al. (1996)
identified the elevations and positions of the five terracBgifre 3.2). The elevations

reported were:

Terrace | at 99.08m,

Terracell at 75-83m,

Terracelll at c. 64m to the west and 355 to the east,
Terrace IV between 46 and 58m and

TerraceVat c. 38m

\g Stream & fan
[ i
o Doline

7 Avoca Point_~" pormer shoreline

%G5 Locality number

64 Altitude in metre

| Terrace ll

Point Kean

A Terrace il

Pleistocene

Terrace & %E’Q
sand dunes

F Modern beach
- & bench

Limestone hill above i) A &2}3 I 0 1km
flat surfaces Atia Point

Holocene

Figure 3.2The major geomorphological features on the Kaikoura peninstite extent
of the five Pleistocene marine terraces is showlong with younger features. Shore
platforms are shown all around the peninsula. The area behind the Wakatu Point shore
platform, next to Avoca Point is represented as a Holocene terrace. Locality numbers
refer to auger hole positiongaken from each termcefrom Otaet al. (1996).

Source: Otat al. (199%)

Westward tilting of the peninsula surfaces accounts for the elevational variation of the
terraces. Terrace | was dated using amino acid racemisation of molluscs from a sandy

shell bedat 6m depth in an auger haol&his placed the terrace age at 110k&Gka,
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forming during either oxygen isotope stage 5c on6¢a et al., 1996)Dates for the
remaining terraces were attained from correlation to sea ldigh-stands from
Chappell andghackleton (1986) This places terrace Il at @6bka; terrace 1l at 81
5ka; terrace IV at 72 3ka; and terrace V at 393ka(Ota et al., 1996)

Mostofil KS WK NR NP ®lpckialis iRto the cbastd) mardin offtte y
peninsula, Wth shore platforms backed by cliffs surrounding all of the southeaster
area of he peninsulaThere are also a number of raised sea caves around the
peninsula and two lagoons developed behind sandy barriers at Wairepo and Mudstone
Bays(Stephenson, 1997Wakatu Point, located on the northern shore of the

peninsula is 460m wideshore platformwith agentlysloping relief facing northeast

The platform is not continuous alongshore as it narrows immediately to the north west
and soutleast. Tahe northwest of the platform lief\voca point, a similar protrusion

to Wakatu point, there is another similar platform feature immediately to the south
eastnext to Armers Beach. These three platform features make up a larger three
prongedintertidal trident that protrudes out froman undaed, likelyHolocenen age
terrace.Between each of the prongs are shallow bays where waves have been
concentrated and funnelled up to the shore line, where there is evident shoreline
erosion into a grassy bank. The shore flankingsingth-easternside d Wakatu Pthas

been partially armoured with rip rap to protect against this erosive wave action.

3.1.2 Geology
The sedimentary rocks which make up the Kaikoura peninsula are {@yptaceous to

middle-Miocene in ageStarting from lower to upper serigbe peninsula consists of

the Mata series rocks, which are lafretaceous in age; these are the Bluff sandstone
which is overlain by the Seymour Group, which is also largely made up of sandstone.
The Bluff sandstondnowever, contains conglomerates, thiasts of which consist of
chert, vein quartz and a range of volcanifRattenbury et al.2006) Next are the
Paleocene to Eoceri@annevirke series rocks; at Kaikoura these form pattef

Muzzel group rocks, which are made up of the Mead Hill formation and the Amuri
limestone. The older Mead Hill formation consists of limestaite abundant nodular
chert, whichis overlain by the younger Amuri limestone. The Amuri limestoneaem

up of hard siliceous limestone, micritic limestone or interbedded limestone and matrls
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(Rattenbury et al., 2006 he Landon series, formed during the Oligocenatains the
Spyglass formation, which is another list@ne. Finally there are the early to middle
Miocene Pareorgouthland Series, which contain the Waima Formation, consisting of

sandstone and mudstone.

As seen itfiigure 3.3, the oldest rock of the Bluff sandstone and the Seymour group
occur at the idimus moving soutleastthere is a narrow band of the Mead Hill
formation which outcrops at Avoca point and at South Bdye Amuri limestonerops
out in a thick band next to the Meakdill Formationfrom Avoca pait to South Bay,
andin another band along the seawardost flank of the peninsula. The Oligocene
limestone which overlies the Amusccursin two thin bands, one from Arens Bay to
South Bay and the other slightly seaward of the Amuri at East Head. The rest of the

peninsula is made up of the Waima formation.

Marine OIS
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e
-TZ 5a
a
[Ty s

[ @b | beach deposits
| @taf | fan deposits
*Ota and others (1996).
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Figure 3.3 Geological map of the Kaikoura Peninsula indicatingrevhiee different
units outcrop and the structural grain of the landscape. As in figure 3.2 the terrace
positions are also noted. Source: Rattenbury et al., (2006)
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The shore platforms surrounding the peninsula are formed primarily in the Amuri
limestone and the Waima formation sand and siltstori#se Amuri limestonés
distributed with a number of minor strikslip and dipslip faults and is subject to
localized foldindDuckmanton;1974) The structure of thg@eninsula consists of two
anticlinesbounding either side of an asymmetricaincline aligned norteast to

south-west (Stephenson, 1997As a resultthe shore platforms around the Kaikoura

Figure 3.4 Photographs of the Wakatu Point shore platform high tide: (a) Nenxdu
Chert in Amuri limestone at Wakatu Point. (b) Irregular platform shape at Wakat
Point, caused by tight folding in exposed Amuri limestones (high tide).

peninsula are heavily controlldaly the geology present. The shore platform at Wakatu

point is cut into Amuri limestone and contaiabundant nodulachert (Fgure 3.4a).

39



The Amuri at this locality appears to be interbedded limestone and marls that is tightly

folded, causing an irreguiplatform shapgfigure 3.4b).

3.1.3 Tectonics
The sequence of Quaternary marine terraces making up the Kaikoura peninsula

suggest a strong tectonic control exists in the development of the Kaikoura peninsula
and its surrounding shore platform®ta et d. (1996)found that the Holocene uplift

rate alongthe Kaikoura coastline is ~1mart, a rate that is fairly consistent throughout
the Plestocene. The two uppermost marine tages in the sequence (terraces | & Il
exhibit anorthwest tilting about 20m/kmThe extent of this tilting is not consistent
with the other younger terraces indicating a change in the axes of warpimgfault
whichmay havedriven this uplift and tilting is the seaward section of the Hundalee
Fault roughly 5knsoutheast of the PeninsuléOta et al., 196). However, seismic
mapping since the recent 2016 Kaikoura earthquake has revealed the previously un
mapped, offshore Point Kean Fault which ruptured along 2.1km ~I@ktheast of

the peninsula(Stirling et al., 207). This Point Kean Fault may be ttheminantdriver

of uplift at Kaikouraif not, it is still likely to be mimportantcomponent of the

uplifting of Kaikoura

Uplift at the Kaikoura Peninsula appears to be intermittent, with significant uplift
events occurring between periods of slow subsideneguating to an overall uplifting
trend. This has caused the rapid stranding of shore platforms, forming the raised
marine terracesWhile the youngest marine terca (terrace V) is attributed asge
~60ka(Ota et al., 1996)Duckmantor(1974)reports on humerous identifiers of
continued uplifting through the late Pleistocene and Holocene. Surveys of raised
beaches at localities around the peninsula showed et elevations between the
raised and modern beach heights with a difference of ~&ns illustrates a recent
uplift event of around 2m. Duckmantqi974)dated this event using peat deposits
from Wairepolagoon cores taken behind the raised barrier beaches, attaining a
minimum age o0860+90ys BR placing arupper bound at around.000ys BPIf an
event of this magnitude occurred within the proposed time period, it would have had
some impact on the development of the modern shore platforms around the

peninsula.
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3.1.4 Climate
The climate at Kaikoura is tempéeaas the area is largely sheltered from the

prevailing westerly air flow over New Zealand by the mountains immediately west of
Kaikoura Winds are predominantly southerly, with secondary flow from the nedist
(Kirk, 1977)Climate data from an automated weather station at 105m elevation on
the Kaikoura peninsula are collected by the National Instiaité/ater and

Atmospheric ReseandNIWA)The average annual rainfédir the years 1982010 is
710mm atwith 16ground frost days annuallfrhewarmest monthly average temp
occurs in Jamaryat 16.4C, with the coldest average month being July with@.1°

Swell and storm waves affect the peninsula from south, seash and nortleast
(Stephenson & Kirk, 19968 tephensor(1997)reports that wave conditions

throughout most of the year (48%) are smooth with maximum wave heights of 0.5m.
Waves 0.51L.25m occurred 17% of the year, this represenightlwaviness, while 4%

of the year waves in excess of 1.25m occurii@te upper bound of significant wave
heights around Kaikoura is 2.44#Kirk, 1975)Ocean conditions at Kaikoura tends to
be calm throughout most of the year, punctuated with short periods of intense storm
wave activity, driven by the progressiohcyclonic disturbances traclg southwards
along the east coagKirk, 1977)Seasonality appears to have no influence on the
occurrence of stormsTides at Kaikoura are sediurnal with up to 20% diurnal
inequality in he magnitude of high water, with the daytime high usually being larger
(Kirk, 1977)The mean tidal range is from 1.36m to 2.5{airk, 1977)whichmakes it

a mesetidal regime.

3.2 Okakari Point

Okakari poinis a largely dissimilar site to Kaikoura, which offers up points of
comparison for surface exposure dating on different shore platforms within a different
coastal and gaelogical setting. Located at 356Q7.06¢X ™ T n.GE \gheplatfiorm at
Okakari Ptis a perfect example of a stitorizontal shore platformOkakari Point

(figure 3.5 which sits on theCape Rodnegoast roughly miegvay between Pakiri and
Leigh in Aucklid R Gbétheast, is part of a mainly rocky coastal section which spans
roughly 15kmaround the Cape Rodney headland. Immediately eadtefhore

platform at Okakari Pis the wellknownGoat IslaneOkakari PoinMarine Reserve.

The site has been preasly examined by Dickson and Petif2912) asdiscussed in
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section 1.5.2. This site exhibits a fairly classic example of a shore platform and exists
near a large metropolitan area which also has a number of similar shaped platforms. It
is useful to use this shore platform for the purpose of this reslean order tooffer a

contrasting analysis to that of the platform at Wakatu Pt. Understanding about the

Commons Attribution 3.0 New Zealand licence

Figure 3.5Satellite image of Okakari Point showingtWide type B shore platform.
The Image is captured during low to miide, however almost all of the platform is
fully exposed. The inset image shows cape Rodney, with Leigh on itsesstidind
Whangateau Harbour in the South. Okakari point is showthénbox at the top of the
inset.

development of this platform can also be used to examine the level of the coastal
hazard along rock coasts in the Auckland afidee rest of thisexction deals with the

geomorphology, geology, tectonics, sea level fluctuations and climate in the region.
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3.2.1 Geomorphology
The Okakari point shore platform siés about 1.5km east of Pakiri beach. The site is

immediately backed by a 14m cliff, dadd which the terrain rises steeply up to 280m.
Immediately west of the site, cliffs rise over 100m from the coast; land sliding is
apparent along this section of the coast due to buifaof talus along the base of cliffs
(this is not the case at Okak#&i where very little talus is present at the base of the
14m cliff) Around the small headland at the nortkast margin of the platform is a
small pocket beach, with sand which spills around onto the platfdiguare 3.6).
Sediment supply for this beachlisely sourced from westward longshore drift off
Pakiri beachWhile all of the coastline around Cape Rodhag near continuous wide
sub-horizontal shore platforms, Okakari point is where the platform is widest, at 135m.
Water depth off of the outside agk of the platform plunges ~113m, therefore the
platform is exposed to unbroken incident wave act{@ickson & Pentney, 2012)
Dickson and Pentney (2012) also notkd platform is elevated 0.8m above the local
mean sea level (M$land featuresa discatinuous rampart along the seaward edge
which is elevated to approximately to mean high watelevated ~2m above the main

platform surface, at the base of the cliff is another planation that is 3m wideb#se

5 Tl e

Figure 3.6 Photograph of the Okakari Point shore platform from the top of the 13m
looking north. Sand from the small pocket beach (out of frame around the western
of the headland) has been transported ontan of the platform surface. This may
indicate periodic washing of sediment onto the platform surface. Photo Credit: Mal
Hurst 2017.
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of which is notched. It may be the case tliais higher elevation surface was cut

during a period of slightly higher sea level than today.

3.2.2 Geology

The sedimentarand volcanicocks of the Aucklantegion are uppefOligocene to
middle-Miocene in ageTheregion is made up predominantly die¢ Waitemata Group
flysch, which sits over a basement of metagregkeametaargillite(Ballance, 1974)

The Warkworth subgroup makes up most of the Auckland area and is separated into
three distinct flysch facies. Thesare the northern volcanidch flysch facies, a mixed
flysch facies and the southern volcaipicor flysch faciegBell, 2007) These facies

were generated around the period of the Kaikoura Orogeny, when the Auckland area
was undergoing a period of subsidence. This formed the Waitemata basin. During the
late-Oligocene to the eariMiocene two vdcanic arcs formed to the east and west of
the basin(Allen, 2004)depositing sediments into the basifihe andesitic volcanism of
the eastern volcanic arc continuedrtugh to the PliocenéBallance, 1974)The

northern volcanierich facies of the Warkworth subgroup are known as the Pakiri
Formaton. These facies outcrop along theastaround Cape Rodneyhe shore

platform andcliff at Okakari Point are made up of these Pdkarmation facies.

Thebest description of the PakiFormation facies comes from Ballan(¥74) the
sandstone®f the formationare normally graded, with bedghich tend to ke very

thick and coarse grained@ndstones are lithic with a predominance of argillaceous
rock fragmentswith mudstone clasts up to 30cm long occurring. They also have
varying quantities of lava throughout. There is a relatively low praporofquartz and
feldspar, making up ~20% of the coarse grained material and up to ~30% of the fine
grained(Ballance, 1974)There also occun small quantities plagioclase, augite and
hypersthene. The relativellow proportion of quartz in the materiaindthe

abundance of volcanic minerals presenthallenge in separating ogtiartzfor

cosmogenic analysis.

The beds at Okakari Point tend to be parallel laminated throughegti(e 3.73),
dipping gently landward. The beds are made up of sandstones that are fine, medium
and coarse grained and sandy mudstofiegkson & Pentney, 20123tructurallythe

cliff line and platform orientation is controlled by the orientation of dominant joints
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and faults This ircludes some steep (5@0° dip) normal faults, oriented NASE and
NESW and low angle (200° dip) thrust faults oriented NY8BEDickson & Pentney,
2012)

Figure 3.7Landward facing photographs of the platform and cliff at Okakari Point: (
shows the parallel laminatioof the bedding in the Pakiri formation outcropping along
the coast at Okakari. (b) is an image of the back of the shore platforawislg the

~1.4m elevated ledgwhich extends 3m out from the cliff base. Parts of the basthisf
ledgeappear to have noting. Photo Credit: Martin Hurst 2017
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3.2.3 Tectonics
Geneally tectonism in the Auckland ardbrthland regions is quiescent. Being far from

the subductionzone out to the east of the North Islanghere is little crustal warping

in the area. Howevethe Auckland region does exhibit features indicative of {argn
uplift in the form of marine and fluvial terraceSlaessenst al., (2009)surveyed 12
marine and 13 fluvial terracesear the Waitakere Ranges, Auckland, identifying an
acceleration in the regional uplift rafeom 0.278mm & to 0.42mm & since the late
Pleistocene. They achieved this through tephra age controls found within the overlying
sediments orthe terraces. The most likely driver of this uplift is an isostatic response
to higher erosion rates of the continental cry§&laessens et al., 2008ell (2007)

notes that slightly elevated platform ledges-@m) arecommon featurswhere there

are shore platforms around the Auckland coast noted above in 3.2there is a

slightly elevated ledgat the back of the OkakaFioint platform(figure 3.7b). It is
possiblethat recent tectonic uplifduring the Holocene stiftand could be responsible
for these raised features. However, lack of evidefowerecent upliftwould indicate

that due to the stability in the region, &se features have developed in response to

changes in eustatic sea level.

3.2.4 Sea Level Fluctuations
Around the world eustatic sea level has risen substantially and rapidy tie

initiation of the mst-glacialmarinetransgression (technically termete Flandrian
Transgressiorgt the termination of the Pleistocene. According to GfhB86)this

trend is observed in New Zealand, with a period of rapid sea level transgression
culminating at near present day sea levels around 6500yr&BiB.(1986) was able to
attain a more preise sea level response for the Auckland area: one of the 8 analysed
sites in the study was the Weiti River in Auckland, where there was no influence of
tectonic uplift. Chenier deposits at the mouth of the river were dated using fadio
carbonto reveal acalibratedcalendar age of 7120 + 70yrs BP. This date is taken as the
time at which sea levels close to the present day in Auckland were established. Gibb

(1986) also suggested that since this time sea levels in the region have not fluctuated
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more than 0.5m. In de Lange and Mo{20D05)they take this age from Gibb as the

time at which the modern shore platforms began to form.

Another group of progradedheniers, part of the Mandachenier plain in the Firth of
Thames, indicates a period of Holocene sea level fall in the Auckland area. Dougherty
and Dicksorf2012)conducted analysis of thehenier plainfinding evidence for
progradation of the coast from ~4000yrs BP to ~1200yrs BP. This indicates that sea
level fell ~2m during this time, down to the present day sea levelthuislikely then

that sea level reached a Holocene sitthnd that was 2m above present sea lefoe

the period roughly between 7120yrs BP and 4000yrs BP. The prolonged period of
slightly highe sea leveimay have allowed for the development of the elevated
platform benches observed at Okakari Point and at other sites around the Auckland
Region.

3.25 Climate

The climate of the Auckland region is gutpical, being located 13° S of the Tropic of
Capricorn(Chappell, 2013)The predominant wind flow is from the SW, however in
summer the proportion of flow from the SE increases. The amauaflall rear Okakari
point is 1117mm 3, with the wettest month, Julyaccounting for 12% of thisinfall.
Extreme rainfall events are uncommon but do acdue to the suktropical cyclones
propagating from the NW of New Zealarithe air temperature rages from 14°C to
20°C(monthly averagelrom July toFebruaryrespectively and ground frosts are very
rare (Chappell, 2013)According to Hiltor{1995)the dominantswell arrivedrom the

NE and the mean ave height is 1.4m, rarely exceeding 3m. The highest wave activity
Is associated with the onshore winds driven by the aforementionedisacal
cycloneqHilton, 1995) Finally the tides are serdiurnal with a maximum rangef 3m

in springs and 1.5m in neaps.
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Chapter 4: Methods

4.1 Sample Collection
Samples focosmogenic analysis were collected at Wakatu Pointatr@kakari Point

during the 201617 austral summerTwo locations were chosen in order to apply the
methodto two different shore platform morphologies with different tectonic and sea
level regimes.Samples were collected in accordance with previous WGHoi ¢ al.,

2012; Hursket al., 2016; Regard et al., 201d8tailing sampling practice for

cosmogenic analysis on shore platfa&rihe following two sections detail the

sampling procedures that were carried out at each of the localities and other data that

were collected on site.

4.1.1 Wakatu
Samples were collecteglong an across shore profile of the shore platform at Wakatu

Point on the north-eastern side of the Kaikougeninsula.The shore platform at

Wakatu Bint is a sloping type A platform, with jagged rock formations across its
profile. Tre unevenness of the platforms due to the tight folding of the Amuri
Limestone in which the platform is formed. Therk was onducted over a week long
periodfrom 14/12/16 to 20/12/16, with the first few days spent prospecting the
platforms around the peninsula for ideal sampling material. Wakatu point was found
to have favourable amounts of nodulenert across the platform ahsampling took
placeon the 17". Aplatform profilesurvey was conducted on the 19tfhis period

was one month after the Kaikoura Earthquake in November 2016, which had uplifted
the coast at Kaikouray 1.1m. As a result the tidal stappad little effect onthe ability

to collect samples across the entire profile of the shore platform.

Figure4.1shows the positions of the 10 samples which were collected on the outer
platform surface at Wakatu point. Samples were only collected from kagom

surface and not the raised terrace as no bedrock was exposed on that surfack.ckhis
of exposed bedrocls due to the builelp of terrestrial sediment and emplacement of
roads and other maimmade structures on the terrace. The samples collectedew
nodules of Chert in a matrix of the Amuri Limestoihbkese are similar in composition
to the samples collected in Regard et(@012) and Hurst et a{2016) who
demonstrated successful extraction¥Be from samples athert. Of the 10 samples

collectedfrom Wakatu Pt3 were later discarded after being found to contain
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insufficient mass ofhert from whichto extract'°Be The discarded samples were
WP7,WP9 and WP10. The samples WP9 and WP10 were both from the outer edge of

the platform ona structurallycontrolled high point.
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Figure 4.1 Image demarcating the positions of each terrestrial surface at
Wakatu Point, showing the extent of the platform and its raised portion.
positions of each sample that was collected idiomted on the platform
surface. Samples 7, 9 and 10 were dated.

During sampling, positions were chosen if they were not obstructed from the sky in
any significant way by the topography and if the surface did not look to be heavily
weathered. Sampling positions were also selediaded on a visual assessment of the
content ofchert and the ease of removing the sample from the bedrdt¢te amount

of material collected was also based on the visual assessmehedfcontent; sample
masses range from 02kg of materialSamples wee extracted with hammer and

chisel and for the most part came away easily from the limestone bedrock. When it
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was attempted to hack out a portion of a largeert nodule it was difficult to break

the chert. At each sample position dip and strike measneats were taken, along

with the angle of inclination to the horizon around eight different azimyug&d°

around the sample. Thesaeasurementsvere taken to later calculate the topographic

shielding factor for each samplesing the method of Dunnet al. (1999) Following

sample collection a survey of the profile of the shpfatform was conducted, using a

total station. This covered the zone fraime top of the beach surface #te landward

AARS 2F GKS LI FGF2NY (2 (EkblershHagplatioinS RIF&Q f 26
The positions of the sampalong this profile were taken down during the survey. The

survey of this platform walecated on the peninsula relative twlt site KM1Cfrom
Stephenson et a(2010)Thef 2 O A2y a 2F {(SLKSyazyQa oz2fida |

the Trig Station atop the Kaikoura peninsula at 105m.

4.1.2 Okakari
Samples wee collected at Okakari Point tkdue east of Pakiri Beach. Sampling was

conducted largely in similar fashion to sampling at Wakatu Palohg anacross shore
profile. The Okakari Point shore platform wever, a sudhorizontal shore platform
which terminates at the seaavd edge in a seaward scarp,aaepth of greater than

10 meters The platform is also backed by a steep 13m tall cliff which acts as a
significant source of shieldinghe sampling took place with the falling tide on the
afternoon of 2/3/17 and on the following morning 3/3/17Samples were extracted
from Pakiri Formation Sandstones wdghartz being the target material. Visual
inspection with a hantéensconfirmed the presence of quartz within the matrix of the

sandstone, however ilow quanity.

The samples collected are located at points across the shore platfayone 4.3, and
there is a concentration of samples next to the cliff. At this landward side of the
platformisa ramp elevating up from the main horizontal platform surfand gust
below the cliff is a raised platform surfacgixsamples were collected from these
surfaces in order to determine the development history of this unusual platform
geometry. Fewer samples were collected across the middle of the platloerio the
uniformity of the geometryAlsq due to the flatness of the surface on the mid

platform it was necessary to extract some samples using a diamond tipped angle
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grinder (the rest were able to be extracted with hammer and chigelpthergroupof
samples is located on the outer edge or rampart to capture the time of initial platform
cutting. One difference from the sampling at Wakatu Point is that we were able to
retrieve a sampléOK O¥rom a small, shallow sea cave around the eastmint of the
headland. Sea cave samples had been collected in Euast(2016) it was reasoned
that any'°Be measured in a sea cave sample must represent the inherited portion of

10Be in the bedrock of that platform.

As with the Wakatu samples, some of thea®&ri samples were eventually discarded
due to low quantity of quartz. Of the 14 samples collected, 8 vdated. Fortunately
these8 samples were representative of the whole profile of the platform from the cliff
base to the seaward edge, inding the raised surface beneath the clBamples OK1,
OK5, OK7, OK8, OK9, and OK12 wet@rocessedlue to lack of quartzZThe shielding
data for each sample position were collected the same as at Wakatu Powneveo,

the exact GPS locatisifor each sample point were alsakenat Okakari using

® Samples /" ok o (cave)
Platform Edge y
----------- High Tide Line & N
—— Cliff Toe T T T A

A—A—A Cliff Top

Figure4.2: Image demarcates the positions of the main terrestrial surfaces at Okal
t2AYy0® ¢KS WOtAFT (G2SQ tAYyS arda tz2y
sedion 3.2.3 This surface is discontinuous and is not well preserved either side of
main headland. The 14 sample positions are shown by the points. Samflegete
collected from the raised terrace surface and sample 4 immediately at its bas&l&:
0 SE of the main sample transect shows the location of the sea cave.

51



waypoint averagingA survey was also conducted in the same way as at Wakatu, and
this was located relative to an earlier survey from the Dickson and Pe(204y)

study. This waachievedby identifying bolfpositions from a pressure transducer rig on
the outer platform and taking a shot to that point with the total station.

4.2 Laboratory Procedures

The collected samples were processed in two sets at different times after each of the
two sampling trips. Atsdue to the difference of the geology (limestone and chert vs
sandstone and quartz) in the two sample sets, the physical and chemieaieptment
steps were modifiedo account for these differenceslowevergenerally the pre
treatment stepsfollowed standard procedures (e.Gose & Phillips, 2001; Kohl &
Nishiizumi, 1992)The following outlines the various physical and chemical laboratory
stepsundertaken in this project.

4.2.1Physical Prreatment

Wakatu samples- The Wakatu Point sample set were the first to be processd¢de

labs following the scraping off of the majority of the biological material and allowing
the remaining material to desiccate. Initially samples were weighed and photographed
before being broken into smaller pieces witlsladgehammer. Samples weithen
crushedusing a Boyd Crushesieved down to <lmmdiameter and washed. Visual
inspection under a microscope confirmed abundant chert content in most samples.
Grains were then further crushed and sieved to <0.5mm to increase the surface
exposure of theyrains, then weighed agaiagnetic mineral separation wasailed

with a smallvolume ofsampg; this yieldedminimalseparationas the norchert

material was mostly limestonand not magneticThe sampleshuswere moved

directly to chenical leaching.

Okakari samples The Okakari Point sample set were similarly scraped and allowed to
desiccate, followed by weighing and photographing in lab. The samples were crushed
and sieved to <1mm, then a smatllume ofsampe waswashed and inspeted under
microscope. The visual inspection showed minimal quartz, with ~5% of the coarse
material as pure quartz and ~20% of the finer material as quartz. It was apparent that
much of thefine-grained quartz remained iagglomerationsvith other minerals. The

samples were then washezhd dried to remove dust. Grains were further pulverised
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in atungstencarbide ringmill to break apart the mineralgglomeratesSample
material was then dry sieved with a sieve shaker toesefe out the grain size
fractions: >500um, 50@50um, 256112um, 112106um and <106um. The >500um
fraction contained only agglomerations of dust size particles and was discarded.

Similarly the <106um fractions was deemed to fine and also discaftdtis point

Sample OK was discarded as almost all material fell into the <106um fraclibe

Figure 43: Images of physical prereatment steps for the Okakari samples. (a) Dried
samples after wet sieving, in some of the trays biological materials rafted together w
wet and dried into crusts which were easily removed. (b) Neodymium hand magnet,
samples were poured over the magnet. Magnetic grains that stuck to the magnet we
decanted into separate bags.

500-250um fraction was then labellédoars€and the 2560112um and 112106um
fractions combined and labelleineQ® ¢ KSaS (62 FTNIOGA2ya
separdely afterwards. Samples were then wet sieved to remove any remaining dust
before magnetic separatioand dried figure 4.43. A large hand magnetigure 4.41)
was used to pull out the most magnetic fraction of the samples followed by a low
(0.2amp) pasghen a high (1.5amp) pass on the Frantz magrs&tigarator.At this

point the normagnetic fractions contained primariyuartz after visual inspection.

The fine and coarse nemagnetic fractions were then weighed again prior to chemical
pre-treatment.

4.2.2Chemical Prreatment

Wakatu samplesinitially a test of method was conducted to determine the
appropriate procedure to leach the samples. Standard methods wersuitabledue

to the abundance o€alciumcarbonate in the renaining materialTen grams of
materialfrom sample WF5 (sample with most abundant remaining material) was
added with 50ml of concentratelydrochloricacid to test the reactivityand

effectiveness of dissolutiormhe sample wai@ind to be highly reactive due to the
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high conent of calciumcarbonate in the samples. The test yielded good digsmh of

the nonchert material, so all samples were leached in concentrated HCI. 200g of each
sample waglaced in 1L glass bkars. 100ml of conc. HCI was slowly added to the
samples and once the reaction had subsided the beakers were swirled and left
uncovered in a fume hood ovegtit. This process was repeated thrg@es to achieve
total dissolution of the carbonates. Sampl&$7, WR9 and WP10 remained

vigorously reactive during the third leaches indicating they contained mostlychert

material.

i Cloudy Chcrt “ ’

\Inclusions

Figure 44: Mlcroscope images of one of the Wakatu sampM&{6) following leaching

steps. The image on the left shows the majority of the grains are translucent chert.

zoomed in image of the right shows the cloudy white grains which are chert grains
cortexcrustsin amongst the clear chert grains. Sometioé grains are both translucent
and cloudy indicating some colour banding. Most of the chert grains contain small

inclusions, indicating some impurities in the rock.

The samples were then rinsed and transferred to large Teflon botikethis step the
samples were moved into a clean lab foe remaining chemical proceduresill
samples were covered with a small volume offdrofluoricacid solution, and left to
leach covered, on a hotplate at 50t@ernight. This HF acid leashapplied to release
the grain absorbedneteoric1°Beinto aqueous solution without removing the-gitu
produced!®Be, while also dissolving any oxides and feldspars. This leach was repeated
three times each time sample WP reacted notably. Following this step the samples
were washed with kD and dried downdr visual inspection. Sample \WRvas
discarded at this point as its remaining chert content waslow for further
processingUnder the microscope it was noted that an unidentif@dudy white
mineral (FHgure4.5), whichwas not a precipitate ocalcite, persisted in some of the

samplesas whole grains or crusts around grains of ch€dremove this materiglthe
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samples were placed backanweak HF for one further leach, after which the mineral
still persisted. It was determined thahis mineral was most likebither a white chert
or a cortex crust (either of which are quartz basad)l the samples wer@ashed,

dried and weighed.

Okakari SamplegLeaching of the Okakari samples followed normal standard

protocols of Kohn and Nishiizu (1992) The 13 remaining sets (ase and fine)

Okakari samples were placed into 1L Teflon bottles and leached two times overnight in
800mls of 10% HCI solution at 50°C in a hot water bath. After the second leach the
acids wee no longer coloured yellow, indicating that most carbonaaed metal

oxideshad been removedSamples were then moved into the clean lab for weak HF
leaching. Bottles were filled roughly two thirds with tH&6 HFSolution and placed in a

hot water bath at 50°C for overnight reactions. This was repeated three timits,

H-0 rinsing between each leach. The third round was left in solution unheated for 72
hours.The material was then washed, dried down in an oven and weighed. All samples
had lost ~50%faheir mass by this point, seveta&d lost too much material to

continue processing. Sampl&ér-5, WR7, WR-8, WR9 and WP12 were discarded at

this point for this reason.

4.2.31%Be Isolation

Wakatu sampleg The dried samples were added to laigavillex teflorbeakers,

which had been earlier weighed withouammple. An extra clean beaker was also added
at this point to be a blank, which would remain empty of samplee blank is carried
through all remaining steps including AMS in order to identify any unintentional
contamination of the sampleshile they are ling processed in the clean lakhe
samples were also renamed with a lab ID in accordance with the protocol of the lab
facility, these desigations were ADO1 through ADOS8 final leach was conducted by
adding in just enough 7M HF acid to cover all theéemal and leaving on a hot plate

for onehour at 120°C. This is an aggressive leach which strips the quartz or chert of
any remaining meteori¢®Be. The samples are then rinsedlBiOMw Milli-Q H.0 four
times before 14M Aqua RegiiNQ+3 HQOIwas addedo cover each sampléhis is to
remove any fluoride that is still stuck to the grains and to dissolve any remaining

contaminants The beakers were then left onhat plate at 120°@or two hours,
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before the lids were loosened and heat turned off and left overnight to degas. After
degassinghe samples were rinsed again fitrmes with MillFQ B0, and left to dry on
the hot plate overnight. The beakers with samples in were then negigagain to get
the precise weight of the samgd remaining. All of the beakers (excl. Bl
retained a large amount of material by this point and samples AD01, AD02, AD04,
ADO5 and ADOfad to have some material removed so not to over load the ditaly
scales. After removing some material from these samples7gpof material

remained in the beakers.

After weighing the~0.9g(precisely weighed)f °Be carrier was added to the samples.
This known portion ofBe is used to asse¥Be/*Be ratio afer AMS processing; the
ratio is used to calculate the total concentration'@Be atoms in each sample. The
samples were then completely disged in strong 28M HF acid over fidays, where
HF was refilled 5 time©nce dssolvedthe material in the bekers had become
fluoride cakegontaining the Be and any contaminant metalsese were vey delicate
and flaky.This occurs as the Be in the samples bind with fluorides to form a water
soluble solid BeFAccording to Stonétone, 1998)he insoluble elements (Na, Al,
Mg, Ca and Fe) are retained as soiidgarying degrees'he cakes werkeachedin
15mis of MilkQ HO0 and heated to 60°C for 20 minutes to ensaraximum Be
extraction then pipetted into 5@nl centrfuge tubes and centrifuged for fivainutes

at 3500rpm.The supernatants were decanted back into the wiped clean beakers, and
precipitants left in the entrifugetubes, added with another 15mls ob®ifor a repeat
centrifugation. The above two eps were repeated twicanaximising the yield of
Bek. The precipitants were discardedihe supernatants in the beakers were then
evaporated overnight at 1207 Cooled then added with 10mls of 6M HCI and left
another night to redissolve. After dissolutiothe samples in solution were added into

new entrifugetubes and centrifuged again to ensure total dissolution.

The samples, in solution, were then put throughca&on columnsfilled with 2ml

Biorad AG4X8 106200 mesh (anion) resin. Thigeptused cation exchange chemistry

to remove any remaining Fe from the samples. The Be was eluted from the mesh and
collected with 6M HCI, while the Fe was held in the resin. The Fe was later eluted from

the mesh with 0.3M HCI and discarded. Samples wega evaporated on the hotplate
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beforere-dissolutionin 0.4Moxalic acidat 60°C for 2 hourg$ollowed by another
round of centrifugation in freshantrifugetubes. This prepared the samples for the

next run ofBecolumns.

The Be was eluted with 5ml Baal AGO-X8 206400 mesh (cationresin in 15ml
Eichrom columns. The columns were cleaned with 5M th&h conditioned with
0.4M oxalicacid After addition of the sample in the 0.4bkalicacidsolution any Fe, Ti
and Al still remaining in the sampleere eluted with the oxalic acid and discarded.
Milli-Q HO was used to wash out the oxadicid then Na was eluted with 0.5M HNO
Be was eluted with 1M HN@nd collected into the larg8avillexbealers, then the
columns were flushedith 5M HNDs. This process was repeatadsecond time later
on, due to low Be yields from the initial run. The secondwas carried out using the

smaller2ml Biorad AG5X8 208400 mesh (cation) resin in 15ml Eichrom columns

After the second run of Be columns the samples were dried down thelssslved in
5mis of 1M HN@each at 60°C. The solutiovas pipetted into small 15ml centrifuge
tubes and 1ml of ammonia (NFDH)was added to eactube. These were thoroughly
mixed then centrifuged. After centrifugation it was clear that BeOH had been
precipitated as a milky white dgtance at the bottom of each centrifugebe. The
supernatants were decanted into the beakers, then 15mls of Hil0 was added to
the centrifuge tubesvortexed for onaminute and centrifuged again. This was
repeated twice to ensure that only the Be@¢iained in the centrifugéubes. 0.3mls

of 5M HNQwas then added to the precipitates which were mixed to dissdhesrt

once more. The solutions were pipetted into quartz crucibles, which were left on the
hotplate at 120°C to evaporate overnight. The dried samples were finally oxidised over
a flame for 30 seconds each burning off all of the H and leaving BeO. The BeO wa
mixedwith 3mg of niobium powder and packed into AMS targets followingRRE&ME

lab packing protocol.

Okakari SamplesAs with the Wakatu samples the 8 remaining Okakari samples were
transferred into large savillex beakers which had beenvpeghed. Another blank
beaker was added to the sample set. All of the samples were also assigned new lab
designations from AD09 to ADIBhe final HF leach was conducted in the exact same

fashion as the other sample set. However, due to the small amougartz in some
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of the Okakari samples (AD13, AD15, AD17 and AD18), they were kept in the 7M HF for
only 30 minutes (rather than one hour), to preserve the remaining quid#owing

the Aqua Regia step tH8e carrier was added to the samples. For th@ber volume
samples only-0.8 of carrier was addedhe largervolume samplesecieved~1g of

carrier. Thefollowing steps dissolution, BeHeaching and Fe columns all were carried

out following the same methods as described for thekata Samples. The Be columns
differed from the Wakatu sample set, in that they were only run once, through the

larger 5ml columnsfigure 4.68. BeOH precipitation was successful (figdiéh) and

the samples were oxidised and packed into AMS targets doapto the PRIME lab

packing protocol.

i ) e SRS P, "&¥, _
Figure 45: (a) running the 5ml columns. (b) BeOH precipitate is clou

white substance in the bottom of the centrifuge tubes.
Photo Credits: Aidan McLean 20

4.2.4Accelerator Mass Spectrometry
The targets were sent to theuRlue Rare Isotope Measurement Laboratory (PRIME

lab). Thet®Be/Be ratios were measured dheir HVEC model FN tandem Van de
Gradf acelerator modfied for AMSSharma et al., 2000The measured ratios were
calibrated against the NIST (National Institute for standards and technology) SRM 4325
standad for normalization of radionuclides/stable nuclide ratios, witttBe/Be ratio
assumed to be 2.68 x & The samples were also cected for the laboratory blank
ADO09(5.74x10). Exposure ages for tHaank corrected®Be/Be ratios were then
calcubted usinghe 07KNSTequivalent to S2007Ntandardizatioron the former
CRONUS Calculateersion 2.3.

4.3 Modelling

The methodologies outlined in the above sections of this chapter are applied to
address the first aim of this research to assessdixeelopment history of shore

platforms at two study sites in New Zealand. The second main aim of this research is to
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assess the relative role and importance of different processes acting to develop shore
platforms and apply this assessment to the two casedies. In order to achieve this

aim, an exploratorynumerical modelling methodology is appliethe modeis a

coupled version of two separate and distinct models which perform separate tasks.
The first is aocky shore profile evolution model after Matsoto et al. (2016a)called

the Rocky Profile Model (RPM)he model code is available at the repository

https://qgithub.com/hironorimatsumoto/RSPEM he approach used in this first model

is relatively simple, whereby the modeller deliberately considers only a limited number
of processes represented in simple ter(Matsumoto et al.2016b) According to
Matsumotoet al. (2016b) the advantage of such an approach is to reduce
computational demands of the model and enhance the clarity of potential insights the
model can produceThe second model ithis coupling is the Cosmogenic Radionuclide
(CRN) model after Hurst al. (2017) code available at

https://github.com/mdhurstYRoBoCoPCRN This model simulates the concentrations

of a chosen radionuclide, in this ca$Be (however, it can also simulatC,?°Al and

36Cl) across a shore platform, as the platform evolves through simulated time. In Hurst
et al. (2017) the CRN model is coupled with the ROck and BOttom C(asifde
(RoBoCB) model, which is their version of the platform evolution modake TRN

model relies on a coupling with a platform evolution modelitasfrom this evolution
model thatthe CRN model retrieves the shore platform prcfilhe CRN model is able

to simulate nuclide accumulation while accounting fopagraphic shielding, water
shielding tides, block removdbr platform erosion) and beach cové@rhe coupling of
these two models create the RPM_CRN motihe two components of which will be

explained in further detail below.

4.3.1RPMModel Framework
Themodel ofMatsumotoet al., (2016a)integrates the iterative dynamic interactions

of various processes to drive cliff erosion on a 2 dimensional cellular griandted
processproduces varied platform geometries. Each gedlis represented by a 0 or 1,
sea/air and land respectively. A second value is assigned to each land cell as a rock
resistance value between 0 andthis is the material resistanceq)FThs set up allows

the process relationships to be operationalised in the model, with iterative-8teps
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equivalent to 1 yeafMatsumoto et al, 2016a) This way the changes the process

framework represent annual changes.

Erosion by waves inthismod®ILJISNI 0 S Ay (GKS &l Y®%2pl & a Ay {dz
conceptual rocky shore evolution modelhere constant wave height is input and the
hydraulic and mechanical actions aréeigrated into wave assailing forcea(F
(Matsumotoet al., 2016a) Erosion occurs whemfexceeds the material resistance F
Fw is split into two components: horizontal cldackwearing and vertical
downwearing.The flux of tides influence both of these components. Weathering
processes are also included through the operation on the surficial rocks at each time
step, reducing the drvalue for that cell. This weathering onlyooes in the intertidal

zone where wetting and drying occurs. Ti@striction of weathering to part of the
intertial zoneis based on the idea in Stephensetral. (2017)that effective weathering

of the surficial rock occurs in areas where wetting and drying is most common. Cliff
erosion is represented only as a resulfaifure due to notch formatio at the base of

the cliff(Matsumotoet al., 2016a)

4.3.2 CRN Model Framework
The CRN model from Humst al. (2017)simulates the production 0fBe across the

shore platform as it evolves. The production depends generally on the duration of
exposure and the rate of removal of surface material tiglowerosion. As mentioned
above the model simulates the role of various factors which influence these two
things. In this model topographic shielding is based on the framewdtkunheet al.
(1999) Dunne and colleagugsoduced a model for the calculaticof a scaling factor
for topographic shielding. For a large rectangular obstruction, the shielding factor
accounts for the portion of the cosmic ray flux that is shielded, using the angle of
inclination (angle frona givenpositionon the platformto the horizon) and the
subtended azimuth angle (the portion of the horizon blocked by the obstruction).
Figure 4.hows the degree to which the shielding fact®affected by these two,
three-dimensional coordinates. For a shielding factor of one, no portfdhecosmic
ray flux is obstructed; complete shielding occurs at a factor(@fuhneet al., 1999) In
calculating the production rate of TCNs the unobstructed production rateuisiplied

by the shielding factor, so fashielding factor of 0.5, the production rate would be
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halved.The CRN model has shielding changing through time on the shore platform as
the cliff is eroded back. The model simulates a cliff of fixed height that istgtiaigne

with the platform(Hurst et al., 2017)The shielding factorciis then based off the
obstructed portion of tle view shedo the horizon and iterated through tim@Hurst et

al.,2016) This simulates the changetopographicshielding factor for each iteration.

Hurst ard colleagueg2016)simulatewater shielding by predicting the level of

GGSydzt GA2y 2F GKS O028YAO Namdthddepttbof 6 &  dzi .
the water column k. Tide modulates the depth of the water at points across the shore
platform andchanges on a ~12hr harmonic timescale. The model makes predictions of
0KS GARIFf AydzyRFGA2Y GKNRdAdzZAK (GKS &adzyyYay3

Shielding by a Single Rectangular Obstruction
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calculation for water attenuation and thgrediction for the water depth across the

platform through tme, based on tidal flux, can be combined. This enables the

calculation of the production rate for the TCN at the platform surface and can be

averaged over the tidal cycle.

¢tKS Y2RStQa GNBFGYSYyld 2F o6SIFOK O20SNJ aAY
approximating it with the Bruun ruléBruun, 1954)

¢ a Oow
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Where zis the elevation of the profile, & is the elevation at the top of the berpA is

a scaling parameter for the size of the beach material and m is a dimensionless
parameter for the dissipation of wave energyhe set up for this power law function in
Hurstet al. (2017)has A = 0.12 which is a representation for gravel sediment and the
shape exponent m = 2/3. The width of the beachasable, changing with a sinusoidal
function over decadal timescales. The wavelength of the sinusoid is 100 years, with an
average width of 50m and an amplitude of 3QHurstet al., 2017)

4.3.3CoupledRocky Profile and Cosmogenic RauiclideModel (RPM CRN

In Hurstet al. (2017)the Cosmogenic Radionuclide component of the model is coupled
with RoBoCoP, the platform evolution model. For this research the RoBoCoP
component of that coupled modes iexcluded in favour of themodel fromMatsumoto

et al.,(2016a) The model platform evolution framework from Matsumoto and others

is able to simulate many and varied platform geometries based on a number of key
process relabnships. Coupling of the Matsumoto et al., (2016aplution model and

the CRN model allosthe CRN model to retrieve shore profiles at time steps iterated
through time and calculate the distribution #iBe concentration in atoms’gcross

the profile. With this couplingit is possible to set up thBlatsumoto et al., (2016a)

model in various ways to simulate the different process relationships and assess their
impact on'%Be concentrations. The coupled version of these two models used in this
research igalledthe Rocky Profile Model (henceforth RPMhis version haadded
capabilities to simulate scenarios of sea level rise/fall and tectonic uplift through step
wise eventsThis is particularly important as thstories of the Wakatu Point and the
Okakari Point shore platforms appear to be influenced largeltebjonics andea

levelchange respectively.

4.3.4 ModelTesting
The model waset upfor three differenttypes of testing First models were set up for

parameter sensitivity testingrhis sensitivity testings wherethe modelwas run
multiple times with a set of parameters that would not change (things that were
generally consistent for different platforms), and a set of parameters that would
change from platform to platform in realignd are known to play important roles in
the development of platforms. These changing parameters were: rock resistance,

weathering rate and wave erosion efficacy. Each parameter was tested independently
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for a range of threeealisticvalues for ach(see Table 5.1)ased on Matsumotet al.
(2016a) While one parameter was being tested, the others were always set to their
medium or middle values. This testing was carried out in order to assess how the
different key parameters would impact the outfs of platform geometry ané’Be

concentrations.

The second set of testing was scenario based testing. These tests looked at the role of
introducing sea level rise and fall into the model and the role of uplifting earthquakes

in the development of shorplatforms. The changing sea level tests were sirtgply

assess the impact of continuous sea level aisé continuous sea level fall on the

platform geometry. The earthquakelift tests were conducted first to test the role of
step size, i.e. the magnitedof the uplift event,@.5m1m or 2mper event).This

approach addresses the potential fotraeshold of event magnitude that causes
preservation of platform srfaces as marine terrace§heuplift testsalsoexamired

the impact of the recurrence interval of uplift events on platform geometiesed on

documentedrecurrence intervals of fault ruptures near Kaikoura.

The final model runs were tests of bestdgtween modelledprofiles andmeasured

10Be concentrationat Wakatu Point and Okakari Point. These tests were conducted in
order to identify parameterizations and scenarios of sea level ahang tectonic
movement which produce outputs sifar to the real life platformsneasuredn this

thesis These are used to help identify the more likely process relationships that have

created these two shore platforms.
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Chapter 5. Modelling Results

This chapter presents the results of the RRBRNmodel, which is a combination of

the rocky profile model (RPM) by Matsumoto et al., (2016) and RoBoCoP CRN model
by Hurst et al.(2017) This includes the first two types of model testing; parameter
sensitivity tests andcenario based tests for the role of tectonics and sea level change
The third type of model testdest fit moddling for sample sitg will be presented in

the results and discussion sections of the respective site case studies.

5.1 Model Parameter@nd Sensitivity Tests

Sensitivity analysis of the various model parameters was conducted in Matsumoto et
al.,(2016a) Due to the exploratory nature of the RRNe model parameterisation is
highly abstractedThis exploratory approach to the modellisghecessary because (i)
the model wa designed to simulate morphological evolution over long time scales,
and (ii) the slow evolution of rock coasts has so far prevented a defaiterkssbased
understanding of the mechanics of cliff erosion (see Mu(e®07)and Matsumoto et

al., (2016a) for a more detailed explanation of exploratory modelling in

geomorphology).

For the sensitivity testing in this thesis, three criticaliales were tested (outlined in
4.3.4).These parameters were set on the findings of the sensitivity analysis in
Matsumoto et al., (2016a). For example, in Matsumoto et al., (2016a) the three values
set for material resistance were 0.5 for soft rock, 500 fhedium rock and 50.0 for

hard rock.Thehard rock value resulth non-eroding,plunging cliff geometriegs

whereas the softock value results in rapidly retreating, Type A platfarfrise coupled
RPM_CRN model discretizes the coast as fcgiis, wherea in Matsumoto et al.,
(2016a), the RPM cell size was?lirherefore, i this thesissoft rock is given a value
of 0.001, medium is 0.01 and hard is;0zalues are 10 times smaller than those used
in Matsumoto et al., (2016a) to account for the reductiarcell sizeThe values were
also chosen due to slight differences in model behaviour between the RPM and the
CRN modelsThe other two critical variables ameatheringrate andwave erodibility,
asare defined intable 5.1 All other parametes reman constant during the model

run. All of the parameterselated to producing the morphologysed in this sensitivity

testing are outlined innable 5.1 The only parameters which required setting for the
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nuclide output were the nuclide production efor the latitude and elevation that
was required to be simulated and the rock density. Rock density can be based on the

general rock type present.

The first test was of the material resistandais is the resisting fordeased on the
lithological cantrol, one of the key determinants of platform geometialues of
resistancg0.001,0.01 and 0.1yvere tested where all other parameters were set to

the medium valuesThe model was run three times, each with the different value of
material resistanceThe model outputs are shown figure 5.1 all show that platforms
have formed with some degree of incision on the seaward edge. The final profiles for

each of the three runs is plotted figure 5.2
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Table 5.1 Model parameters used for sensitivity testing.

Morphology Control
Changing Setting(s) Units Description
Parameter Type Parameter y/n (if applicable)
Platform GradieniGradient n 1 Gradient fraction 1/10, set for low angle type B platform.
Cliff Position Cliff Height n 20 meters Denotes height of vertical cliff at 90 degree angle whbre
platform.
Time Control Total number of iterations n 8000 years Number of iterations the model runs.
Time Interval n 1 years Iteration duration.
Printing Print Interval n 800 years The model prints the profile after every 800 iterationsyitl
print 10 profiles.
Tides Tidal Range n 1.5 meters Meso-micro-tidal range, representative of NZ tides.
Tidal Period n 12.25 hours Semidiurnal tidal period for NZ.
Waves Mean Wave Height 2 meters Set to represent normal incident wave activity.
StD Wave Height 0 meters Wave height remains constant to reduce complexity.
Mean Wave Period n 6 meters Set to represent normal incident wave activity.
StD Wave Period n 0 meters Wave period remains constant to reduce complexity.
Wave type StandingWave Coefficient n 0.01 The different wave types are scaled to different orders of
Breaking Wave Coefficient n 10 magnitude, based on the spatial distributions of pressures th
Broken Wave Coefficient n 1 exert across the platform.
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Geology

Wave Erodibility

Cliff Failure Depth

Material Resistance

Weathering Rate

Wave Attenuation Constan

y

1 meters

0.001, 0.01, 0.1

0.01, 0.001, 0.000 metersl/year

0.01,0.1,1

Controls the depth of notch formation into the base of the cli
At the set depth the cliff will fail. This is the only mechanism
cliff failure in the model.

Unit-less values which control the degree of resistance of th
rock cells to the assailing force. These values are based on
model behaviours from sensitivity testing conducted in
(Matsumoto et al., (2016a). Ressice value of 0.001 is soft
rock, resistance value of 0.01 .is medium rock, resistance of
is hard rock.

Efficacy of weathering, controls the rate of weathering of the
platform rock 0.01 is fast wedtering, 0.001 is medium
weathering and 0.0001 is slow weathering.

Wave erodibility controls the exponential decay rate of wave
height. Smaller decay raté).01), causes wave height to deca
verylittle so that the erosive force of the wave remains large
Largerdecay rate(1), causes the wave height to decay rapidl
so that the erosive force is significantly reduced.
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medium rock andE) morphological output for ard rock (0.1),F) output concentrations for hard rock.
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Figure 5.2 Final profiles after 8000yrs for the material resistance tes$. (
morphological outputs, ) output concentrations. Profiles are compared @garithmic
scale horizontal axes. The profiles for Soft Rock are significantly longer than thos:
medium and hard rock. However all of the profiles show that nuclide concentratior
builds to similar levels. All the profiles also indicate thaimeisionof the seaward edg
has lowered concentrations on the outer platform. Note that all concentration profi
exhibit stepped reduction towards the seaward margins. These are assoadidtied
platform erosion, as physical steps in the platform profiles o@tuhe same positions
that the concentrations peakSea level is positioned at 20m.

1Be Concentration (atoms @)

The next test was of the welagring rate, shown iigures 5.3 and 5.4This is an
important driver to test as the weathering rate affects the pace of the breakdown of
the rock material from year to yeafhese outputs emulate very closely the outputs of
the material resistance test.here is a difference between the slow weathering rate
profiles and the hard rock pridés. This differenceomes from the depth of the re
incision on the seawareddge of the fatforms profile. From thiglifference it appears
that material resistance cdrols the extent of the outer platform incision as the
concentration trendsn Figure 5.4all mimic the step down it’Beconcentration on

the outer platform,which is shown in the medium resistance outpkg(re 5.2).
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Figure 5.3RPM model outputs for weathering rate sensitivity teghere other parameters (rock hardness & wave efficacy) are held constal
The three plots on the left show the shore profiles and on the right are the nuclide concentration profiles for the platforms.|&alcaspl0
profiles printed at intervals of 800 iterations, lighter lines are earlier iterations, darker towards the end of thel mod @,B) shows the output
for fast weathering (0.01n%), (CD) medium weathering (0.0011) and EF slow weathering (0.00011).
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Figure 5.4Final pofiles after 8000yrs for the weathering rate tests. Profiles are
compared on logarithmic scale horizontal axes. The profiles for fast weathering are
significantly longer than those for medium and slow weathering. However all profiles
reach similar nuclideoncentrations. All the profiles also showirecision of the seaward
edge has lowered concentrations on the outer platforidl of the concentration profiles
exhibit the same step down in concentration associated with the platformierofor
medium rockresistance. Sea level is positioned at 20m.

The final model runs were for the wave attenuation constaniti resultsare given in
Hgures 5.5 and 5.6 hese runs produced outputs that are different from the previous
two. High wave efficacy appears producenarrowerplatforms than high weathering
rate or low material resistance. The profile for high wave efficacy also shews re
incision to almost halivay across the platfornThe profiles for low wave efficaglso
produced a wider pld&orm than low weathering rate ohigh material resistanc&he
concentration profile for low wave efficacyrelatively linear, withminimalincision at

the seaward edge, in contrast to the other sensitivity tests.
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Figure 5.5 RPM model outputs for wave efficacy (erodily)l sensitivity test. The three plots on the left show the shore profiles and on the
are the nuclide concentration profiles for the platforms. Each plot has 10 profiles printed at intervals of 800 iteragjbtes, lines are earlier
iterations, daker towards the end of the model runAB) shows the output for high wave efficacy (0.013,00) medium wave efficacy (0.1) ar

(EP low wave efficacy (1).
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Figure 5.6 Final profiles after 8000yrs for the waeefficacy tests. Profiles are compart

on logarithmic scale horizontal axes. The profiles for high wave efficacy are substa

longer than those for medium and slow weathering. All profiles reach similar nuclid

concentrations. All the profiles alstvew re-incision of the seaward edge has lowered

concentrations on the outer platform. Sea level is positioned at 20m.

5.2RPM Scenario Testing

5.2.1 Sea Level Changes
The second set of model tests were based on scenarios of sea level rise, fall and

1%Be Concentration (atoms g)

tectonic movements as outlined in section 4.3The first scenarios tested were
continuously falling sea level over the entim®del run and continuous sea level rise
over the model run. The RPM allows for the direct input of rates of sea level rise in
myr2. It is also possible to set up changes in the rate of sea level rise at set intervals
during the model run. The tectoniglift controlis used to simulate sea level fall, as
the sea level control only simulates sea level rise. The uplift control requires that
values are specified for theumber of te¢onic uplift events the iterationin which

they occurand the magnitude othe event. For example a single uplift event may be: 1
event, occurring at iteration 5000, causing 1m of uplift. To simulate continuous sea
level fall with this contrglan array of very small events can be set up to occur attsh

time intervals for theduration of the model run.

For the continuous sea level fall tesds0625m uplift events were set to occur every 50
iterations to produce a relative sea level fall rate of 0.00126mThis equates to 10m

of total relative sea level fall ovehé 8000 iterations.
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Figure 5.7RPM outputs for falling sea level tests. Plots on the left show the evolving shore profile at intervalsitdr@@ions. Plots on the righ
show the evolving profilesfdhe nuclide concentration across the shore profile&,B) Sea level fall with hard rockC(D Sea level fall with
medium rock. Note that in the concentration plots there are some irtagties, specifically inB) where the final profile shows a very high
concentration at the cliff position. This is not likely to be real, indicating that the model has thrown an error in the.outfD) there are also
some abnormalities in the outgult is important to note that the output concentrations are similar ®and D, when accounting for the
difference in the scale of the Y axes on the two plots.
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Figure 5.8 Final profiles for falling sea level RPuns. The profiles are plotted on a
logarithmic x axis. In the concentrations plot, the hard rock curve does not approac
zero near the cliff juncture. This is due to the abnormality in the mode output, whic
had been removed for clarity of comparisonthis figure. The line should curve down
zero where the rock of the platform is most recently exhumed. Sea level position is
at the beginning of model run.

This test was ruboth with medium and hard rockarametersfor the material

resistance. The two resistance values were used as they are more representative of the
rock strength of the shore platforms being investigatedhe two case studies for this
thesis. The soft rock model runs (refersection 5.1) formed platform widths
substantially wider thamlatformsin these case studies. The outputs for théaking

sea levemodel runs are given ifigure 5.7 and 5.8With both hard and medium
resistance rock, the shore profiles appear to erode down to the new sea level,
producing profiles at lower elevations. It also appears that the platforms have
undergone reincision of the seaward portions, visible from the stgwn in
concentrations. There are also peaks in the concentrations at thevaed margins of

both profiles, indicating elevated rampart development. These sea level fall tests both

produce very low concentrations2000 atoms 9).

Sealevel rise tests @re set up using the sea level control, so a continuous rate of sea
level rise could be applied across all iterations. Once again the model was run twice,
with hard and medium rock resistance. A rate of 0.00126nwas applied for the full

duration. The® outputs are shown ifigure 5.9 and 5.10
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Figure 5.9RPM outputs for thesealevelrise. Plots on the left show thevelving shore profile at intervals of 800 iterations. Plc
on the right show the evolving profiles of for the nuclide concentration across the shore profl&s.Sea level fall with hard
rock. CD) Sea level fall with medium rock. The hard roc&fpe has developed into a stepped morphology, while the medium
resistance profile had developed a stial slope. The concentrations of the stepped profile show four distinct changes in tt
concentrations across the platform, lining up with each stepbdth runsthere is a lack of a rampart, probably due to the
drowning of the outer platforms.
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Figure 5.10Final profiles for rising sea level RPM runs. The profiles are plotted on a
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the large scale used to show that entire profiles. Sea level position is 20m at beginning
model runs.
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The model outputs for sea level rise are consistent with each other, both producing
subtidal slopes as the sea level rises and causes the platform to cut back at higher
elevations. The formation of thstepped profile with hard rock shows that sea level

rise plays a role in the developmteof terraced rocky shore line.

5.2.2 Tectonic Perturbations
The next set of model runs were applied to test the impact of earthquakes which uplift

the coastline réative to the sea level, driving relative sea level fetlese differ from

the sea level fall simulations as few, large events are modelled as opposed to the
regular small events used to mimic sea level(fadttion 5.2.1). Here the events that

are simuhted are fewer and of a much larger magnitude (uplift >Ihhg first set of
model runswere aimed at testing the effect of step size (or magnitude) on the

platform geometryto evaluateif step size determines whether a platform surface
becomes preserved above sea level or not. To testgbisntial controlthe models

were run three times with the medium values set for all of the primary controls. In
each run there were six uplift events which caused 0.5m, 1m and 2m of uplift for each
suaessive run. The model outputs for thesed@rruns is given iRiguress.11 and

5.12
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Figure 5.11 RPM model outputs for uplift step size tests. Plots on the left show the shore profiles, while plots on the right shiok nucl
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Figure 5.12Final profiles for the step size RPM runs. The smaller sized steps have
produced much wider platforms than the 2m step size. The concentrations on the Z
step size profile do reach much higher levels on the preserved stepstheanther two
profiles. This was probably caused due to the stranding of the steps followed by loi
term exposure.

These step size tests reveal that the lower magnitude uplift events are not significant
enough to strand a platform surfacdave sea level. feer eachsuccessive uplift event
the shore platform is incised again from a lower position, which eventually draws the
platform surface back down to the sea levydbwever, with the 2nuplift step sizehe
model is unable to completely planate off the surfadter each event. This ighy the
profile for this model run was not as wide as thibers,resultingin the development

of a series of small stepshich are preserved above the sea level. These are not
subsequentheroded as the model requires water to be mdating the rock surface for
erosion to occur, so the steps have accumulated large nuclide concentrations. The
active part of the platform hatower nuclide concentrations than the other two

profiles, as it is eroded more significantly after each upliérey

Finally the RMP was also run to investigate the effect of uplift event recurrence

interval. In the previous test the interval between each uplift event was 1500

iterations. This was not based on any known fault rupture recurrence intervals. For this
test the magnitude is set as equal for all runs at 1m. This magnitude is chosen simply to

emulate the level of uplifobserved in the M, 7.8 Kaikoura earthquake in 2016.
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Figure 5.13RPM outputs for the uplift recurrence interval tests. The plots on the left show the shore profiles. Plots nghthshow
nuclide concentration profiles A(B) is the output for a recurrence interval of 400 iterations, totalling 20 events of 1m uplifd) (s the
output for a recurrence interval of 800 iterations, totalling 10 events of 1m uplift. The psoditel concentrations look nelgridentical,
however, in a there are more events, which has resulted in more down wedtower °Be concentrations overall.
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Figure 5.14Final profiles for RPM uplift recurrentests. The main difference betweer
the short and dng recurrence intervals is the width and elevation of the platforms th
produce. The shorter recurrence interval producesarowerand lower elevation
profile with low nuclide concentrationdlhe longer recurrence interval produces a
slightly wider, higher elevation platform with high&Be concentrations. The differenc:
in the concentrations comes from the degree to which the two platforms have been
eroded.

The number of eventis based on the recurrence interval that is appli€d.o

recurrence intervals were selected for this test. A short interval of 400 iterations
(years) was based on the fault rupture recurrence interval for the Kekerengu Fault, one
of the major faults respasible for uplift near KaikourgLittle et al., 2018)The

recurrence interval reported in Little et al., (2018) was 376 + 32 ydasintervalhas

been rounded up to 400 years for simplicity in the modéle previais step size tests

used a recurrence of 1500 years, so a recurrence interval of 800 years is used in here
as a midpoint between this longer interval and the short one based on the Kekerengu
fault. These outputs are shown figures 5.13and5.14.Ultimately the recurrence

interval effects the erosion on the shore platform. Higher frequency of uplift events

results in more down wearing and loweuclideconcentrations.
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Chapter 6 Wakatu Point, Results and Discussion

Tectonics have had a significant impantthe development of landforms on Kaikoura
peninsula A series of welllefined marine terraces, set against a back drop of the
Kaikoura mountain ranges, one major fault and several smaller active faults define this
story. Wakatu point, one of many shor&afforms on the flanks of the stepped

peninsula is linked with this story. Hetbe results of the cosmogenic analysis of this
shore platform and subsequent modelling wante presentedfollowed with a

discussion of these results.

6.1 Results

The totalstation profile survey conducted at Wakatu Point, which runs nes#ist,

revealed that the platform there is wide and sloping gently with a slope angle of 1.04°.
The platform ishowever, very irregular on a meter by meter scale, with many
topographic hghs and low due to the tight folding of the geology present. The survey
profile is shown irHgure 1. It shows thata large high poindisrupts the sloping

direction of the shore platfornat the seaward edg of the profile This high point is
discontinuous in the NW and SE directions and is likely a feature of geological control
Due to the loss athree samples that were collected on the outer platform there is

only one sampléADO7 from which to gain infamation of the seaward sectigmand no
samples remain that were taken from the high point at the edgso important, is

that the cliff is not in this profile. The cliff is roughly another 120m back from the active
platform, behind adevelopedarea. The wide ar@between the cliff and active

platform points to the likely case that the cliff has been abandoned by wave action.
Thusthe sampled area represents the outer portion of the platform which is incising

back into the original platform.

The samples, processed with the Accelerator Mass Spectrometer at PRIME lab, all
returned 1°Be/Be ratioswell above the blank ratio from the second sample set (AD09),
indicating that sample processimgassuccessfulFrom the'®Be/fBe ratiosthe total
concentration ofl°Be atoms per sample has been calculated, correcting for the lab
blank. The blank that was processed with these samples, AD08, was returned from the

AMS with al®Be/Be ratio that was high relative to other lab blanks from thie the
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samples were processed in. This was indicative of blank contamination sometime
during the isotope isolation steps in the clean lab, potentially due to a beaker
contamination that would not affect the other samples. Because the Wakatu blank was
compromised, the Okakari blank has been used instead, to correct fof’Bee
concentration Both blanks were processed under the same lab conditieitis the
sameprocedures The Okakari blank ratio was low in comparison to the sampids a
represented similat’Be counts to other blanks processed in the large accelerator

mass spectrometers from this lab.

The blank corrected concentrations for each sample are plottdehure 62. By using
the lower blanktotal errors are kept to a mimum within 13.2%However, these
cannot be consideretbw errors.Figure 62 shows that there is no apparent trend

across the platfornin the Wakatu data.

83



8

Height (m)

P

MSL Pre
Earthquake

- Present MSL \'\J \_/\_’\/

£~ /\_‘wr'ﬁ“\]f/\

=7 14 35 56 77 98 119 140
Distance (m)

Figure 6.1Shore Profilesurveyed at Wakatu Point across widest part of the platform, lining up with sample transect. Survey wa:
during low tide to capture as much of the profile as possible, however satellite imagery shows a submerged portion afftris pl
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level in the present day and the mean sea level prior to the November 2016 Kaikoura Earthquake are also given.
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Table 6.1 Measured!®Be/°Be ratios for Wakatu, after AMS and total concentration%fe atoms in each sample. Calculated using KNSTDO7
lab standard

. . Shielding  Thickness 10Be/9Be Mass Mass9Be 9Be added by 10Be sample 10Be Total

Sample Location Location . . Error . added by . sample
Factor Scaling Factor  ratio Dissolved . carrier Conc Error
carrier Conc error

Label Lat Lon % g g atoms atoms/g atoms/g %
ADO1 -42.414624  173.705561 0.9623 0.9303 401E14 12.4 62.622 0.00029 1.96E+19 12100 1590 13.20%
ADO2 -42.414588  173.705696 0.9935 0.9377 3.44E14 9.4 68.997 0.00029 1.96E+19 9310 960 10.30%
ADO3 -42.41451 173.705794 0.9911 0.923 4.27E14 7 59.881 0.00029 1.96E+19 13500 1040 7.70%
ADO4 -42.41448 173.705880 0.9949 0.9157 3.61EF14 8.3 61.685 0.00029 1.97E+19 11000 1000 9.20%
ADO5 -42.414441  173.706042 0.9652 0.9303 2.82E14 9.4 67.264 0.00029 1.97E+19 7770 831 10.70%
ADO06 -42.414371  173.706265 0.9770 0.9014 2.80E14 9.4 52.363 0.00029 1.97E+19 9900 1060 10.70%
ADO7 -42.414276  173.707820 0.9869 0.9303 3.02E14 9.4 62.434 0.00029 1.97E+19 9010 951 10.60%
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Figure 6.2 Concentrations in total atoms per gram @fiartzfor Wakatu Samples,
plotted in the order they occur on the shore platin from the landward to the seaward

Topographic shielding was calculated using the former CRONUS earth calculator
version 2.3Balco et al., 2008Figure 63 shows the view shed obstructed by the
topography surrounding each of the samples. Because the cliff at Wakatu point is
located ~200m landward does notsignificantly shieldhe cosmic ray flux, hence all of
the samplesare only shielded a small amount by the topography. The most significant
obstructions to the horizon were small scale localised topograpiych were the

main cause of slightly higher shding factor The Seaward Kaikoura ranges, which
climb to over 2600m asl to the wenbrth west of the sample site also played a role in

the topographic shielding.
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Figure 6.30bstructed potion of the view shed by topography (red line) for each of
samples at the position they were extracted. Sample ID is in top left of each plot

Exposure ages for each of the samples were then calculatedivdtformer CRONUS
calalator version 2.3 using the above shielding factors. The calculator requires that a
surface erosion rate is input in order to calculate the exposure ages. The erosion rate
used to calculate these exposure ages wasrDal. Zero erosion was useas we do
notknowthelongi SNY SNRAA2Y NIGS&a 2y (GKAA aAK2NEB
SNRPaA2yQ aOSYyIlINR2 gAftt 200Gl Ay GKS f 2

enables the identification of a minimum age of initiation for this shore platfdren

gSal
the platform formed no later than ~3ka The outputs for this model calculation are

plotted in Table6.2, whichshows the production rate for each of the 7 samples after

correction for shielding.
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Table 6.2 Surface exposure ages for Walkd oint samples calculated with the former CRONUS earth calculatng the Stone (2000)

scaling sheme
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Table 6.3 Exposure age results for four different time averaged scaling schemes.
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Uncertainties in table 6.3dre internal and external. Internal uncertainty relates to the
scaling scheme applied, and is derived from the uncertainty in reference production
rates fa spallation and muons of the scheme (Balco at al., 2008). External uncertainty,
which is used for error calculation for these ages, is related to the measurement error

in calculating nuclide concentratioiiBalco et al., 2008)

The exposure ages were also calculated for four time dependent scaling schemes
(table 63). These schemes use changing production rates through time taking into
account variations in the magnetic figlDesilets et a).2006; Dunai, 2001, Lifton et al.,
2005)and the solar variabilitylLifton et al., 2005)The scaling scheme used by the
CRONUS calculator ppoduceTable6.2 simply describes the variation in the
spallogeinc production rates with latitude and atmospheric pressure, assuming that

the rates remain static through tim@alco et al., 2008)

The exposure ages calculated with CRONUS have been plotigdran64. Sample

ages across the shore platform showaiea trend, with the 7 data points exhibiting a
scattered range of ageShere is some clumping of the data points, with the
distribution exhibiting a sawoothed pattern.The oldest sample (ADO3) shows an
exposure age of 3334+257yrs BP. As this is a nocoergsenario, this represents the
earliest time that the shore platform could have beexposed to the cosmic ray flux
Constraining a maximum bound for tke&posure agef this platform is not possible as
the samples may have reach secular equilibrium, netltbe sample is saturated with
10Be. If this was the case, no age information could be gained from the nuclide
concentration.lt seems more likelthat the samples are not at secular equilibrium and

that the concentrations are sintplow due to various types of surface erosion.
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Figure 6.4Exposure agefight axis)of each Wakatu sample from the CRONUS output, plotted against@uffihe shore platformThe
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Todeterminethe rates of platform surface erosiomuclideconcentrationis plotted
against exposure age for different erosion rates (aSigure 2.3n chapter 2). Erosion
rates that are pssible on the shore platform are those which intersect with the full
range of measured concentrations in this plEg(re 65). Faster erosion rates would
yield maximum nuclide concentrations that are lower than those measuigdire 6.5
shows that thehighest possible erosion rate for the Wakatu platform would be
~0.2mma’. However, if this were the case then the oldest sample (AD03) could have
been exposed upwards of 16ka in the past. The true erosion rate for the Wakatu site

likely lies somewhere beteen 0 erosion and 0.2m a?.
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Figure 6.5 Erosion rates plot for Wakatu point showing the range of the samples
concentrationsg(right) greyed out. Erosion rate curves which fully intersect this area
the plot represent realistic erosion rates that could have produced the measured ra
of concentrations. The sample concentrations are also plotted on the line which
intersect thegrey zone to show how old the samples would be with each rate. Two
higher erosion rates are also plotted, these are known modern lowering rates from
Stephenson et al., (2010). The curve for thenser of the two rates (0.4mm-§ just
intersects withthed | YL S O2y OSYGNX GA2Yy NI y3IS 06S7
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6.2 Best Fit Model Result
The RPM model was applied with a parameterization that best reflected the conditions

during which it was estimated that the Wakatu platform was ¢uy’ & A Ydzf F G Ay 3
FAGQ Y2 Rifrithis pladéryi & DeRkeRinference can be made about the drivers

and style of platform development which has occurred at Wakatu point. The basic

model set up was the same is the medium values set up in each of the three sensitivity
test cases. On top dhhat there is a tectonic simulain and a sea level simulation. Sea

level is set up to mimic the New Zealand sea level changes in Clement et al., (2016). So
sea level is set to be stable until 4000 years into the run, after which sea level falls at a
rate of 0.66mm a?, resulting in 2 meters of sea level fall. The uplift set up for this run

is based on the Little et al., (2018) recurrence interval of 400 y@adsach event

produceslm of uplift based on the uplift recorded following the Mw 7.8 Kaika

Earthquake.
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Figure 6.6 RPM_CRN model outputs for the Wakatu Point Hésicenario. Uplift event

of 1m set to recurrence of 400 yeal®) Shore profiles at 800 year interval8) fiuclide
concentration profiles at 800 year intervals. Sea leveligatitiated after 4000 years.
The platform is wide and heavily erodethisis reflected with the low nuclide
concentrations acumulated on the platform. The concentrations shawawtoothed
distribution, very similar to the measured concentrations at Wakatu Point.
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Figure 6.7 Final output profiles for the Wakatu befit model run. @) The shore
profile is shown with ahortened y axis to show the platform morphology. The
platform is relatively smooth and gently slopin®) (The nuclide concentration
profile shows that there is a lot of irregularity in the concentrations across the
platform, indicating that the surfacemay be rougher than can be seen at this
resolution. The saw tooth like trend fits well with the data from Wakatu point,
suggestinghat this model set up is representative of this platform. Sea level
position was at 20m at the beginning of ther, so relative sea level has lowered
significantly.

The output of this model run is presentedfigure 6.6showing theevolution of the
platform over the 8000 year run period, which simulates the entire-titdocene. The
platform that has been produced is quite similar to the Wal@abint shore platform to
which the model was being fit against. Some differences ;diist, the 1°Be
concentrations areseveral thousand atoms'dower than thosemeasured on the
platform and second, the simulated platform is narrower than Wakdatas wil be

discussed in section 6.3.6.
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6.3 Discussion
In-situ'®Be surface exposure analysis of the Wakatu point shore platform has

successfully produceskvenexposure ages across a profile of the platform. Analysis of
exposure dates for Wakatu point haeen used in order to assess the developmental
lifetime of this shore platform. It presents as a useful case study through which to

examine shore platform formation within the context of active tectonics.

6.3.119Be Concentrations

The expected cader the nuclide concentrations on a platforimased on that of Hugt

et al.,(2017)and Regard et al(2012)indicates that an across shore trend in the
concentrations of°Be would show &Hump shape@istribution. Thisscenariois

where the lowest concentrations occur next to the cliff following recent exhumation
and the highest concentrations occur somewhere across thesaation of the
platform. Thiseffectis due to more efficient ersion and deeper tidal inundation on
the outer platform lowering the concentrations therésee section 1.6.1)n contrast,
the Wakatu point concentrations show a large degree of variance across the platform.
This is not an unexpected outcome for thistfdam due to the geological structure
preseri. The tight folding of the limestone beds have contributed to an irregular
platform surface, demonstrated in the profile surv&yithin a tight range of space the
rock surfaces can be flat or steeply tilted baiterosion can directly exploit the
skyward facing bedding plains. Where it was possible the samples were taken only
from the flattest positions over the platforiio avoid overly weathered material and

locally shielded material.

The variable topography ikkely a controlling factor in driving differential erosion
patterns across the platform surface. Stephenson and (RDROa)looked at the
weathering of the Kaikoura shore platforms. Tmeged that water layer levelling, salt
weathering and chemical weathering were particular forces operative on these
platforms. These are all associated with the level ofwlager and the frequency of
wetting anddryingcycles. The limestone that makes tine Wakatu platforms not
particularly prone to water layer weathering and due to the irregular shase

process isinlikely to occurThe blocky structure of the rock on the platform does
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expose material to plucking from compressive wave actidrichcouldbe a major

reasonfor the development ofrough platform surface.

Chemical weathering elsoimportant on limestone platforms, which tend to be
susceptible to salt water solution processes. Stephenson and2Q@d )also identified
that the limestones at Kaikoura werasceptible to swellingdue to theabsorptionof
water during wet periodsywhichcontributed to a weakening of the rock. The
topographic roughness of the Wakatu shore platform results in different levels of
water inundation across the shoregtlorm, with some areas remaining high and dry
all of the time. Other positions would experience regular and consistent cycles of
wetting and dryingweathering) contributing to faster removal of materigtrosion)
This pattern of differential erosion ewss the surface of the shore platform would
directly impact the'®Be accumulation at different positions of the platform

irrespective of the level of shielding.

Thechert nodules which were targeted for sampling are much harder ancsldsble

than the limestone surrounding it. In many instances it was clear that the nodules
persisted at the surface, holding higher positions than where there was no nodule.
This phenomenandicated that the presence of a noduleadimpacted the surface
topography.By targeting the nodules for sampling, it was ensured that the less eroded
portions of the platform were sampled. This provides the clearest possible signal of

exposure ages on the very irregular platform surface.

Inregardngthe variancadertified in the concentrations across tA&akatuplatform,
(2012)and later Hurst et al(2017) Regarcet al. (2012)demonstrate that tidal range
affects themagnitude and position of the highest concentrationddumLJ( he
general relationshigs that lower tidal rangeplacesthe Humploser to the dff, with
more prominence while higher tidal rangglacesthe Humpnore towards the sea
with less prominene. At Kaikoura, where the tidal range is very smiilk thus
expecedthatad A Iy A T A O y { in tH&con¢dnitatofaciodsIhg sRore

platformsshould arisgrefer to section 1.6.1).

The Wakatu point shore platform with a slope angle of 1.04° only just comes under the
Ot FaaAFTAOIGARZY 2F | aft 2@0993jd@scriptioh; §1F &Ny I 2 A
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horizontal type B platforms. Given that the slope of the Wakatu platform is so gentle
0KS WKdzYL) &KI LIS R ®hicRwaa donckiediaiopirgiypeV2 R S f
platform settingsmay not be applicable to this settinyerylow slope angleesults in
even water depth inundating across the platform during high tideghe effect of the
tide in controlling different rates of®Be production in the rock would be less
significant. Undr these conditions wexpect to see a trend of increasitie
concentrationmoving away from the cldplatform juncture.At Wakatu point the cliff
juncture isno longer active and samples were taken far from the junctthverefore

this is nd apparent The erosive signairom the sampled areappears to be
predominantlythat of down-weairing processes. Taking all of the above into accoiint
seems reasonable to get the variance and general lack of a directional trend from the

10Be concatrations that have been observed at this site.

6.3.2 Exposure Ages
If the exposure ages ascertained in sectiond&dtaken as thecorrectage for this

shore platforn® development it would place the development phase in the late
(recent)Holocene. This time period is well after the pgéacial marine transgression,
during a period of either slowly falling or stable sea level known as the Holocene still
stand(Gibb, 1986)It is accepted that shore platforms do develop during periods of
sea level stability, however these agewly that the ~250m wide Wakatu shore
platform complex formed rapidly during a period where sea level fell by ~2m to
present day. This is an unlikely scenario Hretefore supportshe interpretationthat
erosion is a factor, lowering nuclide concentaais through the removal of material,

so that the measured exposure ages are artificially young

In section 3.1.1 it was implied that the flat area behind the shore platform, between
Avoca Point and Armers Beaahd up to the base of the clifivasa multi-leveled

Holocene aged terrace, based on @taal. (1996) InHgure 3.3, this area is classified

as covered by beach sand and gra@le possibility ighat this low terrace feature

which extends back to the sea cliff is a part of the Wakatu point shore platform, which
has been abandoned by waves and is now preserved with overlying beach and gravel
deposits.Another possibility is that is indeed an uplifted Holocene terrace, with the

modern platform cutting back into itWith the formerinterpretation of this platform
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complex, the profile of the platform that was surveyed would represent only the outer
half of the platform. This is thgortion that has not yet been abandoned by waves and
tide so it still undergoing surface erosion to lower the surface, but is not actively
widening. Some coastal armouring between Wakatu point and the next platform
protrusion to the eastRigure 68) suggests that relative sea level rise was beginning to
re occupy some of the abandoned platform. Tieioccupation of the coadtas likely

now stopped, due to the 1m gain in land surface elevation which occurred during the
Kaikoura Earthquake in Novemberl®)Based on the latter interpretation, the

sampled section constitutes a completely new latelocene platform.

TN T =
b A, - - 2 5
Sea Cliff s

-

Figure 6.8 Image taken from Avoca St looking NW towards Wakatu Point. The pres
of rip rap in foreground indicates that costal erosion was active around the time thi:
photo was taken. Also shows plaiew of Wakatu platform and the built up terrace ar
between the active platform and sea cliff. Image Source: Google Street View 2012

Based on the firghterpretation, that there is an abandoned and an active component
to this shore platformit could be expected that th€’Be concentrations on the outer
platform would be lower due to the continued removal of surface material. We were
not able tocollectsamples from the landward section of this complex due to the build
up of sediments on top of the bedrock, and the facittimost of the area is private
property. Without any ages from the landward terrace surface it cannot be confirmed
if this surface is indeed a part of the same complexaftempt to identify which
assumptionis more likeljthe RPM CRNnodel was applied.Aisapproachwas used to

test if wide platform geometries with pronounced steps along their profiles could be
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created with a parameter saip based on locaKaikoura conditions. A step would
indicatethat the platform and theaised terrace could be part of the same system.
However a lack of a step or a narrower geometvguld suggest that the terrace is

part of a separate feature that is now being eroded.

6.3.3 Surface Erosion Rates
An analysis of different surface erosioates was conductetb determinea possible

range of realistic erosion rateBy reproducing the concentrations over an increasing
time scale with a range of apparent, steaslgte erosion rates, it was possible to
identify which erosion rates produce coentrations similar to the samples. The

Y S| & dzNB R “Belcontdhtrat®dr ranged from 13500 + 1040 atorhsog7 770 +
831 atoms @. Modelled erosion ratewhichcompletely intersect tke range of
concentrationsare taken as possible rateBelow thatthreshold, the erosion rates
would be too rapid stripping!®Be out of thesystem The resul in nuclide production
that is as secular equilibrium with erosion so no more build up can oCrwe this
occursit is impossible to determine the age and esrate associated with that

concentration(Lal, 1991)

This analysis showed that the fastest erosion rate that could be applied to the data and
still produce the full range of measured concentrations was 0.22nrhis is not

similar to the MEM erosion rates reported in Stephenson (1997), Stephenson and Kirk
(2000b) and Stephenson et al., (2010). This is discussed in depth in the following
sections.This rate ishowever,comparable to some of the dowwear rates measuie

in Porter et al.(2010) Porteret al. (2010) measured down weantes of ~0.2mna!

at midtide and lowtide positions on sloped platforms at Salmon River, Scots Bay and
Mount Louis in Eastern Canada. These sites all differed in their geology to Wakatu
Point however, the Salmon River site consisted of sandstone whetha density of

~2463 kg/ni, similar to limestone with 2484 kgh(Tenzert al., 2011) Similar

material densities point to why these platforms may have similar erosiesrat the
Salmon River these rates were recorded below the-tigid position, so that the rock

was submerged for a longer portion of the tidal peridte significance of the duration

of submergence with relation to samplé&®sm this analysis are discusbkater in this

chapter(section 6.3.5)i
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Based on an erosion rate of 0.22mnfigure 6.5shows us that the exposure age for

the sample with the largesfBe concentration, AD03, would be >~9ka. This places the
expected period for platform formation ding and following the post glacial marine
transgression (PGM;With a possible initiation time during a short sthnd around
9000yrs BP, which punctuates the PGM3ingthe New Zealand eustatic sea level
curve (Gibb, 1986)This scenario is very plausible as the rapid cootisisea level rise
during the latter part of the PGMT would drive fast coastal retrogradation. However
the magnitude of the sea level rise during the last 1000yrs optist-glacial marine
transgressiomwas significant, with ~20m ska level riseThis would likely form a
drowned coastal slope rather than a wide planation along the rocky coast based on the
negative feedback response of the SCAPE m@diton et al., 2011)or this reason it

is more reasonable to argue that the true steady state erosion rate for Wakatu Point

lies between 0 and 0.22nmras demonstrated ifigure 6.5.

6.3.4 Erosion Rag®isparity
As noted above, there is a dispariigtween MEM derived erosion rates and

cosmogenicalkgerived erosion rates at KaikoureBheMEM studiesof Stephenson and
Kirk(1996)provide us with precise decadal rates of platform denudation for Kaikoura.

While the Wakat platform has never been included in their record (probably due to

its topography), other limestone platforms (including one bolt site (KMZ) on the Avoca
point platform) provide a good constraint on the erosion rates for the limestone

platforms. Loweringates for the limestone platforms were attained from Stephenson

et al. (2010) The slower rate of 0.4mfapplied inAgure 6.5isthe two year average

for bolt KMZBone of Y ANJ Q&4 2NAIAYlf a9a RSLI 28YSyda:
(0.87mm%) that is plotted is the average of all the two year deployment rates for only

the limestone platforms. These were from KM4 and KM7 trangdicisre 69).

When looking at the 0.87mrherosion rate plotted irfigure 6.5it is apparent that the
concentrations approach secular equilibrium rapidly. This rate fails to produce

concentrations within the range recorded for the samples. Tdilare means that this
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Figure 6.9MEM bolt profiles from Stephenson et al., (2010). Shows the locatic
where MEM measurements are recad and what rock type the platform is
formed in. Source: Stephenson et al., (2010).

average fothe modern decadagrosion rates on the limestone platforms is not
possible over a longd¢imescale, based on the measured centrations. Similarlythe
0.4mnrterosion rate, which represents the minimum rate recorded on a limestone
platform, also reaches secular eljorium too early. For this ratdnowever, the
concentrations produced do overlap with the measdicmncentrations, but do not
cover the full range. Therefore neither of the observed limestone lowering rates can
be taken as reasonable lostgrm rates, astieyare not consistentwith the range of
apparent erosion ratesferred from°Be analyss. Thissuggests disparity between

the longterm and the short term lowering rates.

6.3.5 Reconciling the Lowering Rates Disparity
In order to reconcile the dispay between these rates | present two separate

interpretations in this section. The first looks at a geomorphic solution to the problem
based on the role of tectonics and some relatively well defined process relationships.
The second interpretation considethe theoretical impact thatimescales of

measurement can have on an investigation of process rates such as this.
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6.3.5 iGeomorphic Solution
¢KS NBOSyil Tty o6ag0 YIAQLNIdzNI SFNIKIdz 1S

1.1m of uplift of the coastal KS Y I A { I dgBiéphehdSnyehay, 20iAps

provided some insights igtt LINP OS&da NBIAYSA 2y YL Al dzNI
et al., (2017) discuss how the process regime can shift on a shore platform through
changes to relative sea level. This comes about through the role of wetting and drying
cycles in the weathering dfie platform surface. The zone of maximum wetting and

drying cycles, which Stephenson and Kirk (2000b) found to be between 0.6 and 0.9m
Fo2@®S a{[ Fd YFATNIldzNF¥> O2yiNARo6dziSa G2 (K:
authors state that the recorded lowery rates from MEMSs in this zone on the Kaikoura
platforms were at least an order of magnitude larger than those recorded at lower
positions on the platforn{Stephenson et al., 2017)he rates recorded by Porter et al.,
(2010) reveal the same trend. The MEMs which recorded rates similar to those based

of the measured®e concentrations in this study tended to be at lower positions on

the platform, but those in the midhigh tide range weathered much faster. At Kaikoura

the uplift has significantly altered the elevations of the shore platforms. The net result

is the movingof the zone of maximum wetting and drying to new positions on the
platform. Stephensomet al. (2017) predict that over the next few years the lowing

rates on these surfaces will increase significantly.

A solution for this disparity between the loigrm and the short term lowering rates is
that a similar event or events in the past have promoted the same kind of regime shift,
driving the lowering rate up to those in the decadal record. This suggests that both the
longterm and the short term rates for thiplatform could be correct; they need not be
identical. With initiation of platform development sometime around the end of the
PGMT, the platform would have been cut rapidly through the combined action of
waves and weathering. At this time, backwearintikisly to have been a more

dominant process than downwearing, because narrow platforms would have done
little to dissipate wave actiofDickson et al., 2013; Ogawa et al., 20IrEnhaile,

2001) More recentlythe platform has been uplifted in at least one uplift event. It is
known that there has been active uplifting at Kaikoura during the Holocene. The event
identified in Duckmanton (1974) as discussed in section 3.1.3 is evidence of this. Also

mentioned in sction 3.1.3 were the sea caves stranded well above the modern sea
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level position at various positions around the peninsula. This uplifting is likely the
reason that the landward half of the platform is now abandoned by sea level. The
more recent events,ich as the ~2m uplift identified in Duckmanton (1974) could have
lifted the platform (that which was sampled) and others around the peninsula into a
zone where wetting and drying was more frequent. This would increase the lowering
rates on the platforms t@ome in line with the rates that are observed over recent

decades.

The benefit of this interpretation is that it holds that the decadal scale MEM erosion
rates and the exposure analysis inferred rage of apparent erosion rates can both be
correct. The digarity between rates in this case is due to tectonicdliven process
regime shifts around the latelolocene. This interpretation fits in well with the overall
story of the Kaikoura peninsula as being heavily influenced by the regional tectonics.
However other factors may be at play in causing this disparity. Therefore a second
possible interpretation is outlined below.

6.3.5 ii Effect of Tingeale

An important consideration for interpreting these data is the impact the timescale of
measurement has orhe rates we record. ThEBe exposure analysis aims to capture
the entire lifetime of the shore platform from its initiation to present form. MEM
measurements are employed to capture the small scale behaviours in weathering
processes over deployment periedf months to decades. In this case we are trying to
reconcile rates from surface exposure analysis on the order of thousands of years with
rates from MEM studies on the order of tens of years. An important relationship that
has been identified and wellodumented in studies of sedimentation rates is that from
Sadler(1981) This is the relationship where sediment accumulation rates are inversely
related to the timespan for which they are determined Sadler (1981). In other words,
measuredates of deposition tend to decrease systematically with measurement
duration for virtually all depositional environments in which there are sufficient data
for time intervals ranging from minutes to millions of yeéghumer & Jerolmack,

2009) Schumer and Jerolmhc 6 H nn v GSNY G(KA&a GKS W{IRtSNI ST
also holds for erosional syster(Schumer & Jerolmack, 2009; Willenbring & Jerolmack,
2016)
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Schumer and Jerolmack (2009) find that this relationship occurs as a result of hiatuses
in deposition through timeDepositional and erosional systems are inherently
stochastic, and nonlinearities in sedimentation and erosion occur as thresholds are
reached. For example, on a shore platform, erosion into the cliff may occur rapidly for
a time, but the erosion will eveually cease as the erosive power of waves is
dissipated over the ever lengthening shore profile. When hiatuses in these processes
occur they reduce the rates substantially. For this reason erosion and sedimentation
rate will always vary significantly thugh time, even under steaeltate forcing

(Schumer & Jerolmack, 2008y measuring these processes over longer {swees

we will capture more of these periods of erosional or depositional hiatuses in that rate.
The net result of which is that the rates will becosiewer with increasing time of

measurement. This relationship is captured quite wefigare 610.
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Figure 6.10This figure from Schumer and Jerolmack (2009) shows volumetric erosion
rates for the last 10Ma for the Eastern Alps. The rates are basedeasurements of
sediment accumulation in basins around the Alps, which have been corrected for
compaction. The figure clearly shows that the erosion rates calculated for the younger
ages a substantially faster than those for much older ages. This re&dip can be
represented as a power law function.
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This relationship would influence MEM records as well. Stepheasah (2000b)
described how on mudstone platforms at Kaikoura, slakikgprocesses weakened

the surface rocks. This occasionally eligrge pieces of rock to dislodge and in some
cases this resulted in the loss of MEM bolts. The result of this process for would be a
significant jump in the average erosion rate measured on the platform. Removal of
significant amounts of material in thiway is almost impossible to quantify with MEM
records, because the stochastic nature of this slakikeymaterial shearing means

there is little uniformity in the timing and scale of erosion. When slaking occurs, it
represents a step change in the emsirate at a point on the platform. During the
interim periods regular surface erosion is very slow to almost neglifff#phenson et
al., 2010; Stephenson, 1993tephensor& Kirk, 2000h Averaging MEM rates of over
shortperiods (year to tens of years) would amplify the signal of these significant
material losses, while averaging over longer geological timescales would reduce the

signal of larger scale stochastic mass losses.
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Figure 6.11Plot showing relationship between time scale and erosion rate. The ero
rates used for the two and ten year time scales are taken from Stepheesah (2010)
as rates on limestone platforms at Kaikoura that were meadung MEMs over two thel
ten years these are the black dots. The red diamond is a-naidge erosion rate that sit
in the range of allowable erosion rates calculated from the cosemég nuclides. A
power function is used to produce the trend line, which gives a poor correlation tha
shows a small decreasing trend.

Based on the Sadler effect it would be a rezsge assumption that this relationship
was a factor for the rates calculated at Wakatu point in the short term and the long

term. This can be tested in the same way that the Alps erosion rates were calculated in
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Schumer and Jerolmack (200B) figure 6.1, surface erosion rates are plotted against
averaging time to see if there is a significant biasing effect due to the time scale. There
is a very weak correlation with a powkaw exponent of -0.1, significantly different

from the -0.5 that would be expated from a random walk event. This suggests that
there is, at most, small degree of bias associated with the time scale of measurement,
indicating that thegeomorphic solution to this rates disparity is the more important

source of separation.

6.3.6 Intepreting Best Fit RPM Simulation
The best fit model simulation for Wakatu point produces a medium width profile with

I NRdZAK adaNFIFOS IyR Walg (220KSRQ RAAGNR
output is a reasonably good fit for the platform. Thedel profile is narrower than the

real platform, whichs consistentvith the interpretation that the exposed area that

was sampled is a new, young platform that is currently incising into an earlier

Holocene terrace. The loWWBeconcentrations in the moel output, while they

showed a very similar distribution to the real concentrations, indicated that the
parameterization was not completely representative of the actual drivers on the

platform. However, the goal of this modellimgasto explore the most kely drivers

and their interactions in developing a similar geometry to the real platform. This

parameterization, therefore, does well to simulate Wakatu.

Thelikely cause of the lowet°Beconcentrationsare the uplift event recurrence
intervalandthe uplift magnitude. With a longer recurrence interytie 1°Be
concentrations would be higher. It is possilileen, that the recurrence interval of
earthquakes which cause uplift of the Kaikoura peninsula is longer than the average
recurrence interval of rmptures on the Kekerengu Fault. This is reasonable, as not all
fault ruptures cause uplift to occur. Alternativetyr additionally, the regular

magnitude of uplift may be lower than one meter each time there is an uplift event.
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Chapter 70Okakari Ragts and Discussion

The Okakari Point shore platform contrasts in its evolutionary history with that of
Kaikoura. This is a tectonically quiescent coastline, very much affected by the
fluctuations in eustatic sea level, which have left markers behinbershore

platforms along this coast. This chapter will present the results of field and laboratory
procedures, along with the modelling conducted for this site, followed with a
discussion of these results for Okakari Point.

7.1 Results

The profile of Okadi point shows that the only major unconformity in the profile is

the step, or raised surface at the back of the platform, below the cliff. The profile also
shows there is a rampart (slightly higher elevation) on the outer (seaward) portion of
the platform. The samples that were processed from this platform capture the area at
the back of the platform and the more seaward portion. Samples AD12, AD14 and
AD15 lie above the high water mark on this platform, but would be exposed to wave

action during exceptioal spring tides and storm events.

Figure 7.1 does not show sample AD13 as it is not located on this profile. However the
sample is take from a small sea cave at the same elevation as sample AD15, which
appears to still be actively forming. This cave smyas intended for use in this

analysis to correct for an inheritance signale if such a signal existed, as was done
in Hurst et al.(2016) However, it was determined that the concentration of this

sample did not represent inherited nuclides and most likely came from muogenic

production.
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Figure 7.1 Shore platform profile surveyed at Okakari Point. The 13m cliff is captured on the left. The profile ®atpds the entire width of
the shore platform including a small semétached portion on the seaward side. The platform is ~0.8m alhd8& shown with the blue line.
Overall this profile represents a typical type B platform morphology with the excetidhe raised surface at the back of the platform, where

sample AD12 and AD14 were taken.
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Table 7.1 Measured!®Be/°Be ratios and total concentration dfBe atoms in each sampfeom Okakari Calculated using KNSTD@aB
standard.
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The AMS processing returnétBe/Be ratios for all of the samples that were sent

away, these a presented irtable 7.1 The lab blank (AD09) that was sent with this
sample set returned ant’Be/Be ratio of 5.74 + 0.66E This ratio was compared with
other blank ratios returned from the large AMS labs (ETH and ANU) and found to be
within a normalrange. The concentrations listed in table 7.1 are blank corrected
against the ADQ9 blank. An important thing to note about these resuttbie 7.1are

the substantial errors, up to 66% total error for AD15. The errors are high in this
sample set due téhe small amounts of quartz material that was isolated and dissolved

for many of the samples and the low concentrations.

These concentrations have been plottedigure 7.2 This visualisation shows that the
concentrations measured on the raised surfateéhe back of the cliff are higher than
those immediately seaward. The samples on the main platform surface a show linear

increase in concentration away from the cliff.
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Figure 7.2 Concentrations of total atoms per gram of material for the Okakari Samp
plotted in the order they occur on the shore platform from cliff to sea.
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Figure 7.3 Obstructed portion of the vievshed at the positions from whickamples
were extracted. Sample IDs in top right of plots.

In order to calculate sample exposure ages, topographic shielding for each sample was
first calculated using CRONUSsion 2.3 The topographic shielding at each sample is
shown by the obstructediew-shed plots irfigure 7.3 This shore platform was

sampled from the cliff to the sea, therefore the samples nearest the cliff are shielded
from the cosmic ray flux more effectively. This is evident in figure 7.3 with the more

landward samples all shomg significant obstruction about the south facing azimuths.

With the topographic shielding values, exposure ages were calculated also using the
CRONUS calculator. The exposure age results are gitadary.2 This shows that the
sample AD15 is ~1006ars old, with an error of 670 years which means it could be
much older or very recently exposed. The exposure ages based on theanmed

production rate scaling are also plottedtable 7.3
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Infigure 7.4the exposure age results frotable 7.2are pldted along the profile of the
shore platform. This figure shows more clearly the trenfigare 7.2 the exposure

ages on the main platform surface become steadily older, moving away from the cliff
platform juncture. As these ages are calculated with rasmn, the oldest sample, in

this case AD19 at the edge of the platform, indicates the minimum exposure age for
this shore platform. This is 4284yrs BP £ 411yrs, placing it in the midst of the Holocene
high-stand. These minimum ages are based on the apsiom of no erosion, however

erosion is a factor and is assessed below.

To assess a possible range of ages accounting for erosion, the same erosion rate
analysis as for the Wakatu dataset was conducted. Erosion rate curves are plotted in
figure 7.5alongwith the measured concentrations from Okakari point. This highest
erosion rate which is still able to produce the full range of measured concentrations at
Okakari is 0.147mnt'a Therefore, the down wear rate for this platform is between 0
and 0.147mm A. The age of the outer shore platform based on this rate of down wear
could be ~10ka, however it may be as old as ~16ka when accounting for the upper
bound of the error irfigure 7.5 The curve for the erosion rate 0.1mmia based on a
more realistic tning for the initiation of the platform based on the localised sea level
curve for the Auckland Region after Clement et(@016) this is elaborated omithe

discussion in section 7.3.3.
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Table 7.2 Surface exposure ages for Okakari point samples. Calculated with the former CRONUS cakerdimior2.3using the Stone
(2000) scatig scheme

Thickness Shielding Production rate Internal Exposure External Production rate
Sample  Scaling Factor (muons) Uncertainty Age Uncertainty Spallation
Factor (atoms/glyr) (years) (years) (years) (atoms/glyr)
AD12 0.976 0.952121 0.075 603 2174 618 3.35
AD14 0.9605 0.952822 0.075 294 2035 318 3.3
AD15 0.9605 0.934262 0.075 670 1006 670 3.23
AD16 0.9605 0.982036 0.075 709 1464 713 3.4
AD17 0.9839 0.997733 0.075 385 2364 415 3.55
AD18 0.9682 0.998092 0.075 662 3564 709 3.5
AD19 0.9839 0.999248 0.075 411 4814 548 3.55

A%

Table 7.3 Table 6.4: Exposure age results for four different time averaged scaling schemes.
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AD12 2457 742 2384 717 2486 745 2246 657
AD14 2298 431 2227 414 2325 427 2103 361
AD15 1127 762 1069 723 1139 769 1041 699
AD16 1645 821 1580 787 1664 827 1514 747
AD17 2671 540 2595 520 2702 536 2441 458
AD18 3972 878 3853 845 4019 874 3662 760

AD19 5342 786 5154 745 5406 766 4910 619
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Fgure 7.4:Exposure ages of the Okakari point samples from the CRONUS calculator, plotted on the shore platform prof



=—=N0 Er0Sion 0.1 mm,-‘:,,rr '— 0.147 'Inr‘nf',,r' Okakari Data
20000 / Vé | |
a ~hile (73]
C ! 5| |
: o
:@ 15000 { E
— c 11
S 8
© ‘ 3
c S|,
g 10000 % Lm
[1h]
S T Sl
. | Al
g S| 3
= 5000 M =
ol
0

4000 8000 12000 16000

Age (years)
Figure 7.5 Erosion rates plot for Okakari point, showing the range of the sample
concentrations (right) greyed out. The samples avenbered with their original sample
numbers. Erosion rate curves which fully intersect this area of the plot represent erosion
rates that could have produced the measured range of concentrations. The sample
concentrations are also plotted on the three etion curves to show how old the samples
would be with each rate. Any erosion rate faster than 0iavin a* results in curves
which reach secular equilibrium before they can accumutdBe up to the upper level of

the measured concentrationange. The bludine for 0.1mm & represents the erosion
rate that results in platform initiation ~7000yrs BP.

7.2 Best Fit Model Results
A best fit RPM_CRN model simulation was also conducted. This was done to identify

the bestfit parameters that produce a model thaidks like the Okakari platform, in
order to understand what drives platform evolution. It has been identified that sea
level change has played an important role in the development of this platform, so this
test aimed to confirm if the Auckland sea leveh@iproduced a platform geometry
and!®Be concentrations consistent with the field and lab analysis. One important facet
of the measured concentrations at Okakari point is the linearity in the trend from the

base of the cliff to the seaward scarp, with thesistant rampart. In the sensitivity
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analysis (refer t@hapter 5), it was found that using a high wave attenuation constant,
so that wave efficacy is low, the model will develop a medium width profile with linear

concentration increasing from the clif the seaward scarp.

The parameter set up used for this best fit model run utilises the medium values for
material resistance and weathering rate and applies the high wave attenuation
constant. The sea level trend for Auckland/New Zealand is also appiitbdstable sea
level set until 4000 years, after which sea level falls for the remaining 4000 years at a
rate of 0.66mm &. The resulting model output is displayedrgure 7.6 and the final
profiles inAgure 7.7
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Figure 7.6 Model output for the Okakari point best fit test. (a) The platform
profiles printed at intevals of 800 years. (b) The nuclide concentration profi
printed at intervals of 800 years. This produces a medium width platform pi
that is very flat. The concentration distribution shows very linear accumulat
across the shore platform and a @le in concentrations at the sea ward scarp
indicating that the model has produced a rampart. Erosion beyond the ram
causes a rapid reduction iiBeconcentrations.
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Figure 7.7 Final profiles for the Okakari best fit run. (a) The platform peof
near-horizontal, having produced a typ® platform, with some erosion of the
scarp. This is very close in geometry to the Okakari shore platform. (b) The nt
concentrations are also very similar to those measured at Okakari, showing nc
a similar distribution, but also having roughly the same amount of nuclides
accumulated. The rampart is also evident in the model run.

These outputs fit very wewith the measured concentrations and profile geometry at
Okakari point. The deviations from the real profile include the platform width, which is
narrower in the model output, and the lack of a ledge at the back of the platform. The
sea level fall alsbas not caused the whole platform to lower, leaving behind the
rampart. In this simulation the rampart has formed early on in the run time and has
developed into more of a point, rather than a bulge, as sea level fall has eroded the
seaward scarp.

7.3 Disussion

From Okakari point we have successfully measured 8 samples fotdBeir
concentration and produced from these, 7 surface exposure dates ages. The
concentrations measured here show a contrast to other concentrations measured at

Kaikoura and otheplatforms around the world, meaning that the processes and
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drivers operative in the formation of this platform differ somewhat from those at
Kaikoura. In this section the concentrations and ages will be interpreted for what they
can tell us about the histy of development for the Okakari Point shore platform. This
case study is a good example of platform formation in a quiescent setting, where the

main influence has been eustatic sea level.

7.3.1 Concentrations
The sample concentrations presentedigure 7.2are in stark contrast to the ones

measures at Wakatu point. Samples AD15 through AD19 at the cliff edge exhibit a very
linear increasing trend in concentration away from the cliff. Outside of this group are
three other samples: the two samples abadbe ledge, collected on the slightly raised
platform just below the cliff, both have higher concentrations than the first two

sample on the lower surface. TH#e concentration of AD15 is very low compared to

all of the others, which indicates that it hesen exhumed recently. It is likely that the

platform is still being cut into the ledge and cliff during storm events.

An important thing to note with these concentrations is that the trend across the

shore platform is a linear increase towards the s&sa Wakatu this pattern is not
NEBLINSASYGlrGAGS 2F GKS WKdzYL) Ztfal (R03HRand RA & G |
Hurstet al. (2017). In the discussion of the Wakatu results it was suggested that the
gradient of the platform may play a key role irgtgating the distribution of

concentrations across the shore platform. The Okakari shore platform is easily

classified as a typB platform, with a near flat surface across most of its profile. This

case seemingly confirms that gradient plays an importatg. With a flat surface, tidal
inundation results in the platform being covered by the same depth of water across all

of its profile (except where the profile deviates from flat). This means that the impact

of water attenuation is equal across the shqiatform through all tidal cycles.

In addition, there appears to be no evidence of differential weathering across the
platform surface, except on the rampart. The raised ledge is also exempt from this as it
would only erode during significant storm wavigagk. The outcome of this lack of
differential weathering is that erosion processes are not any more efficient at
removing!®Be-enriched material at the seaward edge than at the cliff base (base of the

ledge). Therefore erosion is uniform across the [olatf.
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7.3.2 Exposure Ages
The exposure ages were calculated with the former CRONUS calculator, again

calculating the ages with zero erosion. Exposure ages range from 1006 + 670yrs BP to
4814 + 411yrs BP. The youngest sample is AD15 which could be afnmestrly

exposure. Based on these ages the platform has formed almost entirely during the mid
to late Holocene highstand. According@ougherty(2011) the midHolocene

highstand reached pealea level height of 2m above present mean sea level at about
4000yrs BP, after which sea level began a gradual decline to present sea level. Based
on this sea level history, the ages modelled for no erosion indicate that platform
cutting occurred primarilgluring a time of gradually falling sea level. Platform cutting
during falling relative sea level is not consistent with the current knowledge about the
conditions under which platforms develop. With softer rock platforms, such as those of
the Waitemata grap, around Auckland, it is likely that platform formation continued
during falling sea level, hence why platforms in the more southern parts of Auckland
sit at lower elevations near low tide. However, for harder rock platforms like Okakari,

platform formaton is unlikely during falling sea level.

Another element in this exposure age data are the two sample ages taken from the
raised ledge feature at the back of the platform. As expected, the ages for this feature
are older than the first two ages from theaim platform surface. How this feature

came to be preserved, however, is somewhat enigmatic. One possibility is that this
higher surface was the original elevation of the whole shore platform. If this were the
case, we could infer that the platform has sgnbeen planated, probably as a result of
the drop in sea level. This theory relies on the notion that the seaward scarp can be

eroded back to planate a lower elevation surface.

This idea of planation is in conflict with the hypothesis Sunamura (1998), wh
proposes that neahorizontal shore platforms form through wave cutting, while the
position of the seaward scarp is preserved, until the negative feedback relationship
prevents the platform from widening. Additionally, the time frame for this planatibn o
a preexisting platform is likely insufficient to cut completely back to the present
position of the raised surface. This scenario is especially likely, given that the rocks of

the Pakiri formation are particularly hard compared to other flysch lithelegiround
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Bell (2007), with rates ranging from 4mm @ 20mm a'. With the former rate,

planation would take ~40,000years; with the latter, planation would take ~8€&@3y

These time frames are too long as they both exceed the period in which sea level has
been stable over the Holocene. It would take a retreat rate of >53mo @roduce

sufficient planation. Planation would need to have occurred within the last 38408y

in which sea level has fallen to its present day position, to accept this theory. As will be
discussed in section 7.7.3 the cliff retreat rate for Okakari point agrees with the rates

reported by Bell (2007) and are not sufficiently fast to fit tltusrario.

Another possibility for the preservation of this higher surface is that it is a remnant of

the sea cliff position at the time sea level began to fall. The 3m wide surface would

have been formed through subaerial cliff weathering and storm watacktover a

shorter duration, leaving the surface exposed along a bedding plane. The rest of the
platform in this interpretation would have slowly worn down to its present level as sea

level fell. It is likely that due to the hardness of the rock, anyrprtation of this

LIX I GF2NY YR AdGa FSIGdzZNB& g2ddZ R Ay@2t @S |
SNRP&aA2YQ SELR&dINB | 38a KI 8S aK26yd ¢KAA
accounted for.

Before considering the rates of surface erosion on thifqlan, it is possible to

ascertain a cliff back wear erosion rate based on the exposure ages. As mentioned
SINIASNI GKSNBE Aa | fAYSIFENI AYONBlFaAy3a GNEB
concentration (that is on the main platform surface) (AD15) and thet sesward

AD19. Based on this trend, it is likely that during the platform cutting phase, that cliff

back ware occurred at a steady rate. The exposure ages show that over ~3863 years

the platform eroded back 168.5m. This equates to an average retreabfat8.6mm

al. This rate is much faster than the cliff recession rate for the nearby Leigh marine
reserve observed by Bell (2007) of 18.48 + 0.22mimMhile this rate was only

inferred from the width of the platform, it provides a benchmark with which to

compare cliff retreat rates in the same rocks. However, in order to gain a more

representative cliff retreat rate we need to infer a platform surface erosion rate.
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7.3.3 Surface Erosion Rates
The surface erosion rates for Okakari point were assessec isdime way as the

Wakatu samplesrigure 7.5hows that the wide distribution of measurétBe
concentrations requires that the surface erosion rate be slow in order to produce
concentrations of the magnitude recorded. This erosion tafielémm & at Okalari is
slower than the fastest rate for Wakatu Point (0.22rar), possiblydue torock

strength Bell (2007) measured uniaxial compressive strength of shore platform rock,
finding rock strength to be 79.02 + 14.08M&taa shore platform formed in the Paki
formation. Stephenson (1991pbok measurements afompressive strengtin the

Kaikoura limestones &7.251MPa and 21.75MPa (Stephenson, 198@th are lower

than the rock strengtmearOkakaribased on Bell (2007The true compressive

strength of ro& at Wakatu Point is likely even lower than those measured in
Stephenson (1997) as the rocks are more heavily jointed and folded at Wakatu Point.
Based on these compressive strengths, the difference between maximum erosion rates

for these two sites makesnse.

If the maximum surface erosion rate of 0.147mat Okakari Point is applied, then the
age of the most seaward sample would be ~12ka. This places platform development in
the early stages of the PGMT (Gibb, 1986), and it is possible that the trgreion

surface erosion rate is slower. Clemetal. (2016)find that the establishment of sea

level similar to present in the Auckland area (the starthef mid-Holocene higkstand)
200d2NNBR afA3dKdGfe SIENIASNI GKIFIYy Ay DAOGOQA O6mdc
Auckland probably commenced around 7ka. Assuming that this is a better initiation
time for the shore platforms around Auckland, a third eéoosrate was plotted in

figure 7.5 The erosion rate 0.1mrhis the rate at which AD19 (the platform edge) is
~7000yrs old. This is likely to be the surface erosion rate that is the best representation
of the long term erosion at Okakari. Based on a platfanitiation of ~7000yrs BP and

a surface erosion rate of 0.1mmtahe rate of cliff back wear becomes 23.66mrh a

This is more similar to the 18.48mm measured by Bell (2007).

There have not been any surface erosion studies previously conduc@kb&ari
Point, like the MEM record that is available for Kaikoura. This means there is no

modern down wear rates against which to compare this #argn signal. As such, we
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do not know if there is a disparity between modern and lbegn erosion rates at
Okakari Point.

7.3.4 The Role of Rock Strength

One of the interesting elements of the Okakari Point shore platform is its elevation
relative to mean sea level. Tipgatform is currently 0.8m abovielSL The micretidal
range at Okakari means that this s iatertidal platform however, the zone at the
back of the platform between AD15 and AD16 is only inundated during sjoew)
The raisededgewould only be exposed to tidal inundation during extreme tides and
storm surges. Sunamufda991)made the distinction that rock strength was
important control on shore platform morphology. Flurbased testing revealed that
increasing rock strength caused ndarizontal platforms to develop at higher
elevations (Sunamura, 1991). Thislingwas confirmedusingfield-based
measurements in fornton and Stephenso(2006)and supportecby Kennedy and
Dickson(2007). The Okakari Shore platform sits at a relatively high elevatibich is

expected given the compressive strength of rocks along this coast.

We know that the Okakari Point platform was previously situated at a higher elevation
relative to its currenposition. This is known because there is clear evidence that the
platform is actively dowswearing. This evidence is the water layered weathering
morphologies present across the platfofgure 78a); the rampart feature at the
seaward margirfHgure 78b); and higher elevation irregularities in the platform
surface(Hgure 78c). This dowrwearing signal implies that as sea level fell from
~4000yrs BP, the platform surface lowered as well. The lowering rates evaluated in the
previous section indicate thahis adjustment occurred slowly. We can validate this
assumption by taking the difference between the top of the rampart and the platform
surface and dividing this by the length of time that sea level was lowering, ~3000
years. This gives an erosion raife0.072mm &, which is similar to the rate the 0.1mm
a-'from the previous section. The expectation would be that shore platforms with
higher elevation than Okakari would have higher compressive strength so that they
have been able to resist the lowegrof sea level in the latelolocene. When

comparing the compressive strength of the Okakari platform with similar higher

elevation platforms at Shag Point, Ota@fennedy & Dickson, 200ahd the Otway
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Coast, VIC, Australf@hornton & Stephenson, 20Q6his was founahot to be the

case. The compressive strength for high elevation platforms at Shag Point was ~44MPa
and at Otway, 58MPa and 70MPa; all lower than the 79MPa at Okakari. This suggests
that it may be more than just rock strength which demarcates whether boges

platform remains supraidal during sea level fall or becomes intatal, such as at

Okakari. One possibility is that the geological structure, as well as rock strength,

controls the way the platform can adjust to falling sea level.

Figure 7.8 Photos of different platform morphologies that occur on the Okak
shore platform, which confirm dowmwearingis occurring on this platform Aj
Water layered weathering morphology, represented by ridges and water po
(B) Seaward rampart, slightly elevated from the rest of the platfor@).Higher
elevation irregularity on the main platform surface, heavily thed with tafoni
weathering. Image Credit: Martin Hurst (2017
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7.35 Interpreting Best Fit RPM Simulations
The best fit model simulation for Okakari produced a very similar platform geometry

and nuclide concentration trend to the Okakari Platform. The low wave efficacy
reduced the erosive force of the waves acting on the platfeoarp and surface,

allowing most of the accumulated nuclides to be retained in the rock. This behaviour is
likely to be very similar to the erosive processes on the real Okakari platform. The
erosion rates identified in section 7.3.4, show that the erosiarthis surface is
particularly slow, which is why we obtained higher nuclide concentrations on the outer
platform. The low wave efficacy may also be responsible for the shorter modelled
platform profile, so we can infer that wave efficacy is likely figghgher on the real
platform. This could alternately be due to the timing of sea level falling. The sea level
was simulated to fall after 4000 years, following the Auckland sea level fluctuations
identified in Clement et al., (2016). However, the exantng of the drop in sea level is
difficult to pinpoint. If the sea level remained high enough to actively erode the cliff
until later than 4000yrs then the platform may have widened further before waves
abandoned the cliff base. One of the model behavsaihat deviates from the real
platform is the response to the sea level fall. Section 7.3.4 suggests that the platform
has likely dowrwvorn since sea level began to fall, leaving behind the rampart and
ledge features. This was not replicated in the madel, instead the erosion was only
focused on the outside edge of the platform once sea level began to fall signalling the

abandonment of the cliff by wave action.
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Chapter 8: General Discussion
The case studies evaluated in Chapters 6 and 7 are detadedsaaents of empirical

measurements of the age and erosive history of two New Zealand shore platforms.
additionto these analyss and discussions, modelling was conducted with the Rocky
Profile Model to assess the relative roles of different processedsiin shore platform
development. Thisombination of methodgnables the comparison of empirical
measurements with modelled shore platform geometries to direct the interpretations
of these features in the New Zealand coastal context. In this chaptentuzlling

work presented in Chapter 5 will be discussdohg with the cosmogenic analysis in
chapters 6 and .7This discussion will address some of the assumptions involved with
this model and the overall validity of this style of exploratory modellinipis thesisl
also discusthe relationships and trends that become evident from the sensitivity
analysis of the drivers and scenaliased testing of sea level and tectonic activity. This
chapter will also draw comparisons between the two case stualieksattempt to
evaluate then within the wider literature in tle area of shore platform investigation.
Finally directions for future work will be discussed with regard to this thesis.

8.1 Assumptions and Validity of the Rocky Profile Model

The RPM model&mework is a significant simplification of the drivers of shore
platform developmen{Matsumoto et al., 2016a)lhe benefit of tredng the drivers in

a simplemodelling franework is that this model is able to produce a wide variety of
shore profile geometries, as well as reducing computational dem@vidssumoto et

al., 2016a)However this apprach of exploratory modelling requis¢hat numerous
assumptions are made in the representation of processes. Notably the morphology
building component of the model includes parameters tbahnotbe defined in real
terms, such as the material resistance n@aneter. Other examples include the cliff
height and the cliff failure mechanism. In the modgiff failure or back wearing occurs
only due to the formation of notches of a set depth at the base of the cliff, where in
reality the cliff can fail also fromubaerial processes of weathering. The height of the
cliff would also generally change with the topography as the shore line is eroded. The
inclusion of more detailed parameters, however, such as assigning values to critical
rock strength and accountingif other mechanisms of cliff and platform erosion would

be largely speculative. This is because many of the small scale process relationships
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and drivers on shore platforms remain poorly understood and quant{f&dphenson,
2000)
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numerical modelling of shore platform development. This approach is well supported
by Murray (2003) who discusseéithe benefits of taking this approach over more

directed empirical modelling. Murray (2003) stated that if a modeliipgroach

explicitly simulatd processes at smaller scales, the large scale interactions produced in
the model may not represent nature closely enough if the processes were not well
defined. Thioutcomeis because small inaccuracies tend to cascade upgirdhe
scalegMurray, 2003) When these small scale interactions aaorly understood, a
top-down approach is more likely to prodemorphologicallyaccurate model
behaviour(Murray, 2003) This ighe case with the RPMCRN modelwhere the model
simulatesa range of realistic platform geometries undeasonable process regimes. It

is difficult to explicitly validate aexploratory model such as thisut based on the
production of geometries comparable the varied platform geometries found along

the New Zealand coastline, it is reasonatoleisethis model for this thesis.

8.2 Insights from Platform Driver Sensitivity Analysis

The sensitivity analysis in Chapter 5 revealed tharylarge, the three main drivers
(material resistance, weathering ragtend wave efficagyaffected platform

developmer in very similar ways. Each of the three sets of model runs for these
drivers produced very similar platform geometries and trends in the nuclide
concentrations across the shore platforms. Low resistance, fast weathering and high
wave efficacy all resulteinthe development ofvide shore platforms. These three

tests showed the geometries moving beyond the state of realistic platform widths for
New Zealand, as platforms around New Zealand are typically narrdWese

narrower platforms area function of he smaller tidal ranges in New Zealand and the
higher numberf type B platforms that occurasaresultl 8 SR 2y GKS Y2RSE
behaviour towards wider than expected platforms we can infer that in New Zealand,
platforms are either, more often built in hardeocks, less active weathering systems
lower wave energies, or some combination of these. However, local and regional

scales are very important in determining which of these drivers are more impottant.
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most other cases where drivers were set up withdign value parameters or high
resistance, slow weathering and low wave efficahg platform widths were
narrower. More moderateweathering and wave conditions, or rock strengtioduce
widths comparable to New Zealand platforms: at Kaikpplaiform widths do not
exceed 200n{Stephenson et al., 2017)his is also thease at Shag Poi(iKennedy &
Dickson, 2006)Mahia PeninsuléOgawa et al., 20123nd Okakari PoinDickson &
Pentney, 2012)The exception to thisarrower platform typewould be Tatapouri, at
~240m(Ogawa et al., 2011 rese finding$elps to frame the suite of more realistic
driver settings for producing more accurate platform geometridso demonstrating

that New Zealand platforms develop within subdues process regimes.

One of the mteresting behaviours identified from the sensitivity analysis was the
erosion of the outer (or seaward) platform surfaces. In almost every case the modelled
platforms would undergo surface erosion to some extent. However, the behaviour of
this erosion waslominated by cutting into the seawards scarp and fresh planation of
the platform surface from that position. Regular surface erosion usually occurs through
processes of surface down wearing (Stephenson and Kirk, 20@€gr than

planation from the scar. The latter behaviour (cutting into scarps)generally refuted

by Sunamura (1992yvho argued that scarps do not migrate and platforms develop
under a negative feedback regimdowever, if sea level was changing, cutting from

the scarp would be morekiely.

One case of particular importance was the model run for low wave efficacy. This run
produced a shoreline profile relatively similar to that measured at Okakari Point. The
10Beconcentration trendwith distance across the platformas also very linga

showing steady accumulatiaf 1°Betowards the sea, very similar to the trend
identified at Okakari. While the modelled nuclide concentrations were far higher than
thoseobservedthis helped to direct the interpretation and be&t modelling of

Okakai point. The implication here is that shore platforms that are harder, which tend
to sit at higher elevations (like Okakari), are less prone to effective wave erosion
action. This helps them to retain their elevation and maintain higher nuclide

accumulatbns towards their seaward edges.
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Generallythe sensitivity analyses helped to identify the way certain drivers influenced
the platform geometry and guided the interpretation of the data from the case
studies.The model runs on their owrhowever did refect very wellthe measured

data attained from these cases studies. This was an expected outcome as the testing of
drivers in their simplest terms was unlikely to yield completely realistic shore profiles
and nuclide concentrations. In order to attain moadeitputs thatwere more directly
reflective ofreal morphologies observed #ie case stug sitesthe scenario based

testing wasapplied

8.3 Insights from Scenario Based Testing

The falling sea level tests in sections 5.2.1 reveal the primary responagdasonably
rapid and constant fall in sea level (1.25%10yr?) was for the surface erosion to
accelerate to keep pace with the fall; cliff back wear was also increased producing
wider profiles.These rates of constant sea level fall (and for seal lase, below) were

not based on actual measured rates of sea level fall (rise) around New Zealand.
However, these rates represent the pace of sea level change prior to the establishment
of the Holocene higistand. These scenarios were used to show hiosvgea level

driver affected platform evolution in the model.

With a faster rate of sea level fall it may be possible to cause stranding of the platform
surface, however this did not occur in these simulatidndicating that the
parameterization may ndbave been optimal for stranding to occor the modelled
outputs on hard and medium resistance rocks, the continuous erosion of the platform
causes the nuclide concentrations to be low across the platform. If a slower rate of sea
level fall was used it likely that the nuclide concentrations would be less significantly
reduced. The rate of sea level fall applied, 1.25x30%ms much faster that any rate

of sea level change that has occurred around New Zealand during the mid-o late
Holocene. Basedmthe New Zealand sea level indicators reviewed in Clement et al.,
(2016), sea level fell from ~2m above present mean sea level to the present mean sea
level from about 3ka. This constitutes an average rate of sea level fall of 6.6%10.

This rate ofea level falling was applied in the best fit modelling for the two case
studies The surface erosion relating to tmate of sea level fall wasss extreme than

what has been modelled in the scenario tesiBowing for higher nuclide
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concentrations tooccur on real New Zealand platforms. Sea level fall tests also show
that ramparts at the platform edge tend to develop as the platforms lower. This is

common of real Type B shore platforms and is evident at Okakari Point.

The simulations for constant séavel rise developed wide, sloping and stepped

profiles. The sloping profile for medium resistance rock is a good representation of
rocky coastline response to sea level rise. Where the rising sea level is a very efficient
driver ofcliff erosionthe shoe platforms arenot flat as the sea continually initiates
cutting at a higher elevationg his procesproduesa drowned coastal slope. This
behaviour is consistent with Trenha{{2001) where during interghcial periods when

sea levels rise, modelled shore platforms developed wider profiles, drawing them away
from a state of static equilibrium. The hard rock sea level rise simulation exhibited very
similar behaviour, however, the resultant morphology coresistf a series of narrow
platform steps. An explanation for this is that the harder rock, coupled with the rapid
rate of sea level risecaused the abandonment of sections of the platform, with cutting
resuming at higher elevations. This was the only saenghich produced notable

stepped morphology.

Simulations of tectonic uplift events on the shore platforms were applied to this
modelling One aspect of these model runs was to determine if terraced morphology
could be simulated by uplift. The three mddans using different magnitudes of event
uplift were used to test for thisignal of terrace formationOnly the largest step size of
2m produced terracedHowever, following each successive event the terraces
morphology was eventually destroyed by inais Thisncisionleft behind only small
ledge features below the cliff. This platform geomatiges not result irmarine

terrace preservation.

Some previous modelling work has been conducted tosssibee drivers behind

marine terrace formation (e.girenhaile, 2002)The inability of the Rocky Profile

Model to clearly simulate terrace preservatiander this parameterizatiopoints to

the conclusion that uliit events (earthquakes) mayot be sgnificant drivers in marine
terrace preservationHowever, with a lower wave efficacy parameter, the best fit test
for Okakari produced the initial stages of shoreline stranding, so in a setting with lower

wave energies sanding may be more likelsimuated earthquakes do appear to drive
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the formation of small scale elevational features, such as ledges, on platforms. These
features, however, are highly susceptible to erosion as the shore profile adjusts to the

event.

Thisoutcomedoes not completely predude terrace formation through single event

uplift. Some fault ruptures exhibit extreme vertical displacement, such as the 1855 Mw
8.2 Wairarapa Earthquake, which produced ~6.4m of uplift at its most significant point
(Little et al., 2009)Events of a similar magnitude may be able to strand a shore
platform high enough above mean high watertdecome a marine terracéssuming

that mostlower magnitude (<2miiplift events tend not to be preserved in coastal
morphology, the main driver for platform stranding and terrace formation is likely to

be large scal€10 meters) eustatic sea levallf This is well supported in the existing
literature on marine terrace@Berryman, 1993; Chappell, 1975; Ota et al., 1996; Pillans,
1983; Ward, 1988a, 1988b)

Thefinal scenario testing around recurrence intervals for uplift events reveatddaa
relationship. When uplifting occurred at a shorter recurrence interval, 400 years, the
shore platform underwent more surface erosion. Tihisreased erosiomwas due to

the system adjusting to the lowered sea level. With uplift occurring frequgihity
platform was unable to fully adjust before the next event, so surface erosion
continued Without the continued perturbations to the system the erosion would
eventually redee significantly or halt through negative feedbagth the longer
recurrence intervalthe platform is perturbed less often, so it is able to attain a wider
profile, with a lesser degree of surface lowering. Theseirrence intervatests, like

the sealevel fall tests showed that maparts had developed on the segard margins

of the platforms which is evident in the nuclide concentration plotis fact all of the
model runs which simulated thelative lowering of sea level some way developed
rampats, as well as fairlgawtoothed trends in the nuclide concentrations across
their profiles. If this model is taken to be accurate in representing shore platform
development then it can be interpreted that Wakatu point shore platform must have
undergonerelative sea level fall to produce the saw toothed concentrations measured.

This is in line with the interpretation in chapter 6.
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8.4 Linking to Previous Cosmogenic Platform Investigations
The previous three investigations of shore platforms using cosmogeitlides have

helped to set a precedent for how to undertake this type of investigawamseful

numerical framework for interpreting cosmogenic nuclide reswiésdeveloped by

Regardet al (2012),andHurstet al. (2017) improved the framework. Oné the key
developments in this earlier work was the identification of an expected trend in the
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distribution as termed by Regasd al. (2012), described in section 1.6.Enbtes that
concentrations reach a maximum somewhere in the-sedtion of an across shore

profile and tail off further from the cliff. This trend was supported by three separate
investigations in the northern hemisphe(€hoi et al., 2012; Hurst et al., 2016; Regard

et al., 2012) In each of these independent investigats a hump shaped distribution

was identified from the nuclide concentrations attained from platform sampling.

Figure 8.1 Plot from Trenhaile (2002) shown in section 1.5.1, illustrating the
relationship between tidal range and platform slope. Now including the two N
Zealand case studies, regented by the stars.
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